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Abstract

Radiation attenuation by a water spray is predicted on the basis of a detailed simulation. First of all, a two-way coupling treatment of the spray
dynamics is achieved through an Eulerian—Lagrangian modeling. Droplet distribution combined with water vapor and carbon dioxide volume
fractions are then used to compute the radiative properties of the medium. A simulation of radiation propagation is performed, aimed at the
computation of the spectral transmittance through the spray. A Monte Carlo technique is used to describe radiation absorption and scattering
phenomena for a real droplet polydispersion and an equivalent monodispersion. Numerical results of spray attenuation are compared to experi-
mental data obtained on a laboratory spray with low flow rate. Satisfying accuracy can be obtained for the numerical prediction if a realistic size
distribution is used for the pulverization. The mean Sauter diameter and the volumetric fraction of droplets are found to vary with the position in
the spray. Tentative predictions with a monodispersion therefore fail in predicting the attenuation ability of the spray at various vertical positions

below the injection point.
© 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Water sprays are usual tools used in fire safety devices. Our
focus here, is on one peculiar application: the use of spray cur-
tains as radiative shields. No direct interactions are considered
between flames and droplets, the curtain is created outside of
the fire and its action is only devoted to radiation attenuation in
order to protect a given target. Applications of such devices may
be found in the frame of any plant where flammable products
are stored to avoid hazardous fire propagation from tank to tank
in the case of an accident. A similar use of water curtains could
concern high temperature processes if consecutive strong radia-
tion emissions have to be mitigated. Such a goal may be reached
owing to absorbing and scattering abilities of water sprays. This
behavior has been demonstrated among others through the re-
sults of the ASTRRE project in the late 90’s. See for example
the former studies reported in Prétrel and Buchlin [1], Dembélé
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et al. [2,3], and further extended by the Von Karman Institute
by Zimmer et al. [4] or Hald and Buchlin [5]. The modeling of
such a problem generally involves a configuration, in which a
mixture of water droplets and wet air flowing downward (fea-
turing the spray), is submitted to a strong irradiation from a high
temperature source. Various problems have been identified in
relation to the dynamics of such two-phase flows. On the other
hand, the behavior of an equivalent participating medium has
been also considered. Both problems have been addressed sep-
arately, but few attempts have been reported on studies combin-
ing these difficulties with accurate simulation tools addressing
each of them.

For example, the radiative transfer problem has been treated
as 1D with azimuthal symmetry, considering that the dynamics
is set once for all and the actual spray behaves like an homo-
geneous equivalent medium with known properties [3]. As a
complementary example, care has been brought to the simula-
tion of the flow dynamics [4], uncombined with heat transfer
however. When coupling with heat transfer has been addressed,
this has been done in [1] with a pseudo 1D model for the dy-
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Nomenclature
Cp drag coefficient
dp droplet diameter ............................ m
fo droplet volume fraction ... m?> of water/m?> of air
mp droplet mass .........cooviiiiiiiiiiii... kg
m droplet vaporizationrate ................ kgs!
n mean number of droplets per unit volume ... m™>
N number of trajectories or loops
P scattering phase function
0 flowrate ..o kgs™!
QOas  part of energy lost by a quantum due to absorption
i heat transfered into the droplet .............. W
Rep particle Reynolds number
Se source term
S distance of interaction based on the scattering
coefficient ............ ... i m
T EMPETAtULe . ... .vvvtteeeeeeeennn. K
T* integral time scale of the fluid seen by the
particle ... ... S
Tr transmittance
g , V, W velocity components ................... ms!
Vv velocity vector
X, ¥,z spatial coordinates ................ ... ... .. m

X, Y, Z space directions

Yy water vapor fraction ... kg of water/kg of dry air
X » particle position .............. ..., m
Greek symbols

B extinction coefficient ..................... m™!
Ax, Ay, Az gridsize ...t m
At 130 00 TSR] 1<) PP S
Ty diffusion coefficient .................... m?s~!
K absorption coefficient ..................... m~!
u dynamic ViSCOSIty .........ovviiieeinnnn... Pas
On fluctuating property of the fluid

v random part of the fluctuating property ¢,

o scattering coefficient ..................... m~!
P density ..........iiiiiiiiiii kgm™3
7 particle relaxation time ....................... S
Tpo particle thermal relaxation time ............... S
Subscripts

f continuous phase property

m mixture property

)4 particle or droplet property

A,V spectral or frequency dependent property

0 injection condition

namics and with a two-flux model for the radiative transfer
part.

In a similar manner, present authors [6—8] recently studied
numerically and experimentally the propagation of radiation
through a spray. However, the simulation of the radiation prop-
agation also started with fixed size and moisture distributions
a priori given by experiments and assumed to be constant in
the whole domain. The use of predicted data for the dynam-
ics was not yet introduced and numerous assumptions were
required, among which the most questionable: homogeneous
droplet and vapor distributions and arbitrarily fixed dimensions
for the spray.

In a larger frame, recent reviews by Grant et al. [9] and
Sacadura [10] present numerous works related to fire safety
sciences. Various modeling difficulties are considered and cor-
responding improvements are reported, some directly related
to our concern. A combined approach involving efficient avail-
able sub-models could now produce relevant information on the
complete behavior of the spray.

The present work was carried out in order to undertake a de-
tailed simulation of the flow dynamics and radiative problems,
simply starting with the water pressure of the feeding system in-
ducing a given droplet size, known at a definite position related
to the injection point (20 cm below the nozzle in the present
study). Our goal is to present a simulation tool allowing the
prediction of radiation attenuation through the spray, whatever
the position, on the basis of realistic and heterogeneous droplet
distributions, in a 3D configuration.

The experimental setup which has been developed and pre-
sented in Parent et al. [7] is considered for the problem geome-
try. A single spray is produced by a nozzle in a room. Air flow
is induced by droplets. The incident radiation coming from the
exit of a Fourier Transform InfraRed (FTIR) spectrometer is di-
rected toward the spray in a small solid angle and the flux is
measured after propagation through the spray.

The key steps of the simulation are:

(1) tracking of droplets injected in wet air, taking into account
injection conditions, gravity, drag, vaporization and turbu-
lent dispersion,

(2) description of the air flow mainly induced by drag effects,

(3) radiation propagation through this medium owing to corre-
sponding absorption and scattering properties.

