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This study concerns the prediction of radiation heat transfer in evaporating water sprays for a 1D planar
media. The spray evolution is described by a Lagrangian sectional approach with the initial diameter size
classes defined by normal and log-normal distributions. The spray and the gas-phase radiative properties
are recast in terms of cumulative distribution functions (CDF) for use with a correlated-k approach to
solve the radiative transfer equation (RTE). The spectral properties required for constructing the CDFs
for the droplets and gas are determined using Mie theory and the HITEMP databases, respectively. Cases
are conducted to explore the sensitivity of radiative energy attenuation to time evolving droplet size dis-
tributions as a function of initial distribution, distance to the energy source, volume fraction and temper-
ature. Results from this study show that the PDFs generate a positive skewness due to the size dependent
absorption properties of the droplet. These findings suggest that the droplet size distribution can be ade-
quately described by prescribed, non-symmetrical PDFs that are parameterized by lower order moments.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The evaporation rate of water sprays is important in fire protec-
tion of highly temperature sensitive goods or in areas where water
content availability is restricted as a suppression agent. Evapora-
tion from radiation occurs immediately as the interaction of the
electromagnetic waves, that carry the radiative energy, with the
droplets will lead to absorption and scattering. The evolution of
the droplet size distribution in time will change the attenuation
of the radiative energy. Water sprays that may be initially spatially
homogeneous may become inhomogeneous from radiation heat
transfer alone as evaporation takes place. Although it is a funda-
mental problem in fire suppression, few studies have addressed
droplet evaporation by radiation and further research for the opti-
mization of thermal radiation attenuation by water sprays is nec-
essary as pointed out by Sacadura [1] in a recent review on
radiation heat transfer in fires. The main challenges due to their
computational cost are: (i) solution to the RTE for a scattering med-
ia and (ii) calculation of the non-gray radiative properties of the
spray.

In early work by Williams [2] analytical expressions were de-
rived for the steady state vaporization of a single water sphere ex-
posed to different radiant fluxes. In his work, absorption
coefficients are considered constant and the energy is absorbed
at a uniform rate per unit volume. Later work by Harpole [3] pre-
sents a complete analysis for the volumetric heating due to radia-
tion absorption using a model based upon electromagnetic wave
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theory and ray-tracing procedures for spherical water droplets in
high temperature environments. Results were presented for differ-
ent diameter sizes for a single droplet as a function of time. Lage
and Rangel [4,5] studied the droplet life time of n-decane and
water droplets irradiated by a blackbody at 850 K and 2000 K,
assuming spherical symmetric conditions. They concluded that
radiation heat transfer can be as important as the choice of the li-
quid-phase droplet model and that the spatial non-uniformity of
the imposed radiation has little effect on the overall droplet evap-
oration time. This fact has been studied more recently by Miliaus-
kas [6-8] and Dombrovsky [9] for interaction of radiation and
conduction processes in evaporating droplets. Dombrovsky used
Mie theory for his calculations and concluded that thermal radia-
tion is absorbed mainly in the central zone of the droplets for
semi-transparent ranges and at the surface of the droplet for
absorbing peaks. More recently, Tseng and Viskanta [10] developed
a radiative transfer model based on geometrical optics theory,
rather than Mie theory, and the solution of the radiative transfer
equation inside the droplet including internal circulation to ac-
count for temperature non-uniformity. They found that the absorp-
tion of radiative energy is important for droplets larger than
100 pm for high temperatures in fire environments considering
diffusion processes are dominant.

In the present work, a model is developed to account for the
overall radiative attenuation of an evaporating spray in a 1D do-
main. The initial droplet size probability density function (PDF) is
represented by either a log-normal or normal distributions that
are typically found in fire suppression systems [11]. The droplet
size distribution is tracked in diameter space using a Lagrangian
sectional approach [12]. The spectral properties for the water
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droplets and water vapor are obtained using Mie theory [13,14]
and the HITEMP database [15], respectively. A narrow band corre-
lated-k method is used to account for the RTE solution on a non-
gray basis of the medium composed of produced water vapor
and liquid droplets as explained by Modest and Riazzi [16] and
Wang and Modest [17]. The RTE is solved using a first order spatial
discretization scheme [18] and a Sg quadrature for the angular dis-
cretization [19]. The droplets are irradiated by a diffuse blackbody
slab at a prescribed temperature as the source of radiative energy.
As evaporation takes place the medium becomes non-homoge-
neous from spatially non-uniform heat absorption processes
requiring the solution of the RTE at every time step. Results are
presented for the evolution of the droplets sizes and the heat flux
at different times and locations. The strength of this unique mod-
eling description is that the PDF evolution of droplet size from radi-
ation is treated exactly without approximations for either the
evolution of the PDF or for the radiation heat transfer in the scat-
tering media. All the codes employed for the present work has
been in-house tested and validated with experimental and numer-
ical data in a previous work by the authors [20]. To the authors’
knowledge such an approach has not been previously explored
for radiation driven evaporation.

