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Abstract

A solution for the complete problem of attenuation of fire radiation by water mist is pre-
sented. This solution is based on simplified approaches for the spectral radiative proper-
ties of water droplets, the radiative transfer in the absorbing and scattering mist, and
transient heat transfer taking into account partial evaporation of water mist. A computa-
tional study of the conventional model problem indicates the role of the main parame-
ters and enables one to formulate some recommendations to optimize possible engineer-
ing solutions. The method developed is also applied to more realistic case study of a real
fire. It is suggested to decrease the size of supplied water droplets with the distance
from the irradiated surface of the mist layer. The advantage of this engineering solution
is confirmed by numerical calculations. Potential possibility of microwave monitoring

of water mist parameters is analyzed on the basis of Mie theory calculations.
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Nomenclature

a radius of droplet x  index of absorption
A attenuation parameter introduced by 4 wavelength

Eq. (17) 4 cosine of an angle
¢ specific heat capacity p  density
C, drag coefficient o scattering coefficient or electrical con-
f,  volume fraction of droplets ductivity
H  height of the mist curtain o, Stefan-Boltzmann constant
k  thermal conductivity @  scattering albedo
L latent heat of evaporation
m  complex index of refraction Subscripts and superscripts
n  index of refraction a absorption
q radiative flux d droplet
Q efficiency factor of absorption or scat- e external

tering el  electrical
R reflectance f flame
t time g gas
T  temperature h hemispherical
u  velocity n-h  normal-hemispherical
W  absorbed radiation power rel  relaxation
x  diffraction parameter S scattering or static
y  horizontal coordinate t transmitted
z  vertical coordinate tot total

tr  transport

Greek symbols w  water
a  absorption coefficient A spectral

&  dielectric constant
n  dynamic viscosity of gas

1. Introduction

Since the ratification of the Montreal protocol in 1987, phasing out halon agents due to
their negative environmental impacts, the use of water sprays and mists in fire protection has
gained momentum. Water mist is defined according to the NFPA as sprays in which 99% of
the volume is in droplets with diameters less than 1000 microns. Water spray/mist systems
can be used for the dilution of toxic releases [1]. The scope of the present study is its fire ap-
plication. There are two main strategies for using water sprays/mists in fire protection. In the
first one, the intention is to extinguish or control the fire by applying the spray directly onto
the fire source. Such applications have been well reviewed in [2] and considered also in [3].



In the second application strategy where there is no direct contact between the fire source and
spray, the curtain of spray/mist is used as a radiation attenuation shield to protect potential
targets which could be equipments or human beings [3]. The present study is concerned with
such radiation shielding applications of water mist curtains. In the process industries,
spray/mist curtains provide an effective mean to protect flammable targets (e.g. storage tanks)
in the event of fires. They could also serve as protection against fire radiation for personnel
during evacuation on-board carrier and chemical ships during maritime transport [4]. In some
countries, fire engines used by firefighters to combat forest fires are fitted with water spray
curtains as emergency personnel protection. Water spray curtains can also be employed as
compartmentation to protect people in fire events [5].

Research on water spray/mist shielding has received considerable attention in the past two
decades. Although the main mechanisms of radiation attenuation by a two-phase water spray
have been identified as absorption and scattering by droplets and absorption by the gas phase
(mainly water vapor), a rigorous model that account for the coupled radiation, heat and mass
transfers in the spray is complex to develop and is too involved computationally. Such models
are important to better design and optimise water sprays and mists for reliable and cost-
effective solutions.

The bulk of the literature on water spray/mist curtain shielding has been devoted to radia-
tion modelling by uncoupling it from other phenomena, in order to predict the transmittance
and attenuation of the curtain. Obviously, the Beer-Lambert law used in [6] is inapplicable for
the transmittance calculations in the problem under consideration. Therefore, the two-flux
model was employed in more recent papers [7—10] for the transmittance calculations. These
studies show that smaller droplets in high concentration provide better attenuation of the
spray. However the important phenomena such as mass transfer and droplets evaporation
were not considered in these papers.

More detailed description of radiative transfer based on the Discrete Ordinates Method
(DOM), Finite Volume Method and even Monte Carlo simulation were also used in computa-
tional studies of water mists [11-17]. Some of these studies have coupled the radiation, heat,
mass and momentum transfer in sprays using the combined Eulerian—Lagrangian approach for
both dynamic and thermal non-equilibrium of droplets and ambient gas. However the com-
plexity of this approach is an obstacle to their widespread use.