This may be achieved using in a first step an Eulerian—
Lagrangian technique to simulate the droplet flow and the
gas phase induced flow. Alternative approaches could involve
a lower computational cost. Eulerian—Eulerian method and
Method of Moments are often cited in what concerns the de-
scription of the flow dynamics. Both methods involve less equa-
tions. However, they need closure models, for example related
to phase interactions. Moreover they do not allow a detailed
study of individual droplets, an information which is available
here, with the Lagrangian tracking of droplets. The two-phase
flow results are then exported toward a specific code dedicated
to radiative transfer. Complete coupling through specific terms
in the energy balance will not be addressed, since radiative
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transfer will be considered apart in the second step. Owing to
the laboratory scale of the experiments used for the compar-
isons, this is not a problem, since radiation absorption will be
too weak to affect the spray temperature or the droplet evapora-
tion. As a consequence, the present simulation must be thought
as a simplified model, since coupling would probably be influ-
ent in a realistic application of high-radiation shielding.

The two above-cited steps have received a strong attention
separately and a complete bibliography cannot be presented
here on two-phase flows on one hand and radiative transfer
through participating media on the second hand. The basics of
presently used numerical tools can be found in Oesterlé and
Petitjean [11], Moissette et al. [12] and Boulet and Moissette
[13] in what concerns the dynamics of the spray. Important
contributions to the Eulerian—Lagrangian description of spray
induced flows may be also found in Riiger et al. [14] or Kohnen
et al. [15], among others. In addition, the specific problem of
droplet vaporization has received much attention and the work
by Abramzon and Sirignano [16] is often presented as a refer-
ence. All these studies have been used here.

For the radiative part, Dembélé et al. [2], Berour et al. [17]
and Collin et al. [6] have all used the DOM (Discrete Ordinates
Method) to solve the Radiative Transfer Equation (RTE). One
peculiar difficulty of the problem lies in the highly forward scat-
tering behavior of the medium. Whatever the accuracy of the
phase function prediction (for example obtained on the basis of
the Mie theory), the angular discretization requires the use of a
renormalization of the discretized phase function when apply-
ing the DOM technique. It induces a deformation of the scat-
tering distribution whatever the care brought to the modeling.
Another particularity of the present study is the 3D treatment,
which complicates the solution and increases the computational
time, since a very fine angular quadrature is required to deal
with this scattering anisotropy. Indeed, the forward scattering is
so predominant that specific methods like the Delta-Eddington
approximation could be considered as a good candidate for the
radiative transfer problem. However, a recent study (involving
some of the present authors) on pure radiative transfer through a
purely anisotropically scattering medium has indicated that the
achieved accuracy cannot be as good with such method as with
a Monte Carlo reference solution [18]. The FVM offers the ad-
vantage to be conservative, but although requires angular and
spatial discretization and therefore also suffers from potential
ray effects and numerical diffusion (like the DOM does). These
considerations led us to the choice of a Monte Carlo method to
deal with the radiative transfer, rather than a DOM technique or
even the Finite Volume Method (FVM). Note that the radiation
incidence corresponds to a collimated beam at this laboratory
stage and computational cost is not expected to be too exces-
sive. Our goal here is to build a numerical code able to deal
with the various identified physical phenomena. Numerical op-
timization is not addressed at this stage. This explains a choice
of methods possibly leading to a bigger computational effort
and the use of numerous iterations during the numerical solu-
tion, as will be seen.

In the followings, the spray dynamics will be first addressed
through the description of the Eulerian simulation of the contin-

uous phase, the Lagrangian tracking of the dispersed phase and
the numerical processing aimed at the two-way coupling simu-
lation. Then the radiative part of the problem will be dealt with.
Complete results will be presented and discussed, the emphasis
being put on spectral transmittance computations, in relation
with data of the spray dynamics that are directly affecting the
result: namely droplet volumetric fraction and size.

2. Dynamics of the spray

Our test case has been defined considering the experimental
setup in [7]. The spray is injected in a closed room with dimen-
sions 4 x 4 x 4 m3. The injection is directed downward, from a
central position in the room (see Fig. 1). The central planes de-
fined by x =2 m and y =2 m are two symmetry planes when
addressing the flow dynamics. Therefore, a quarter of the do-
main will be considered in the first step of the computation.
However, when radiative transfer will be addressed considering
an incident beam coming according to the X-direction, only the
plane such that y =2 m will be kept as a symmetry plane.

The pressure feed of the nozzle is 1.5 bars, corresponding
to a volumetric rate which has been measured to 0.26 L min~!.
Some data have been fixed following the study by Zimmer [19].
The exit section of the nozzle has an equivalent diameter of
0.53 mm, consequently droplets are injected with an initial ve-
locity around 18.9 ms~!. At 20 cm below the injection point,
the spray is known to behave as a pulverization with a mean
Sauter diameter of 182 pm, a value that will be used for simu-
lations carried out on an expected equivalent monodispersion.
When simulating a realistic polydispersion, droplet injection
will be considered as to yield the same mean Sauter diameter
value at 20 cm, with a 20 class split between 50 and 500 pum.
A conic shape has been observed for the spray with ejection
angles evaluated as 16° (according to the X-direction) and
40° (according to the Y-direction), yielding an elliptic section
perpendicular to the vertical axis.

2.1. Eulerian simulation of the gas phase

Droplet fall induces a turbulent air flow which can be de-
scribed with balance equations for mass, momentum and en-
ergy. Additional equations have to be introduced to deal with
turbulence and mass fraction of water vapor in air. The present

t—— Injection point

I / (2,2,2)

N b

Elliptic section

Fig. 1. Sketch of the injection in the room.
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work involves a 3D stationary description. The general standard
formulation of the corresponding balances may be given as

) ) )
oz PrUnN®) + 5 (0rVi18) + - (0r (Wr)9)

K A 9 3 9 3¢
= a(n,,a) + 5(1},5) + 8—Z<F¢8—Z> +Ss (1)

where (x) denotes the average of the variable x.

In this relation ¢ = 1 leads to the mass balance, ¢ = (U) or
(Vy) or (Wy) yields one of the three momentum equations in
the X, Y or Z direction respectively, ¢ = (Ty) yields the energy
balance, ¢ = (Yy) the balance for water vapor mass fraction
and finally ¢ = k or ¢ = ¢ corresponds to the closure equations
aimed at the turbulence modeling.