2. Mathematical formulation

2.1. Radiative transfer equation (RTE) and radiative properties of
water sprays

The problem under investigation is radiation heat transfer in
one-dimensional planar media subject to a heat flux from a black
body at one of the boundaries. The temperature inside the droplet
and the produced water vapor is assumed uniform and constant.
All thermo-physical properties are also assumed constant. The
media composed of the evaporating spray and the gas phase result-
ing from this evaporation is always considered as dilute [3] there-
fore conduction and convection mechanisms are neglected as the
main focus of this study are radiation effects. This is perfectly jus-
tified as the concentrations for the water vapor are always small as
will be shown in the results.

Radiative properties required for the integration of the RTE for a
scattering, absorbing and emitting media is given by [21]:

§VI,=k,Ib,(T)7[))/I/+O'/l/ I,¢/(§7§)d91 (l)
47 4n

where [; is the spectral radiative intensity which depends on the
path-length (s), absorption (k;), scattering (o;) and total extinction
(B, = k; + 0,) coefficients along with the scattering phase function
(®;). The quantity I, is the blackbody intensity and depends on
temperature. The spectral properties for the water droplets and
water vapor are obtained from Mie theory [13,14] and the HITEMP
database [15], respectively. A narrow band correlated-k distribution
formulation is used from the work of by Modest and Riazzi [16] and
Wang and Modest [17] for 242 bands for which initially a Lorentz
profile had been employed to determine the spectral values of k
from HITEMP. The narrow band k-distribution values of the gas
are then obtained at atmospheric pressure for 23 temperatures
and 5 different concentrations for water vapor using 10 Gaussian
points for each narrow band as in [16]. This procedure was em-
ployed and tested in a previous work by the authors for spectral
and total solution of the RTE for water sprays [20]. Expressions
for the radiative coefficients are given by Mie theory that describes
the scattering and absorption of electromagnetic waves in spherical
droplets [21,22]. Two physical properties govern the spectral
absorption and scattering by a single particle: the size parameter
x=m7D// (D is the diameter of the droplet and 2 the wavelength)
and the complex index of refraction m = n — ik (n is the refractive

index and k the absorptive index). The optical constants, n and k,
for water are obtained from the work of Hale and Querry [23].
The rates of absorption and scattering by a single sphere are given
in terms of efficiency factors for the total extinction, Q,,, scattering,
Qs and absorption, Q. These factors are determined from Wis-
combe’s work on Mie scattering calculations [14] using Lentz’s
method of continued fractions for Bessel functions [13]. This was
adapted to an in-house code that was tested and validated by the
authors in a previous study [20]. Fig. 1(a) shows the behavior of
the absorption efficiency factor for a single water droplet. The water
droplets are nearly transparent for wavelengths less than 2 pm.
Fig.1(b) shows a closer examination of the absorption distribution
as a function of the size parameters for wavelengths near peak
blackbody emission for T = 1200 K and 1000 K, respectively. For
Z~2.7 um and 6.3 um, the absorption increases with decreasing
size (up to x =2 um), due to the strong vibrational-rotational
bands of water at these wavelengths. However, for other wave-
lengths the absorption is shown to decrease monotonically. As will
be shown in the results, this distribution is important for radiative
driven droplet evaporation because, on average, the droplets will

Fig. 1. Results for the absorption efficiency factor, Q,;, for water droplets using Mie
theory for (a) as a function of size parameter x and wavelength 4 and (b) detailed
behavior of Qs for wavelengths near 2.4 um and 2.9 um (solid lines) correspond-
ing to blackbody peak emission at 1200 K and 1000 K, respectively.
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absorb less energy as they decrease in size causing a skewness in
the PDF.