The current literature clearly shows the advances in modelling and improving the under-
standing of water spray/mist curtain in fire radiation mitigation. However these models are
mainly employed by the research community and are rarely used in the water mist industry
which is currently developing fast and needs such tools. The complexity and computing cost



are clearly two major obstacles for the application of current methods. There is a need nowa-
days to develop engineering models for water mist curtain, which retains the physics of the
problem and at the same time offers acceptable computing cost. The present study aims to
achieve such a goal.

The objectives of the present paper are as follows: (1) to develop a simplified but complete
model for the combined heat transfer processes in a semi-transparent layer of water droplets
used as a shield for infrared radiation of fires, (2) to study computationally the role of the
main parameters of water mist and to give preliminary recommendation on possible optimiza-
tion of engineering solutions for fire protection, (3) to present a numerical solution for realis-
tic case study, (4) to suggest possible principal approach to the microwave monitoring the
mist parameters taking into account the effect of both the size and temperature of water drop-
lets on absorption and scattering of the microwave radiation by the mist layer.

The methodology of the present paper is based on a combination of a set of approximate 1-
D solutions for the radiative transfer problem and a simplified heat transfer model for heating
and evaporation of water droplets. A relatively small absorption of radiation by water vapor,
which is generated by partially evaporating water droplets, is neglected in a simplified model.
The analysis of the analytical solution for radiative heat transfer through the mist layer makes
it possible to suggest a decrease in the size of supplied water droplets with the distance from
the irradiated surface of the mist layer. Subsequent numerical calculations for more realistic
case study of fire protection confirm the advantages of the suggested engineering solution.

An analysis of possible microwave monitoring of water mist parameters is also given in the
paper. The calculations based on the rigorous Mie solution for single water droplets showed
that important information on average values of both the size and temperature of water drop-
lets can be obtained using the measurements of directional-hemispherical reflectance of sub-

millimeter radiation from the mist layer.

2. Spectral properties of water droplets

The spectral optical constants, n and «, of pure water are well known [18, 19]. For con-
venience of subsequent analysis, spectral dependences of these quantities in the most im-
portant part of the infrared range are presented in Fig. 1. The spectral characteristics of ab-
sorption and scattering of spherical water droplets can be calculated using the Mie theory [20-
22]. Because of a simplified radiative transfer model used in the present paper, we will focus
on two dimensionless far-field characteristics which can be obtained from the analytical Mie

solution: the efficiency factor of absorption, Q,, and the transport efficiency factor of scatter-



ing, Q.". According to Mie theory, the values of Q, and Q" depend on both the complex in-

dex of refraction m=n—ix and the diffraction (size) parameter x=2za/A, where a is the
droplet radius. The exact Mie calculations are time-consuming especially for large droplets
with x >>1. Fortunately, one can use the following analytical approximation suggested in pa-

per [23] for semi-transparent particles (see also [24]):

_ 4n ~
Q, —(_'_1)2[1 exp (— 4xx)] (1a)
« ) P/ when p<5
Q= {(5/,0)7 when p >5 (1b)
where
C=15n(n-1)exp(-15x) y=1.4—exp(-80x) (1c)

A comparison of approximation (1a)—(1c) with Mie theory calculations for water droplets at
two typical wavelengths is given in Fig. 2. As one can expect, approximate relations give suf-

ficiently accurate results both for Q, and Q." in the spectral range of a weak absorption. As to
water absorption band (at wavelength 4 =3pum), only the approximation for the absorption
efficiency factor is important because Q." <<Q, in this spectral range.

The real mists contain water droplets of very different size in every small volume of the
mist. Therefore, the calculations of both the absorption coefficient and transport scattering
coefficient of the mist at every wavelength should take into account the local size distribution
of water droplets. This can be done using the following relations for absorption coefficient
and transport scattering coefficient of the mist [21, 24] (hereafter the subscript A is omitted
for brevity):

{a,o-tr}:O.75f"T{Qa,QS”}aZF(a)da @)

A3

where F(a) is the size distribution function. It is convenient to use the following traditional

notation:

a;;

I
O ey 8

a'F(a)da / Taj F(a)da 3)

In the case of i = j+1, the values of a; are the average radii of droplets.