I’y are the corresponding diffusivities adapted to each scalar
variable description and S corresponds to source terms.

The present Eulerian formulation actually follows a classical
modeling. Details for the flow simulation are not repeated here,
but can be found in Kohnen et al. [15] or Berlemont et al. [20],
among other specific studies related to the continuous phase
dynamics. Complementary information specific to the present
study is given in the following paragraph.

The source term due to droplets in the momentum equation
only comes from drag effects, lift force or other interactions be-
ing currently neglected in such problems with relatively high
density inclusions as compared to the continuous phase den-
sity (see for example Boulet and Moissette [13] for a more
complete description). A standard k—e model is used here for
the turbulence closure, for a sake of stability of the whole nu-
merical processing, which can be better warrantied with this
well-known robust model. An hybrid formulation of the source
terms [13] is introduced in the balance equations for k and e,
with a modeling constant C,3 = 1.87, in order to involve the
prediction of turbulence rise due to wake effects behind large
droplets. For the heat exchange, the source term is due to va-
porization process, as droplets will cool the surrounding air
in order to get the required energy to vaporize. Let us recall
here, that the experimental device is used at a laboratory scale
with a very weak radiative flux coming from a spectrometer.
Corresponding radiative source for the flow can be completely
omitted in the present application.

2.1.1. Boundary conditions

The setup is located in a room. A cubic enclosure is con-
sidered with two symmetry planes as above discussed. Other
boundaries are walls. This implies the use of standard wall laws
for the dynamics of the flow. Conditions for temperature and
water vapor are more difficult to assess. Actually the surround-
ing air is assumed to be renewed, since the room cannot be con-
sidered as hermetically closed. However, inlet and outflow con-
ditions are not simple to introduce and would probably affect
the spray dynamics, unless a very huge computational domain
is considered. It would induce a penalizing computational cost,
aimed at the simulation of areas far from the spray and there-
fore uninteresting for us. Considering that a stationary picture
of the spray is sufficient to provide the droplet distribution, and
that the liquid flow rate is too weak to affect the surroundings

besides the spray area, Dirichlet’s conditions for the walls with
constant water mass fraction and continuous phase temperature
(typically at 60% of relative moisture and 300 K) have been ap-
plied. The temperature had been found to vary very weakly in
a former study even when addressing a strong radiative source,
due to competing effects between convection, vaporization and
radiation [8]. Hence, the present assumption does not rise any
sensitivity problem. For the boundary condition devoted to the
water vapor fraction, our assumption was found to be more
questionable. Therefore tests have been carried out on the sen-
sitivity of our transmittance prediction (detailed in the next
section) to the boundary conditions, considering values of 60%
and 80% of relative moisture at walls respectively, and inves-
tigating the impact on the transmittance computed through the
spray. The typical discrepancy has been found to be lower than
0.1% in the case of the typical cases which are discussed be-
low. This test shows that the present assumption does not infer
a strong uncertainty in the attenuation prediction.

2.2. Lagrangian tracking of the droplets

The tracking of individual droplets lies in the solution of
equations for their position, velocity, temperature and size. Sta-
tistics are finally carried out on the basis of each track regis-
tered at every time step. Note that hydrodynamic break-up of
droplets, possible collisions, and related coalescence effects are
not included in the Lagrangian tracking. This is a correct as-
sumption considering the reference paper by Elgobashi [21] and
the low volumetric fraction of interest. In this work so-called
four-way coupling effects (namely related to particle collisions)
are considered to be negligible for volumetric fractions lower
than 1073 m? of water/m?> of air, whereas present simulations
concern cases with values 10 or 100 times lower. Note also that
the injection of individual droplets is considered here, with a
definite size distribution equivalent to the observed spray and
not the actual liquid film which is supposed to form the droplet
phase after break-up processes.

The following set of equations is solved to characterize each
followed particle

X _y @)
a7
av, 2 - L
mp—L = Coppr-LIVs = Vyll(Vy = V)
o5\ =
+mp( ——f>g 3)
Pp
m,Cp, 22 — o 4)
PEPpTg ¥
dmp
dmp __,; 5
L — i )

Eq. (3) takes into account drag force and gravity effects. Vapor-
ization influence is taken into account following the suggestion
by Abramzon and Sirignano [16]. A correlation by Faeth [22]
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is used in order to modify the drag coefficient in relation to the
vaporization of the droplet

2/3

24 Re
Cp=—|1+—-L 6
D Re, |: 5 } (6)
where Re), = p1%dp - stands for the particle Reynolds number

which has to be evaluated with a special care regarding the fluid
properties, since o is the density of the wet air whereas w,, is
the viscosity of the mixture wet air/saturated air, applying the
1/3rule. V, = || \7f — V|l is the relative velocity of the particle.

Eq. (3) yields the temperature evolution addressing the re-
spective influence of convection and evaporation (radiation ab-
sorption by droplets is omitted when simulating our spectrome-
try experiments as above-mentioned). On the basis of the work
by Abramzon and Sirignano [16] Q is expressed as

| Cpu(Ty —Tp)
Q1=m|:u —Lu] (7
Br
with the vaporization rate
m = 2md,Sh* p DIn[1 + Byl (8)

Cp, is the heat capacity evaluated for the water vapor. By and
Bt are the Spalding mass and heat transfer numbers introduc-
ing the role of water vapor fraction and temperature gradients.
They are computed in a combined process involving Sherwood
(Sh* in the above equation) and Nusselt numbers in modified
forms and introducing thermophysical properties computed at
a film temperature obtained with the 1/3 rule. In particular o,
and D are average density and binary diffusion coefficient of
the gas in the film (see Abramzon and Sirignano [16] for com-
plete details and sensitivity study on the vaporization problem).

In addition to its influence on the heat exchange, evaporation
also modifies the droplet size as the droplet is falling. The mass
loss is therefore introduced in relation (5) to predict the size
decrease, m , being related to d;.