For water sprays, the radiative properties, R, (={8,, 0,, k;}) are
determined by averaging over the droplet distribution using corre-
sponding efficiency factors Q (={Qex,; Qscas Qups}) and the droplet
diameter PDF, n(D) [21]:

00 2
R;,:NT/O Q(x,m)%n(D)dD 2)
00 2
o= o [ Qualxcm)oxm) T n(D)aD 3)

where Nr in Eq. (2) is the droplet number density and is related to
the droplet volume fraction (f,) as, Nr = f,./(fy~ 7%23 n(D)dD) where f,
is specified.

2.2. Spray evaporation formulation using the Lagrangian sectional
method

A Lagrangian modeling approach is pursued for which the drop-
let size distribution at each cell (Fig. 2) is decomposed into sections
as illustrated in Fig. 3. An evolution for each bin diameter is con-
structed by considering the overall balance of energy lost from radi-
ation and that deposited into the droplets, as shown in Fig. 2 for the
problem configuration. The decrease in radiation energy from
absorption is given by the contribution to the heat flux divergence,

d 00
% _ /O k; (47l (T) — G;)d.

= /°" /00 NTnTDzn(D)Qabs(‘l'TEIb;‘(T) — G,)dDd) (4)
0 0
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Fig. 2. Problem configuration showing the variation of the heat flux due to
absorption by the water droplets and later evaporation.

Control Points

n(D)

n(D;)

Fig. 3. Sketch of Lagrangian class decomposition of the droplet size PDF.

where G; is the spectral irradiation given as: G, = [, I,dQ. Neglect-
ing the sensible internal heating of the droplet, the energy absorbed
by the spray, AE.,qp, is assumed to only evaporate the droplet,

AEeyy = hyg /0 NT%n(D)dD

o0 nD* dD
= hfg/0 NTPIT E”(D)dD (3)

where hy, is the latent heat of vaporization of water, mj is the mass
for each droplet and p, is the liquid water density.

Egs. (4) and (5) and switching the order of integration in Eq. (4)
results in an evolution equation for each droplet section,

dD 1 e
s T A 1 a547TI,:—G;‘d). 6
T =2 |, Q4 —G) (6)

resulting in a formulation similar to that used by Barret and Clem-
ent [24] for gray media. In the present study, the non-gray behavior
of the media is taken into account through the spectrally dependent
absorption efficiency factor, Q .

The diameter evolution in Eq. (6) is later applied to update the
volume fraction of the droplets and the gas phase at each time step.
Assuming that the droplets never reach total evaporation, as in
Fig. 1 Qs decreases with the droplet diameter, the number of drop-
lets per unit volume (N7) remains unchanged therefore the droplet
concentration is given as a function of the PDF at any time step,

00 3
;tlliq = NT/O %H(D)tHdD (7)

where f;"}, and n(D)"" are the volume fraction and the droplet PDF
for a single location at a time step, respectively. The water vapor
concentration is calculated from Eq. (7) assuming that only evapo-
ration from the liquid phase contributes to increase its concentra-

tion. Therefore,

t+1  __ ft t t+1 pwy
vewo =Jyp_wp + ( v-lig — v—liq) (8)
Piig
where fi*]  is the volume fraction of the water vapor for a single

location at a time step, f_,,,, f;_j, are the volume fractions of the
water vapor and liquid phase for that location at a previous time
and p,,, and py, are the density of the water vapor and the liquid
phase, respectively. Pressure and temperature remain constant
therefore an expansion process occurs and it must be assumed that
the droplets are diluted in the water vapor-air mixture so the equa-
tions of motion can be omitted in the analysis without introducing
large errors in the calculation. Concentrations used in this study of
initial f,_j; =1 x 107 and f,_j; =1 x 107 result in total water
vapor concentrations of f,_,,, = 1.67% and f,_,, = 16.67% and total
volume expansions of 0.83% and 8.3% of the original volume,
respectively. These values suggest that neglecting the equations of
motion introduce some small error for the extreme case of high
water droplets concentrations being almost negligible for most of
the cases used in this study where f,_j; = 1 x 1075,

3. Numerical solution

The initial spray droplet sizes are prescribed using either nor-
mal (Gaussian) or log-normal distributions given by,

3 (D — DY?
n(D)norm - o 27Texp |:_ 20% :| (93)
_ 2
D)o = szl/ﬁe"”[ B M) ] (9b)

where D and o} are the mean and root mean square, RMS, droplet
diameter of the normal distribution and the parameters M and S in
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the log-normal distribution are related to D and & through the fol-
lowing relations.