The integration according to Eq. (2) would strongly increase the computational time. For-
tunately, the so-called monodisperse approximation when all the particles are assumed to have

the same Sauter radius, a,,, is often applicable [24, 25]:



@=0751Q o —075vQr (4)
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It was shown in [24] that this simplification may lead to considerable errors in the case when
particles of different size have different velocities and/or temperatures. Of course, more de-
tailed calculations should be made to estimate these errors in the problem under consideration.
It should be recalled that monodisperse approximation is inapplicable for thermal radiation
calculation in the case of a strong difference in temperatures of particles of different size. The
known examples are: the thermal radiation of particles in plasma spraying [26, 27], the radia-
tion from two-phase combustion products in exhaust plumes of aluminized-propellant rocket
engines [28], and the radiative cooling of core melt droplets in nuclear fuel-coolant interaction
[29, 30]. Nevertheless, the monodisperse approximation is used in the present paper to simpli-
fy the mathematical procedure. A verification of this assumption might be a subject of a sepa-
rate study.

It should be noted that the above consideration is based on the widely used hypothesis of
independent scattering [31]. 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 re-
gard to phase. In other words, each particle is in the far-field zones of all other particles, and

scattering by individual particles is incoherent.

3. Radiative transfer model

To choose relatively simple but physically sound radiative transfer model, 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 [24, 32].

It would be also good to use a set of local 1-D problems instead of considerably more
complicated 2-D radiative transfer problem. The use of 1-D solutions is not only the obvious
way to simplify the mathematics. It is important that 1-D problems can be solved with suffi-

ciently accuracy using simple differential approximation without any additional iteration.



Note that a similar approach based on a set of 1-D solutions in the case of relatively small 2-D
effects has been recently used in radiative transfer calculations [33].

The schematic presentation of the problem in Fig. 3 makes clear some other assumptions
of the computational model: (1) The mist of water droplets is generated by a set of small noz-
zles at the top of the mist layer; (2) The flat mist layer of constant thickness is considered in
the model; (3) One surface of the mist layer is diffusely irradiated by the flame which is also
flat but a variation of radiative flux with the height is included in the model.

It is assumed that a protected wall exposed by the transmitted radiation is relatively cold
and reflection of the radiation from the wall is negligible. An approximate radiative transfer
model used in the present paper is based on a set of 1-D problems for several horizontal layers
of the mist curtain. It is assumed that all the mist parameters in every layer are constant and
there is no radiative transfer between the neighboring layers (in z -direction). As a result, the
radiation model is the z -direction is similar to the Large-Cell Model suggested for multiphase
flows in paper [29]. Of course, the polarization effects due to scattering of radiation by water
droplets are negligible, and one can use the scalar radiative transfer theory. With the use of
transport approximation, the 1-D radiative transfer equation (RTE) across the mist layer can
be written as follows [24, 34, 35]:

ol o,
B =" 1y, p)d =cos® O<y<d 5
Hogt P 2Il(yu)y p=cosd 0<y< 5)

where I(y, ,u) is the spectral radiation intensity at point y in direction x (after the integra-
tion over the azimuth angles), S, =a+ o, is the transport extinction coefficient. The bound-

ary conditions at two surfaces of the mist layer are written as follows:
10, 1) =27(1,(T,)  1(d,=)=0  u>0 (6)

where 1, is the Planck function. The above boundary condition at the irradiated surface of the

mist 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 T,. The coefficient &, is the conven-

tional constant hemispherical emissivity of the flame. It means that integral radiative flux

from unit surface area of the flame is expressed as follows:

Q; = ¢&; j”l b(Tf )d/1 =& Uon4 (7)



where o, is the Stefan—Boltzmann constant. This approach is often used in engineering calcu-

lations of fire radiation [36].