Whenever the fluid phase plays a role in the above relations
through its velocity and temperature, the characteristic which
is of interest is the “instantaneous fluid property seen by the
particle”. That means that data exported after the Eulerian step
presented in the previous paragraph cannot be directly used,
since they correspond to local mean values of the continuous
phase. A fluctuating part has to be added to the average prop-
erty in order to yield an instantaneous value. These turbulence
effects are addressed on the basis of a dispersion model which
has been used by Moissette et al. [12]. This is a first order sto-
chastic model, in which each fluctuating property ¢, computed
at time ¢ = nArt and position X ,(¢) is written as a function of
its value at the previous time step and location, introducing a
complementary random part

$n = @Pn-1 CXP(—AI/T*) + Yn 9

where T* stands for an integral time of the fluid seen by
the particle and 1, is a Gaussian random variable with zero
mean value. Every variable ¢ has its own random part ¥.
They are determined so as to fulfill conditions required by the
Reynolds stress tensor and the turbulent heat fluxes yielded by

the Eulerian simulation of the continuous phase (computed us-
ing a Simple Eddy Diffusivity (SED) model). A description
dedicated to the complete determination of the ¥ and 7* data
may be found in [12].

The numerical processing involves the tracking of a large
number of droplets. The time step of the tracking is computed
as

1 A
At =min] 22, 0 220 (10)
10”10 10 V),
where
4 d>? 0,Cp d
R L N Y S i il (a1
3uy CpRep 6Nup s

), is a classical form of the particle relaxation time based on the
dynamics, 7, is a similar time characterizing the heat exchange
by convection around the droplet (with Nu, the particle Nusselt
number and A ¢ the fluid phase thermal conductivity) and %’(‘)’

is the minimum time required to cross a cell vertically for a
droplet (Azp being the size of the smallest cell in the grid and
Vp, the injection velocity of the droplet and so its maximum
value).

Direct integration of the equations has been applied, consid-
ering constant properties for the droplets during one time step
and explicitly writing solutions for Eqgs. (2)—(5) as first order
differential equations in time.

Actual liquid flow rate has to be controlled and calibration of
dispersed phase statistics is performed balancing the real water
amount and the computed value after each tracking process. All
the tracks left by each droplet are registered for the statistics
and are all taken into account to yield the following numerical
flow rate

Niot 1 d

ni 3
. _ Pio
Onum = E Alrr E s 6
i=1 i

where Aty is the total tracking time, Ny is the total number
of computed trajectories, n; is the total number of registered
tracks for the ith droplet and d;, is the initial diameter of the
ith droplet (the injected flow rate has to be sought ignoring any
change in the liquid amount due to evaporation).

Every data are then corrected multiplying by the ratio of the
real rate over the numerical value: Qreal / Qnum.

Droplets are followed till they reach the bottom of the com-
putational domain, then they are considered as escaped (re-
bound influence is not considered).

(12)

2.3. Numerical handling—Two-way coupling for the dynamics

The Finite Volume Method with the SIMPLE algorithm is
used for the solution of the Eulerian description of the induced
air flow. A classical scheme with staggered grids is applied, as
described for example in Versteeg and Malalasekera [23].

Source terms in the continuous phase formulation on one
hand, or fluid velocity and temperature use in the droplet track-
ing on the other hand, induce the respective influence of one
phase on the other. Corresponding effects can be numerically
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taken into account using an iterative method in order to obtain
a solution for the whole problem.

A first stage of convergence is sought on the dynamics
solely. Then, heat transfer and vaporization effects are taken
into account. The complete numerical handling involves the fol-
lowing steps:

(1) first tracking of Ny droplets in air at rest, discarding evap-
oration, heat transfer and turbulent dispersion in the trajec-
tory computation in order to minimize the computational
time of this early stage of the calculation, registering each
track and computing its contribution to the various source
terms aimed at the modeling of the dispersed phase influ-
ence on the continuous one.

(2) Solution of the Eulerian simulation for the air flow in
isothermal condition, taking into account the previous step
results for the dispersed phase that will induce the air flow
due to drag effects.

(3) Tracking of N, droplets in the corresponding flow field
without heat transfer and vaporization, evaluating corrected
source terms to be introduced in the next Eulerian solution
step.

(4) Solution for the Eulerian simulation of the fluid phase in
isothermal conditions taking into account the corrected sta-
tistics yielded by the previous step, performing Nf itera-
tions.

(5) Repetition of steps (3) and (4) until convergence is ap-
praised to be sufficient, the number of iterations warranty-
ing that the so-called two-way coupling effects have been
correctly taken into account.

(6) Repetition of steps (3) and (4) activating vaporization
effects and heat transfer, until complete convergence is
reached.

Typically, Ny is of the order of 150000 droplets. Consider-
ing that each droplet may leave more than 1000 tracks which
are all registered, the statistics are performed on a really large
number of tracks. In what concerns the Eulerian part of the
computation, Ng is typically equal to 200. Finally, in order to
take into account the two-way coupling effects, repetition of
steps (3) and (4) can be as large as 100. Of course optimization
of the whole process could be sought, regarding the computa-
tional cost in particular. This was not considered as a priority
for the moment.

If a polydispersion is considered, computations are first car-
ried out on monosize droplets with diameter equal to an evalu-
ated mean Sauter diameter. After a first simulation following
the above detailed step, computations are completed on the
actual polydispersion through repetition of steps (3) and (4),
starting with the initial values obtained on the monodispersion.

The typical mesh is presented on Fig. 2. The grid size in the
present case is 24 x 24 x 40. This is a structured mesh which
has been defined following a specific preliminary study in or-
der to check that numerical predictions are grid independent
[24]. In particular the mesh has been set involving: (i) smaller
cells near the walls, checking the required criterion for the use
of the so-called wall laws (usual distance between the wall and

Y direction 1

7 direction 2

1
X direction

Fig. 2. Visualization of the grid in central planes (XY and X Z orientations).

the first cell center larger than 30, in wall units); (ii) smaller
cells near the spray injection position, with a size affecting the
Lagrangian time step used for the tracking, warrantying that
droplets are leaving several tracks in each traveled cell (optimal
parameters chosen after an analysis of the statistical results pro-
vided by the droplet tracking); (iii) a good compromise between
time cost and accuracy (preliminary tests with grids involving
various mesh size have qualified the present 24 x 24 x 40 grid
as the best compromise). Regarding the central area, where the
spray is injected, 8 thin regular cells are concentrated just before
location x = 2 m and just below location y = 2 m. This refine-
ment makes easier the numerical simulation in this area where
the gradients and the coupling terms are large. This also allows
to export accurate evolutions of the droplet size and volumetric
fractions (of droplets and vapor), to be used in the simulation of
the radiation propagation.