D

M= (10a)
VeE+1
02

S= ln<§+1) (10b)

The initial droplet size distributions are discretized using evenly
spaced increments with mean value D; and height n; = n(D;) as
illustrated in Fig. 3. The area of each section represents probability
that does not change with time since droplet-droplet interactions
(i.e., coalescence and breakup) are not considered. Control points
are defined at the center of each bin for all bins except the two lo-
cated at the extreme. For the first and last bin the control points are
defined as the lower and upper extremes of the distribution,
respectively. With these definitions the probability of each interior
bin is defined as: P; = m;AD; where D; = (D;;,1 — D;_1)/2. Future val-
ues of n; can then be determined from knowing that P; is a constant
for each bin, i.e., n; = P;/AD..

The evolution equation for each control point is given by Eq. (6)
with D replaced with D; resulting in a system of N transport equa-
tions where N is the total number of bins. These equations are inte-
grated in time using a first order accurate Euler method, D! =
D! + S;At where S; is the right-hand side of Eq. (6).

G; in Eq. (6) is calculated from the intensity field which is solved
for using a discrete ordinates method (DOM). A Sg quadrature with
a 1 cm first order spatial discretization is used in this study from an
in-house built code. We found that the spacing of 1 cm is sufficient
to resolve the high absorption bands of water vapor at 2.7 pum and
6.3 um. Fig. 4 shows the values of the mean spectral absorption
coefficient that drives the heat flux along the media for the cases
used in this study if total evaporation occurs for water droplet con-
centrations of f, =1 x 10~ and f, =1 x 10~ resulting in water
vapor concentrations of f, = 1.67% and f, = 16.67%, respectively.
The idea of using a correlated-k method combined with a first or-
der discretization is to provide stability to the solution by eliminat-
ing the peaks at the strong bands of water vapor as they only
represent a very small fraction of the spectrum therefore the total
heat flux is not altered. Overall, the code has been tested and val-
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idated for 1D media in a previous study [20]. The same procedure
was applied by Kumar et al. [18] for 1D media comparing different
quadratures.

The time step for integration of Eq. (6) is calculated dynamically
such that A, < min[D} /|S;(D"™)]. This method results in a stable solu-
tion for an arbitrary selection of N. Figs. 5 and 6 show simulation
sensitivity to the time step selection and number of bins, respec-
tively. Fig. 5 shows results comparing the use of a fixed time step
of 0.10 and 0.05 seconds (s), and also using a dynamical time step.
As shown, for (a) 100 bins and (b) 200 bins, fixed time steps intro-
duce non-physical numerical instability oscillations. The finer the
bin size, the greater the oscillations. Reducing the time step, re-
duces the oscillations but also increases the numerical cost. The
use of the dynamical time step procedure eliminates this problem
and recovers some of the computational time. To explore the sen-
sitivity to the number of bins, Fig. 6 shows results for 10, 30 and
100 bins using dynamical time stepping. The results are shown
to be bin number independent beyond 30 bins therefore all cases
presented in the results use 30 bins.

Wavenumber(cm ™)

Fig. 4. Mean spectral absorption coefficient for water vapor at atmospheric
pressure and T =373 K for f, =1.6% and f, = 16.67% corresponding to water
droplets concentrations of f, =1 x 10> and f, = 1 x 107, respectively.
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Fig. 5. Numerical stability analysis at t =5s as a function of the number of
diameter size bins for (a) 100 bins and (b) 200 bins.
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Fig. 6. Convergence analysis for different number of bins and dynamical time step
at different times of the spray evaporation process.

4. Results

The problem of interest is a one-dimensional spray of total
length Ly = 100 cm subject to a diffuse black body heat flux with
temperatures of 1200 K and 1000 K. In all cases the variable L is
used to describe the distance of any point of the domain to the wall,
whereas x is reserved to represent the size parameter. The temper-
ature of the droplets and gas are set equal to the boiling tempera-
ture of water at standard atmosphere of T,, = 373 K. The density
of the water vapor and liquid are assumed to be 0.6 kg/m> and
1000 kg/m>, respectively. The heat of evaporation is taken as
2270 KJ/kg. The initial droplet size PDF is assumed to follow either
a log-normal or normal distribution with a prescribed arithmetic
means of M = 500 pm, 100 pm and 50 pm with a normalized vari-
ance of S = 0.25 and volume loadings of f, =1 x 10> and 1 x 10~*.