The diffuse irradiation of the mist makes the problem under consideration much simpler
than the problem of shielding of solar radiation by water mist considered in paper [37] be-
cause there is no need in a separate consideration of directed and diffuse radiation and the
two-flux method can be employed immediately (not only to the diffuse component of the ra-
diation field). According to the two-flux method (Schuster—Schwarzschild approximation
[35]) the radiation intensity is presented as a combination of two angular independent compo-

nents in backward and forward hemispheres:

s)=20, )47, 00 <0 ®

After integration of the RTE over two hemispheres, one can obtain the following boundary-

value problem for the dimensionless function g=J"+J" [24]:

dy(DdyJ+ag 0 D=1/(48,) (9a)
_ dg _ _ dg __
y=0, D@_(g 2)/2 y=d, Ddy 9/2 (9b)

where D=1/(44,) is the spectral radiation diffusion coefficient. The dimensionless spectral

radiative flux from the shadow side of the mist layer is

The normalized profile of integral (over the spectrum) radiation power absorbed in the mist is

determined as follows:
W(y)=[w(ylz  w(y)=aly(y) (1)

Note that the value of W is expressed in m™. It should be recalled that W is the spectral val-
ue.
It is convenient to introduce dimensionless optical thickness of mist layer measured from

the irradiated surface:

Ttr(y): Iﬂtrdy Two = T (d) (12)



In dimensionless variables, equations (9a) and (9b) can be written as follows:

d 2
d:z] -&’g=0 ¢= 21-w, w,=0y/B (13a)
tr
Ty = 0 ! ddg = 2(9 - 2) Ty = z-tr,O ) dig = _Zg (13b)
Ty dr

tr
where o, =0, /f, is the spectral transport albedo of the medium. In the case of @, inde-
pendent of z,., one can obtain the following analytical solution to the boundary-value prob-
lem (13a,b) at @, <1 (£#0):

g= 4(Et2r,0 /Etr -7 Etr)
(2+§)(Et2r,0 _72)

(14a)

_2-¢
_2+§

y E,=ep(er,) Eyo=en(cr,,) (14b)

The analytical expressions for the dimensionless spectral radiative flux at the shadow side of

the mist layer and the profile of absorbed radiation power are as follows:

io ZEnlr) o

B (2+§)(Et2r,0 _72)

4o (Etzr,o /Etr e Etr)
(2+§)(Et2r,0 _72)

W(z)= 27, Tw(z)l LT )dA w= (16)

In real situations, the transport albedo may be not constant across the mist layer and one need
a numerical solution to the boundary-value problem (9a)—(9b). Of course, it is not difficult
and can be easily done. Nevertheless, it is interesting to consider the simplest case of
@, =const.

To illustrate the above derived analytical solution, consider a case study for the uniform
layer of water mist with the average Sauter radius of droplets from a,, =3 um to a,, =30 um
at various values of an “attenuation parameter”, A, of the mist layer. The latter dimensionless

parameter is defined as follows:

A=f, da (17)
a32

The following characteristics of the flame radiation are considered:

T, =1500K & =0.9 (18)



Considering first the calculated values of @, in the most important spectral range one can see
in Fig. 4 that water mist containing droplets with radius a,, <20 um is a weakly-scattering

medium only in the wavelength range of 2.7 < 1 <3.2 um, whereas the scattering is consider-
able or even predominant outside this range. As to the short-wave range of A <2.5um, the
scattering cannot be ignored even in the case of a,, =50 um (see Fig. 4b). It is also confirmed
by the data of Figs. 4a and 4b that analytical relations (1a)—(1c) give an acceptable approach
which can be used instead of time-consuming Mie theory calculations. Therefore, these ap-
proximate relations are used in subsequent calculations.

The main results of radiative transfer calculations are presented in Fig. 5. The integral

(over the spectrum) transmitted radiative flux is determined as follows.
G, = 278 _[ql (T Jd2 (19)
0

According to Fig. 5, the value of g, decreases strongly with the effective thickness of water
mist layer. The curves of qt(A) in the important range of 3<a,, <30 um are similar to each
other and the value of q, at a fixed value of A decreases slightly with the droplet size. So, the

attenuation parameter A is the most important quantity which determines the radiative flux
transmitted through the mist layer.
It is also interesting to determine the radiative flux reflected from the irradiated surface of

the mist layer. The dimensionless reflectance can be obtained as follows:
R,=9(0)-1 (20)

With the use of analytical solution (14a) we have:

4 1—7/Et2ry0
" 2+&1-y° JEZ,

-1 (1)

In the limiting case of purely absorbing (non-scattering) medium (£=2 and y =0) this leads
to the physically obvious result of R, =0. The opposite case of a scattering but non-absorbing
medium (£ =0) cannot be considered using the above solution because of obvious degenera-

tion of the equation (13a) [24]. At the same time, one can use Eq. (21) to obtain the following

important relation for the limit of optically thick mist layer:

1-1-w,
YT, )



Equation (22) describes correctly the increase of radiation reflection with the medium
transport albedo and can be used in engineering estimates.