Note that convergence is not easy to assess, owing to the fact
that a check for residuals (for example defined for each variable
as a sum on every nodes of the relative discrepancy between
two successive iterations) as it is often done in the case of one-
phase flows cannot be simply used. This has been discussed by
Kohnen et al. [15]. Indeed each injection induces a fluctuation
in the source terms around an average value. When a sufficient
number of Eulerian—Lagrangian couplings has been addressed,
this does not really affect the mean characteristics of the flow,
but it disturbs the residuals however, with a similar jump after
each Lagrangian step followed by the same decrease during the
Eulerian step. Instead of restricting our convergence verifica-
tion to such residuals (which are of course also computed), the
evolution of sensitive variables is studied as more reliable con-
vergence criteria iteration after iteration (as it was suggested by
Kohnen et al. [15]).
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Fig. 3. Key variable evolution during the iterative calculations. Label -1-: posi-
tion (x =1.92m, y=2m, z=1.10 m). Label -2-: position (x =2m, y =2 m,
z = 1.10 m). Label -3-: (position x =2 m, y =2 m, z = 1.76 m). Area |
monodispersion without heat transfer and evaporation. Area II monodispersion
under complete simulation. Area III polydispersion under complete simulation.

Results are presented on Fig. 3 where the driven air flow ve-
locity, the water vapor mass fraction in air, the air temperature
and the droplet volumetric fraction have been plotted after each
complete Eulerian-Lagrangian loop for three positions (two
points below the injection point and one point shifted from the
injection axis). Curves noted -1-, -2- and -3- give the results
for these three points with respective coordinates (x = 1.92 m,
y=2m,z=1.10m),(x=2m, y=2m, z=1.10 m) and
(x =2m, y=2m, z=1.76 m). In particular, vapor mass frac-
tion and droplet volumetric fractions are input data for which
the convergence has to be checked, since they are required for
the radiative part of the problem, as will be discussed in the sec-
tion dedicated to radiative transfer. Numerical conditions corre-
spond to those studied in the next paragraphs. As can be seen,
the number of coupling loops (repetition of above cited steps
(3) and (4)) is very large in the present test case devoted to the
observation of the computational stability. About 400 Eulerian—
Lagrangian loops have been first carried out, injecting monosize
droplets without evaporation and heat transfer (explaining why
the curves for humidity and temperature do not vary during this
first stage, in the area labeled I). All variables have reached a
stable value, before the end of the step. Then 400 further it-
erations have been performed for the complete heat and mass
transfer problem still considering monosize droplets (area la-
beled II). Water vapor mass fraction and temperature are of
course sharply varying at the beginning of the step, but they
reach a converged value quickly. The other characteristics are
not affected by the introduction of heat transfer and evaporation
phenomena (knowing that the liquid flow rate and the energy
exchange are weak in the present study). Finally, area III cor-
responds to the complete simulation performed on the actual
polydispersion, starting with the initialization yielded by the
monodispersion characterized along area II. One can see that

after a quick correction of the previous monodispersed data, the
convergence of all variables is reached and all tracers are stable.

Of course the number of loops can be obviously roughly re-
duced if an optimal solution regarding this feature is sought,
stopping the computations earlier.

2.4. Results for the spray dynamics exported for the radiative
transfer study

The case of the spray depicted at the beginning of this
section is presented. Based on reference data [19], the poly-
dispersion is injected considering a Rosin—Rammler law and
involving 20 classes between 50 um and 500 pm, with a Rosin—
Rammler mean diameter at the injection point of 310 um and
a dispersion parameter of 2.66. At 20 cm below the injection
point, the computed mean Sauter diameter is 180 um (in ac-
cordance with the measured value of 182 um). In the present
paragraph results will be also compared with those obtained
simulating a monodispersion of droplets (diameter equal to 182
um) for the same flow rate (0.26 L min—!). We are especially in-
terested in the results useful for the radiation attenuation study,
namely the droplet volumetric fraction and size as a function of
the position in the spray.

Fig. 4 is a representation of the spray through the tracks left
by two opposite classes of droplets along their fall during a
typical Lagrangian step. Left-hand side figure presents typical
behavior of droplets with size around 465 um, right-hand side
figure is for 85 um particles. These representations have been
taken from the same complete polydispersion simulation. The
shape of the spray illustrates the zones usually observed exper-
imentally: a conic shape especially near the top and trajectories
closer to a vertical fall below. Large droplet trajectories keep
directions affected by their injection angles all along their fall,
whereas small droplet trajectories are quickly governed by the
vertical driven air flow. Globally, large droplets are creating a
core which is filled by small droplets, leading to a droplet dis-
tribution which is obviously heterogeneous. As expected, large
droplet trajectories are also close to lines since they are little af-
fected by turbulent dispersion, whereas the tracks left by small
droplets yield more fluctuating trajectories.

The heterogeneity in the droplet distribution can be also il-
lustrated, computing the evolution of the mean Sauter diameter
(labeled Ds33) as a function of the vertical position. For each z
position, an integration has been performed on a XY plane to
yield the mean size of droplets. Fig. 5 presents the obtained
results in comparison with the near constant value also com-
puted for the monodispersed case. Indeed a weak decrease in
the monodispersion value is obtained as a consequence of evap-
oration, that results in a size decrease. As can be seen this size
loss is very weak, droplets are falling too fast to be really af-
fected by evaporation regarding their size (this is in accordance
with the remark of the previous section, on the weak sensi-
tivity of results with respect to evaporation phenomena in the
present problem). The evolution in the polydispersion case is
more complex. A first decrease is observed with a minimum
value reached near 170 pm, followed by an increase till a near
constant value is reached more than 1 m below the injection.
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Fig. 4. Typical droplet distribution in the spray. Each point is a track left by a droplet during a post-processing computation. Left-hand side: 465 um droplets.

Right-hand side: 85 um droplets.

The discrepancy in the droplet behaviors as a function of their
relative size can explain this result on D3,. Near the injection
area, on the top, large droplets still fall with a high velocity,
contributing in a weak manner to the averaged size, whereas
small droplets are already slowed down, they leave numerous
tracks in cells and bring a large weight to the computation of
the mean size. As the vertical position decreases the velocity of
each droplet class decreases and reaches its limit value. Each
class contributes more and more to the computation of the aver-
age size, leading to an increase of D3, until a diameter close to
210 um is obtained (the second step of size decrease is probably
induced by the flow near the floor more than by evaporation ef-
fects, but our study is not carried out in order to yield a specific
description of this area).

Fig. 6 presents the volumetric fraction of droplets on a cen-
tral plane (y = 2 m) at different vertical position under the spray
injection, along an horizontal line parallel to the X axis, the
main radiation propagation direction. The right-hand side fig-
ure is for the polydispersion. The spray width is seen to increase
with the distance from the injection, and the water volumetric
fraction is maximum at the spray center. On the left-hand side
figure, corresponding results are given for the monodispersion.
An amazing result is obtained, since droplets apparently shift
from the spray center. Indeed, the tracking is performed on rel-
atively massive particles and their trajectory is first governed
by the injection angle that shifts them away from the injec-
tion line. Then, drag and gravity effects pull them vertically
and they are little affected by horizontal motion (which could
be due to dispersion effects for example). When considering
a polydispersion, large classes present a similar behavior, but
small droplets are entrained in the core region and the overall

Sauter diameter Dso [pm]

250
240
230
220
210
200
190
180

170 N\

160

Polydispersion

Monodispersion

0 0204 06 08 1 12 14 16 1.8 2

z position [m]

Fig. 5. Mean Sauter diameter averaged on the XY plane as a function of vertical
position.

volumetric fraction does no more exhibit an empty spray core.
Note that computations have been also performed on the cumu-
lative volumetric fraction along the X direction for the different
curves (not shown here, but corresponding to the integral of the
curves presented on Fig. 6). It yields the total quantity of water
integrated along a line similar to the direction of radiation prop-
agation for various vertical positions. Results obtained for the
monodispersion indicate a strong increase when moving away
vertically from the injection position. This can be explained by
a decrease in the droplet velocity due to drag effects, leading to
an increase in the global volumetric fraction. On the contrary,
the increase is relatively small for the polydispersion. In this
case small droplets are slowed to their terminal velocity before
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Fig. 6. Volumetric fraction of droplets along the X axis at 20, 40, 60 and 80 cm
below the injection point. Case of a monodispersion of 182 um droplets (left
figure) and a polydispersion (right figure).

they reach the 20 cm position and their contribution to the vol-
umetric fraction remains constant. Large droplets behave like
those of the monodispersion but their influence is hidden and
the increase for the global water amount with the vertical posi-
tion in the pulverization is weak.

What is obvious in the above comments is the discrepancy
in the prediction when addressing a monodispersion or a poly-
dispersion. In the next section, computations will be carried out
on radiation propagation on the basis of these data, in order to
investigate the consequences of these differences.

3. Radiative transfer through the spray

Our problem is the computation of transmission of infrared
radiation through the spray. In a classical manner, this absorb-
ing and scattering medium has to be characterized through its
radiative properties: absorption and scattering coefficients com-
plemented by the scattering phase function. One important and
well-known feature is the strong dependence of these radiative
properties with the wavelength. A special care has to be devoted
to this peculiarity. Note that emission by the medium itself has
not to be taken into account, since the experiments used for the
validation have been performed using a Fourier Transform In-
fraRed (FTIR) spectrometer. The radiation emitted by the spray
itself is not coherent with the incoming radiation yielded by the
source and does not contribute to the interference pattern ana-
lyzed by the spectrometer. The next subsections give details on
the radiative property computation and on the radiation propa-
gation simulation.

3.1. Radiative properties

Once the dynamics of the flow has been predicted, values for
the droplet distribution and the vapor mass fraction are known
in every cells of the mesh. They will provide input data for
the computation of local radiative properties of the equivalent
medium made of droplets and gas, through which the radiation
will propagate. Owing to the low volume fractions of interest

(maximum local value around 1074 m3 of water/ m> of air), a
simple addition of the radiative properties can be considered, in
particular assuming that independent scattering prevails in the
present problem. Consequently the absorption coefficient of the
global medium is a simple sum of the droplet and gas contribu-
tions, whereas scattering properties are solely due to droplets:

Ky =Ky, + K,
o) ZUAP
P2 - 2)=P (2 — 2) (13)

The Mie theory yields the radiative properties of the droplets.
Water optical index is taken from Hale and Querry study [25].
The reader is referred to recent contributions in Berour et al.
[17] and Collin et al. [6] for a recall of the detailed formulation
and a sensitivity analysis on the radiative properties. In partic-
ular the role of the droplet size has been discussed, recalling
the stronger ability of small droplets to absorb and to scatter
radiation in comparison with large droplets, if the same water
content is considered.

The gas phase induces the difficulty of dealing with ex-
tremely sharp spectral variations. The gaseous species of inter-
est, regarding possible interactions with radiation, are mainly
water vapor and possibly carbon dioxide. Following the work
by Soufiani and Taine [26] a C—K model provides a very good
compromise between the expected accuracy for characterizing
these gases and computational time, especially with the 43 band
model considered here (see [26] or [6] for a complete descrip-
tion of C—K model implementation).

The acute anisotropic scattering is another well-known char-
acteristic of water sprays. Typical phase function shapes for
water droplets in the size range of the present study have been
plotted in Berour et al. [17] and are not reproduced here. To
illustrate the importance of the peak in the forward direction,
let us just recall that for a wavelength of 2.5 pm (around the
maximum emission for typical sources in our fire safety related
problems) and the mean droplet diameter 182 pm, the size pa-
rameter is 229 (larger values are of course even obtained for the
largest droplet classes). Hence, the asymmetry factor for the
phase function in this case reaches a value as large as 0.93. As
discussed in the introduction, a way to avoid the problem re-
lated to anisotropic scattering, is to simulate the radiation prop-
agation with a Monte Carlo technique (no angular discretization
involving a renormalization process is required). Moreover, as
will be seen hereafter, the phase function will be handled with,
on the basis of its cumulative function, which suppresses the
problem of sharp variations since the increase with the cosine
of the scattering angle is monotonic.