Considering now a variation of the total radiation power, W,,,, absorbed in the mist:

ot ?

o0

W, = 278, J.\Tvtot Iy (Tf )d/1 (23)

0

This quantity is important because there is an obvious relation between the value of W,,, and

the required flow rate of water. One can use the following radiative balance equation for the
spectral values:
Wit =0.501-R)) -0 (24)

Having substituted Egs. (15) and (21), the following analytical relation can be obtained:

W =1— 2 1+(1_7)/Etr,0_7/Et2r,0
! 2+¢& 1_72/Et2r.o

(25)

The results of calculations with the use of analytical solution (25) are presented in Fig. 6. One

can see that the absorbed radiation power W, , increases monotonically with both the attenua-

tion parameter and the droplet size but the effect of these parameters is relatively insignificant

in the ranges of A>3 and a,, >20pum. This is an important qualitative result which should

be further examined on the basis of more detailed analysis of real water mists.

It should be noted that the formal use of the results obtained in the above radiative transfer
analysis is insufficient to chose a shielding mist to protect an object wall from the intense fire
radiation. The mist containing relatively small droplets looks more promising because of great
value of the attenuation parameter but the volumetric absorption of the incident radiation near
the irradiated surface of the mist and small velocities of the falling droplets will lead to high
rate of the mist evaporation. In the opposite case of very large droplets, the radiation is not
practically reflected from the mist because of low scattering and also a considerable attenua-
tion of the fire radiation can be reached only in the case of a geometrically thick mist layer
with high flow rate of water. Of course, the latter variant is not the optimal one. Most likely,
the droplets of an average size may be a good choice.

One should recall that thermal conditions near the irradiated surface of the mist and the
conditions at the opposite shadow side of the mist are quite different. This makes interesting

the use of more sophisticated engineering solution with a variable size of supplied water drop-

lets across the mist layer. It is natural to have relatively large droplets with average radius a)



at the irradiated side and much smaller droplets with radius a{? <<a{) at the shadow side of

the mist layer. This idea will be examined on the basis of the case study considered below.

4. Transient heat transfer model

Strictly speaking, the heat transfer model for water mist exposed by thermal radiation from
fire should be based on CFD modeling of the flow field and convective heat transfer in com-
bination with radiative heat transfer modeling. The general problem is too complicated espe-
cially because of possible dynamic and thermal non-equilibrium of evaporating water drop-
lets. On the other hand, the practical sense of detailed modeling is not obvious at the moment
because of great uncertainty in many parameters of particular processes. In the present paper,
a simplified problem statement is considered without some details which can be ignored at
this stage of the research.

First of all, it is assumed that the shape of the main stream region can be presented as a
plane-parallel layer (see Fig. 3) and the effects of viscous boundary interaction with ambient
air can be ignored. Following the above principal suggestion, we consider the mist containing
two separate layers. It is assumed that the first layer (from the flame side) contains large drop-
lets and the second layer contains relatively small droplets. From the engineering point of
view, such approach will provide more stability to the curtain as the larger droplets have
higher momentum where as the smaller droplets will achieve higher attenuation.

Generally speaking, the gas flow with suspended droplets is characterized by dynamic and
thermal nonequilibrium of water droplets with respect to the gas flow. But this effect is de-
generated in the limits of both large and small droplets. In the first case, the decrease in drop-
let velocity due to the drag force is relatively small, whereas the motion of small droplets is
determined by the gas flow.

The specific effects on parameters of small water droplets in the entrance region of the
flow characterized by and also the hydrodynamic effects in the vicinity of the ground surface
that is impinged by a mist flow are not considered. This is a natural assumption because the
region of the mist formation may be positioned at a greater height that the fire and the part of
fire characterized by a significant thermal radiation is usually observed at some distance from
the ground. In other words, we consider a middle part of the long mist layer.