The originality of the present results lies in the possibil-
ity to observe the spatial evolution of the radiative proper-
ties, instead of simply considering an equivalent homogeneous
medium with constant averaged properties. To illustrate this
point, Fig. 7 presents the optical thickness computed on the ba-
sis of the spectral extinction coefficient (8 = k + o), evaluated
at the wavelength 1.1 um, as a function of the x position, on
two lines parallel to the X direction. They are respectively de-
fined 80 cm under the injection point (y =2 m, z = 1.2 m) and
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Fig. 7. Optical thickness along the X direction for two lines parallel to the
main direction of radiation propagation, defined by (y =2 m, z = 1.2 m) and
(y =2m, z= 1.8 m). Wavelength: 1.1 pm.

20 cm under the injection point (y =2 m, z = 1.8 m). A zoom
is plotted in the spray area (1.8 m < x < 2.2 m), since the in-
crease of the presented variable is observed where droplets are
numerous. As a result, optical thickness raises along the path
followed by the radiation crossing the spray, from the spec-
trometer, toward the detector. This wavelength is the only one
discussed here, since the same trends have been observed what-
ever the wavelength in the range [1 um, 10 pm]. Computations
have been carried out for the polydispersion and the monodis-
persion. When considering the polydispersion, one can see that
the overall optical thickness reaches similar value (a little larger
for the position 1.2 m), leading to the assumption of equivalent
attenuation ability for the spray when varying the vertical posi-
tion below the injection point (at least for these two positions).
Nevertheless, the increase in the optical thickness is effective on
a larger range of x position, as a consequence of a larger spray
section when increasing the distance from the injection. Note
also the non-linear increase, which indicates the heterogeneity
of the radiative properties in the spray.

When considering the monodispersed spray (with 182 um
droplets), results are of course in accordance with the poly-
dispersion at the position where the mean Sauter diameter is
close to 182 um (at z = 1.8 m). However, as the D3 has
been observed to vary with the vertical position when ad-
dressing the actual polydispersion (Fig. 5), the monodisper-
sion prediction at z = 1.2 m is obviously far from the actual
polydispersion prediction. For the monosize spray, the diam-
eter remains quite constant (beside weak evaporation effects)
but the volumetric fraction has been found to increase (see
Fig. 6), leading to an increase in the optical thickness. On
the contrary for the polydispersion, the mean size is larger at
z = 1.2 m (see Fig. 5) and a weaker attenuation ability could
therefore be expected according to the Mie theory. As the opti-
cal thickness is observed to vary very slowly, one can conclude
that competing effects due to the volumetric fraction are in-
volved (a slight increase as above discussed) in order to keep
a near constant attenuation whatever the vertical position in the

spray.

3.2. Monte Carlo technique

The radiative properties of the equivalent medium being
known as a function of spatial location and wavelength, the
radiation propagation may be simulated. A complete review
of the Monte Carlo techniques may be found in Modest [27]
and Wong and Mengiic [28], among others. A large number of
quanta are tracked in the medium, computing scattering and ab-
sorption events undergone by the radiation on the basis of prob-
ability functions that fulfill the actual radiative properties of the
medium. A post-processing step is performed consisting in a
statistical treatment of the tracks left by every quanta and yield-
ing the required information: exchanged radiative fluxes or, in
the present case, transmission characteristics of the medium.

The so-called MCM2 technique suggests the computation of
a distance of interaction on the basis of the scattering coeffi-
cient. Other possibilities lie on the absorption or the extinction
coefficient (see [28] for a complete description). The MCM2
method in a slightly modified form has been chosen here, af-
ter a sensitivity analysis providing an optimal behavior of the
method and leading to a compromise between computational
time and accuracy. The distance of interaction S, evaluated
along the quantum path is defined as

So

R, :exp(—fads (14)

0

introducing a random number R, with uniform density proba-
bility between 0 and 1.

Along the distance Sy, the part of the energy lost by the
quantum due to absorption is

So
Qs =1 —exp(—/fcds) (15)

0

The complementary part, 1 — Qps is consequently scattered
at the end of the distance of interaction. A random choice based
on the actual scattering phase function used in a cumulative
form is performed to determine the new direction of propaga-
tion for the quantum before a new interaction event.

The modification of the MCM2 method (the present evolu-
tion could be considered as a MCM2.1 method) is related to
the fact that the non-scattered part is not totally absorbed by the
medium at the position reached after the distance S, . Instead,
the trajectory of the quantum through the successive cells is
built and the absorption is split into successive absorbed parts,
providing to each cell the fraction of the energy that it has taken
to the quantum as a function of the corresponding run path. In
addition to an accurate description of a progressive energy ab-
sorption, this allows to take into account the local variations of
the absorption coefficient when entering in different cells, since
radiative properties are varying as a consequence of the pre-
dicted spray dynamics.

The present Monte Carlo technique has been tested in or-
der to yield converged results unaffected by the choice of the
number of tracked quanta. Tests have been carried out for an
increasing number of quanta, in the same numerical conditions
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Fig. 8. Sensitivity test on the present Monte Carlo technique. Numerical con-
ditions of Fig. 9. Relative discrepancy is computed comparing a given run and
the previous one, which considers a tracking with a half number of quanta.

as in the result section. Computations have been started when
the collimated beam is simulated tracking 16 000 quanta. Then
successive runs have been performed doubling this quantum
number, each time. The total flux has been calculated at the
detection position and relative error between two successive
runs has been computed. Results are plotted on Fig. 8. The dis-
crepancy quickly reaches very small values. Based on this test,
radiative transfer simulation presented in the result section have
been carried out tracking 2 x 10® quanta, warrantying the qual-
ity of the statistical results.

3.3. Results

The spray which has been characterized in Section 2 in
what concerns the flow dynamics is used here, with radiation
crossing the pulverization along the smallest axis of the ellip-
tic section (X direction). What is called “transmittance” here,
is computed as it has been measured with the ratio

T transmission acquisition with the spray on (16)
ry =
"™ transmission acquisition with the spray off

As can be seen, this is not a “true transmittance”, featuring the
ratio between fluxes entering and leaving the medium, but it
yields an information on the ability of the medium to weaken a
given incident radiation.

The collimated incident beam is produced in a solid angle
of 3 x 1073 sr. The detection is performed on an area of 4.5 x
4.5 cm? (corresponding to the surface of the spherical mirror
collecting the leaving radiation in order to focus it toward the
detector), in a solid angle around 8.7 x 107° sr.

Measurements have been carried out with a 2 cm™! spec-
tral resolution. Complete description of the experimental setup
and acquisition process may be found in [7]. In order to allow
a comparison with the present simulation results, experimental
data have been also averaged on wavelength bands correspond-
ing to the 43-band model used here.

Fig. 9 presents the comparison between experimental and
numerical results 20 cm below the injection point on a central

Spectral transmissivity - T,

Monodispersion
Polydispersion
0.95 |
0.9 . : | | i
X Averaged data
Experimental data
0.85

1000 3000 5000

Wavenumber [em ™}
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Fig. 9. Spectral transmittance through the spray. Grey curve is for the exper-
imental data with a 2 cm™! resolution, superimposed continuous curve is the
result of averaging these experiments on bands corresponding to the 43 band
model, other continuous curves are for numerical results. All results are for
vertical position 20 cm below injection.

line in the spray (y =2 m, z = 1.8 m). Of course experimen-
tal data exhibits finer spectral variations, but spectral evolution
is in good agreement when comparing data rebuilt with the
same spectral resolution than the numerical one (thick curve).
Note that the influence of the gases is slightly underestimated
numerically. The transmittance level is little overestimated but
its increase as the wavenumber rises is well captured. Finally,
one can see that the prediction carried out on a monodispersed
spray with an equivalent size leads to a satisfactory predic-
tion, since a correct estimation of the mean Sauter diameter
is available here. The discrepancy between numerical and ex-
perimental data (around 1.3% on the total transmittance) is not
surprising considering the double uncertainty on the transmit-
tance measurement on one hand (reasonably estimated around
1%) and on the granulometric information introduced in the
simulation on the other hand (data already used by present au-
thors, measured in a previous study [19], on the same type of
nozzle but with unknown uncertainty). Supplementary approxi-
mation can affect the liquid flow rate and the exact surrounding
air humidity. Indeed, an error in the droplet size distribution or
in the liquid flow rate may produce an uncertainty in the ra-
diative results, since radiative properties will be affected. Such
problems have been studied and quantified in [24], where tests
computed in conditions similar to the present result section are
presented. As an example, when varying the mean droplet size
in the range £5%, transmissivity has been affected by a discrep-
ancy around 1%. When varying the liquid flow rate in the same
range £5%, transmissivity has been affected by a discrepancy
around 0.5%.

Such comparison was previously presented with a simpli-
fied numerical approach, showing a correct agreement in this
particular case (also presented in [7]). However, the numeri-
cal prediction was based on a series of assumptions, involving
constant radiative properties and fixed medium thickness. The
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problem was the difficulty to extrapolate those data (obtained
through local observations and numerical optimization) to an-
other position in the spray. With the present approach that first
predicts the spray dynamics whatever the position in the spray,
before exporting the required data toward the radiative part of
the problem, simulations can be now carried out at any other
positions in the water curtain. This will be done in the next para-
graph and comparisons will be still performed with the same
monodispersion, demonstrating that simplified data in a correct
agreement with the measurements at a given location, may lead
to inaccurate predictions down in the spray.

Our previous experimental investigation [7] had also indi-
cated that the transmittance was quite the same at different
vertical position in the spray. Actually the measured transmit-
tance integrated over the whole wavelength range had yielded
the following results: 92.5% at 20 cm below the injection point,
93.0% at 40 cm and 92.1% at 60 cm (respective curves as a
function of wavelength would be quite superimposed).

Corresponding computations have been carried out on the
previous polydispersion and monodispersion at 20, 40, 60 and
80 cm below the injection point (Fig. 10). As can be seen for
the polydispersion, despite changes in the mean size (observed
on Fig. 5) and in the spatial droplet volumetric fraction (ob-
served on Fig. 6), competing effects finally yield a near constant
attenuation ability with the vertical position, as observed ex-
perimentally. On the contrary the monodispersion assumption
lead to a decrease in the transmittance (that means a poten-
tial overestimation of the attenuation ability) in conjunction
with a predicted increase of the optical thickness, as above dis-
cussed.

Note that the present apparent conclusion of a constant at-
tenuation as a function of vertical position only holds for a
collimated irradiation and a direct transmittance evaluation, in
the particular conditions of a laboratory single spray. Modifi-
cation of the setup could perhaps infer a varying attenuation,
especially when considering the case of a real water curtain
used for fire radiation shielding.

4. Concluding remarks

A fine simulation has been presented on a single spray, from
dynamics to radiative transfer. An Eulerian-Lagrangian simu-
lation of the flow has been first carried out and data have been
exported in a Monte Carlo simulation for the radiation prop-
agation through the spray. Results have been produced on all
characteristics of the medium, including the volumetric frac-
tions, the spatial evolution of the droplet size and finally the
transmittance. The feasibility of such a complete simulation has
been demonstrated in a 3D configuration. One advantage of the
present approach is the possibility to compute heterogeneities
in the spray and to produce a real 3D analysis. This results in
the computation of the spatially varying radiative properties and
do not require the hypothesis of equivalent average properties,
assumed constant everywhere in the spray.

Direct spectral transmittance through the spray under colli-
mated irradiation has been simulated and compared with exper-
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Fig. 10. Spectral transmittance prediction at various vertical position: 20, 40,
60, 80 cm below the injection point. (a) Monodispersion simulation. (b) Poly-
dispersion simulation (curves quite superimposed).

imental data taken from a previous study. The comparison is
satisfactory since the discrepancy is in the uncertainty range of
the involved measurements.

In the present case of a single spray with a low flow rate the
attenuation has been found constant for various vertical posi-
tions in the spray between 20 and 80 cm below the injection
point (numerical predictions confirmed by the experimental re-
sults).

Computations carried out on an equivalent monodispersion
have been found in accordance with the actual polydispersion
simulation only at the location where the mean droplet size cor-
responds to the diameter entered for the monosize spray. Along
the vertical position, the droplet distribution and their size are
indeed varying in a complex manner, that cannot be captured
through a monodispersed simulation.

The predicted radiation attenuation is in good agreement
with the experimental data used for the comparison at the
present laboratory scale. Further tests will concern more realis-
tic conditions related to radiation shielding at a larger scale (dif-
fuse and stronger incident radiative flux combined with larger
water flow rates).
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