The following modes of heat transfer seem to be the most important and should be includ-
ed in the computational model: the heating of water droplets by external radiation from fire,
partial evaporation of these droplets, and the falling flow of the mist. One cannot exclude that



turbulent heat transfer across the mist layer should be also taken into account, but the liming
volume of journal paper does not allow to analyze this effect.

The radiative heating of water droplets can be calculated using the field of radiation power
absorbed in the mist. This part of the general model was a subject of previous sections of the
paper. The droplet size is not constant across the composite mist layer and also because of
evaporation under the action of nonuniform absorption of fire radiation. As a result, the medi-
um transport albedo is also not constant and one should use numerical solution to the bounda-
ry-value problem (13a)—(13b) instead of analytical solution (14a)—(14b).

It is assumed that water droplets are isothermal and their temperature is the same as that of
ambient gas. It means that radiation power is spent to heat both droplets and gas and also to
evaporate the droplets. The simplest equilibrium evaporation model is considered and the
evaporation at temperatures less than the saturation temperature at normal atmospheric condi-

tions, T, =373K, is neglected. Possible overheating of water droplets is also not considered in

the model. The effects of surface tension are neglected.

The nonuniform volumetric heating of large water droplets and more accurate analysis of
droplet evaporation in presence of thermal radiation are not considered in the present paper.
The details of more comprehensive models can be found in the literature [38—42]. Note that
the monodisperse approximation is employed for both layers of the mist and the evaporation
is treated as the only effect resulting in change of the droplet size. In other words, possible
effects of agglomeration or fragmentation of droplets are not considered.

The falling flow of the mist is not calculated in the paper and effects of steam generation
and lift forces due to the gas heating are not taken into account. Instead, two parallel uniform
flows with constant velocities are considered. Of course, this is a strong assumption, but this
approach seems to be an important stage of the general study for possible gradual size varia-
tion of supplied droplets on the basis of much more detailed CFD calculations.

An applicability of the assumption of local dynamic equilibrium of small water droplets
and ambient air flow can be analyzed on the basis of the following equation for the motion of
a spherical water droplet in viscous gas in z -direction (see Fig. 3) [43]:

4 3 dUd 1 2 2
—7a —f="C,m plu—u 26
3 Py = 5 Complu—u,) (26)

where u and u, are the gas and droplet velocities, p and p, are the densities of gas and wa-
ter, C, is the drag coefficient. For slow relative motion (when Reynolds number
Re, =2pu—u,ja/n <<1, the case of small particles — the Stokes flow) the drag coefficient is

as follows:



Cp =24/Re, (27)
and Eq. (26) can be written in the form:

2
trel % =u- ud trel = EM (28)
dt 9 p

where t, is the relaxation time. Note that it is sometimes convenient to introduce the Stokes
number defined as Stk =t V| to estimate the dynamic nonequilibrium of inertial particles

in a viscous medium [43, 44]. In our case, it is sufficient to compare directly the length of the
droplet relaxation path and the height of a single horizontal layer of the computational region
(see Fig. 3). According to [9], the following value of an average initial velocity of water drop-

lets is used in the estimates:
Ugo=5ms™ (29)

The calculations for water droplets with radius of a=30um showed that

Ugo tg ®54mMm<<AH =H/N at H=10m and N <100. It means that dynamic nonequilib-

rium of small water droplets can be neglected in the simplified computational model. It as-
sumed also that there is a thermal equilibrium between the droplets and ambient gas in every
horizontal layer of small droplets. This approach is not good for the upper layer but it seems
not so important for the simplified model problem. As a result, the only local temperature is
used at every point of the second layer of the mist. Moreover, it is assumed that the gas medi-
um with suspended particles can be treated as an equivalent continuous medium with average
local dynamic and thermal parameters. The initial velocity of the medium in this mist layer is

determined as follows:
u2 ~ ud,O fv,in pw /pg (30)

On the contrary, it is assumed that velocity of large water droplets in the first layer of the
mist is constant and the presence of ambient gas has no effect on the droplet motion. As to
variation of the droplet temperature from the initial value to the saturation temperature, it is
determined by the local volumetric absorption of the fire radiation.

The computational model is based on dividing the mist volume into several horizontal lay-
ers for subsequent solution of a set of coupled 1-D heat transfer problems for every layer of
the same thickness starting from the upper layer j=1 (see Fig. 3). The number of layers, N,
was varied in the methodological calculations to reach an acceptable computational error.

In the case of negligible turbulent heat transfer across the mist layer, the approximate

mathematical formulation of a heat transfer problem for every layer is as follows:



T(y)-T, .
(pe)u ”(yA)H Y v ) THT, Gt (31a)
where
u=u, and (o) =f,;(ec), at O<y<y. (31b)
u=u, and (pc) =(pc), +f, (yNec), at y.<y<d (31c)

It is assumed here that f, ; <<1 and variation of volumetric heat capacity of gas mixture due

to evaporation of water is insignificant.

Equation (31a) can be considered as a result of the use of an explicit finite-difference

scheme for the obvious differential equation. In the case of T (y)<T,, where T, =373K is

j+1

*

the saturation temperature, the value of T,

is the real temperature and T,.,(y)=T.(y).

When the formal use of Eq. (30a) gives T ,(y)>T,, the saturation temperature is reached:

J+1

Tj+1(y)=TS. As to the current volume fraction of water droplets, it can be estimated using the
following relation:

Wrad,j(y) AH Tjil_Ts
L uT,-T

]

fv,j+l(y): fVJ(y) 1_pg (32)

i
Obviously, W,4;(y)=0 at f, (y)=0 and negative values of f,;(y) should not appear in
correct calculations.

According to the traditional classification of combined heat transfer problems [45], the
above problem is an example of the so-called radiative heat transfer in moving media. The
radiative boundary layer (an outer part of the thermal boundary layer in the case of optically
thin viscous boundary layer) and the liquid droplet radiator for space applications are two
known examples of the same class of heat transfer problems [21, 24]. In our particular case,

the problem is a bit more complicated because of two-layered medium and evaporation of wa-
ter droplets.

5. Results for the case study

The following values of input parameters were used in the case study: H=10m, d =1m,
T,=300K, p, =10kg m®, p ,=1kg m® f, =f, =10" af)=100um, af) =30um,
u,=uy, =3ms*, ¢, =4.18kJ kg* K™, ¢, =1kJ kg™ K™, L=2.26 MJ kg™. Three variants of
thickness of the front (irradiated) vertical layer of the mist are considered: y, =0, 0.2m, and

0.5m. The first of these variants corresponds to the uniform mist containing only small water



droplets, two other variants illustrate the effect of large droplets supplied from the side of fire.
Note that numerical integration over the spectrum was conducted for the wavelength interval

from 2, =0.3um to A, =6 pm. The uniform step of A4 =0.02 um was used in the spectral in-

tegration.

Some results of calculations for the case study are presented in Figs. 7 and 8. One can see
in Fig. 7 that the presence of large droplets at the irradiated side of the mist layer may de-
crease the transmitted radiative flux to the lower part of the protected object. This is explained
by more favorable profile of the droplet size and the resulting volume fraction of water drop-
lets (see Fig. 8). This particular result confirms potential advantages of the suggested decrease
of the size supplied water droplets with the distance from the irradiated surface of the mist

layer.

6. Possible microwave monitoring of water mist parameters

Microwave absorption and scattering by water droplets have been studied during many
years because of developing applications in remote sensing of the ocean ant atmosphere [46—
48]. In this paper, possible microwave monitoring of the main parameters of a water mist is
considered because this technique might be an important part of the mist shielding properties.
To analyze a possibility of such monitoring, consider first the microwave optical constants of
water in the millimeter and centimeter spectral ranges. Following [49], the complex dielectric
constant of water is determined by the Debye relaxation model and the following modified

equations:

(e —.) o+ (1) °s) (33a)

LA s b

- E—&, o Oyl 11
Ty STy o A7 (g a6 (350
A =A/A S=sin(pr/2) C=cos(pr/2) (33c)

where A is the relaxation wavelength, ¢_ and &, are the high- and low-frequency dielectric
constants. Hereafter, the values of A and A, are expressed in millimeters. Equations (33a)—
(33c) are reduced to the classical Debye equations when the electrical conductivity o, and
the spread parameter ¢ are equal to zero. In calculations for water, the constant value of
o, =12.5664-10° (Ohm mm)™ was used and other parameters were obtained using the fol-

lowing relations:



&, =5.27137+0.0216474T —0.00131198T* (34a)

¢ =-16.8129/(T +273)+0.0609265 (34b)
A, =0.00033836 exp[2513.98/(T +273)] (34c)
£, =7854(1-4579.10°T +1.19-10°T* -2.8-10°T°) T=T-25  (34d)

Note that temperature T in the above equations is expressed in centigrade degrees.

The calculated spectral dependences of refraction and absorption indices of water in the
most promising parts of sub-millimeter and millimeter spectral ranges are presented in Fig 9.
The index of refraction of water increases both with wavelength and temperature. The latter is
true at wavelength A4 >0.85mm. The spectral and temperature dependences of absorption in-
dex in a long-wave part of the considered spectral range are more complex (Fig. 9b). It is
clear that one cannot expect a significant absorption of radiation by water droplets at
A >2mm where the index of refraction is too large [24]. At the same time, a combination of
moderate values of n and fast increasing values of x in the sub-millimeter wavelength range
will result in unusual optical properties of single water droplets.

Consider the optical properties of small water droplets typical of water mist. As above, we
assume that droplets are spherical, their volume fraction is small and they are randomly posi-
tioned in space. The last assumptions are important but insufficient to neglect the so-called
near-field dependent scattering effects. One should recall the effect of coherent microwave
scattering by clusters of water droplets is sometimes observed in cumulus clouds in turbulent
atmosphere [50-52]. We assume that there is no such an effect in the problem under consider-
ation and the hypothesis of independent scattering by single water droplets of mists is true al-
so in the microwave spectral range.

Some results of calculations for single droplets are presented in Figs. 10 and 11. The limit-
ing volume of the paper makes possible to illustrate only the most interesting effects observed
in sub-millimeter spectral range. The strong resonances of absorption like those studied in de-
tail for gold nanoparticles in the so-called therapeutic window (0.6<A4<1.4um) are ob-
served. These nanoparticles are widely used in hyperthermia of tumors and other medical ap-
plications related with targeted heating of biological tissues [53-55]. But it is not the same
effect because of multiple resonances and the accompanying resonances of scattering. The
effect of water temperature appears to be also significant. Note that similar data for resonance
absorption of sub-millimeter radiation by single water droplets have been recently reported in
[56]. The computational data for the transport scattering albedo presented in Fig. 11 are espe-

cially important because they indicate possible monitoring of the main parameters of water



mists. Of course, it is a separate problem which is beyond the scope of the present paper.
Therefore, we limit our consideration by computational results for the normal-hemispherical
reflectance of a uniform optically thick mist [57]:

!

b Ao o2 io,)

Figure 12a indicates that the measurements of R, at wavelength 4 =0.5mm can be used to

Rn—h = (35)

estimate an average droplet temperature in the case of 10 < a < 25um without more detailed
information on size of water droplets. As to the average droplet size, it can be obtained in the
case of 40<a <50um from the measurements at wavelength 4 =0.7 mm, and the result will
be independent of droplet temperature (see Fig. 12b). Note that possible measurements of re-
flectance from the shadow side of the mist layer will give us average values of both the drop-
let size and temperature in this relatively cold and not evaporated region of the mist. More
detailed information on variation of the retrieved values with the distance from the shadow
surface of the mist layer can be obtained from the measurements of directional-hemispherical

reflectance at various angles of incidence.

8. Conclusions

A simplified theoretical model for attenuation of fire radiation by water mist was devel-
oped. This spectral model is based on calculated absorption and scattering characteristics of
water droplets, the local 1-D solutions for radiative heat transfer through the mist layer, and
transient heat transfer model taking into account heating and evaporation of the droplets.

The computational data illustrate the main special features of the problem and enable one
to estimate the effects of an average droplet size, the volume fraction of water, and the mist
layer thickness on quality of the fire protection. The suggested analytical solution for radiative
transfer and also the results of numerical analysis of heat transfer in the mist are expected to
be useful for physically sound engineering estimates.

The case study for the fire radiation protection by water mist is considered. It was suggest-
ed to decrease the size of supplied water droplets with the distance from the irradiated surface
of the mist layer. The results of numerical calculations confirmed potential advantages of this
engineering solution.

A possibility of microwave monitoring of water mist parameters was also considered in the
paper. It was shown that important information on average values of both the size and tem-
perature of water droplets can be obtained using the measurements of directional-

hemispherical reflectance of sub-millimeter radiation from the mist layer.
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