The simulation results are organized into four groups to study
the effects of initial droplet size, wall temperature, loading and
shape of the PDF (i.e., log-normal and normal). For each case, re-
sults are presented showing the (a) the droplet PDF evolution, (b)
the heat flux (G(s) = f;° [, 1:5d€Q'd%) and (c) heat flux divergence.
For the last set of results the lower moments of the PDF are also
provided (i.e., mean, RMS and skewness).

Figs. 7-9 summarize the cases for M =500, 100 and 50 pm,
respectively. For these cases, the wall temperature is set to
1200 K and the initial loading is f, = 1 x 10~°. Results are plotted
for t=0s,2s,6s, 8s and 16 s corresponding to L = 0 cm (solid
line) and at 100 cm (dashed line). For the largest drop case of
Fig. 7, the PDF simply translates to smaller droplet sizes up to until
the last time of 16 s. Based on the initial value of M, an estimated
mean size parameter, Xmean (= TM/Amax_1) Of the spray is calculated
to be 655 where 4;_mex = 2.4 pm is the wavelength corresponding
to the peak black body emission at T =1200K. As shown in
Fig. 1(a), the Qg is well beyond the constant region for x > 655
and therefore each bin will absorb equally, resulting in the ob-
served translation of the PDF. After 16 s a greater portion of drops
fall below x < 25 where Q; drops off more rapidly (see Fig. 1(b))
resulting in a rapid increase in probability for these droplets.
Fig. 7(b) and (c) show that the media is radiatively thin with an ini-
tial average optical thickness of 0.12, resulting in a nearly constant
heat flux and energy absorbed over the length of the domain.

Figs. 8 and 9 summarize the cases for M = 100 and 50 pm,
respectively. The initial mean size parameters for these cases are

a 0.009
i
LI L=0cm
P e el L=100cm
7/t—165
|
0.006 [
w l
[a]
o |
0.003 [
0 4 A BRI

0 100 200 300 400 500 600 700
Diameter( um)

b 12
11
10
9
8
&7
£
o 6
=
5T 5
4
3
2
1
0
0 25 50 75 100
Length(cm)
C 0.004
i t=0s
= === t=2s
| ———————— t=6s
0.003+  ———— t=8s
_ : ————————— - t=16s
" i
2 F - - - T T = = = = = = — — - - - - .
E 0.002 -
X
3 L
5 L
3 Lt T T TP S
0.001
0 I ! [ [ [ !
0 25 50 75 100
Length(cm)

Fig. 7. Time evolution of (a) droplet size PDF, (b) radiative heat flux and (c)
divergence of the radiative heat flux at t =0s, 2s, 6s, 8s and 16s for case
M =500 um, f, = 10° and Tyq = 1200 K.

much smaller with Xpqen = 131 and 65, respectively. For these
cases, the PDF becomes asymmetrical much earlier in time forming
a tail for larger droplet sizes due to the non-uniform absorption of
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Fig. 8. Time evolution of (a) droplet size PDF, (b) radiative heat flux and (c) Fig. 9. Time evolution of (a) droplet size PDF, (b) radiative heat flux and (c)
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M =100 pm, f, = 10~ and Ty = 1200 K. M =50 pm, f, = 10~° and Ty = 1200 K.
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the water. With smaller droplets, the overall spray absorption is
expected to increase due to the increase in surface to volume
(i.e., an increase in the number density) for a fixed loading. This
expectation is consistent with the factor of five decrease in heat
flux when comparing Fig. 8(b) to 7(b) and a corresponding increase
in average optical thickness to 0.784. However, a further reduction
in M from 100 pum to 50 pm results in nearly the same heat flux
distribution. In this case, the increase in number particle density
is more than compensated by a decrease in the absorption coeffi-
cient, resulting in an average optical thickness of 0.747. Close com-
parison of Figs. 8(c) and 9(c) shows that 20% more energy is
absorbed for M = 100 pum than for 50 pm early in time. This find-
ing indicates that conventional wisdom of smaller droplets being
more effective at absorbing radiation may not always hold true
and there may be an optimal droplet size distribution for radiation
driven evaporation.

Fig. 10 shows the influence of the wall temperature for the
M =100 um case. In this case, the wall temperature is lowered
by 17% to T,, = 1000 K. At this lower temperature the correspond-
ing wavelength for peak emission is 2.9 pm. Although this wave-
length is located near the strong absorbing band of the water
molecule at 2.7 um, the overall spray absorption rate decreases
in time. This is shown in Fig. 10(a) in which the droplet distribution
still develops a positive skewness. Overall evaporation rates are
lower compared to the higher temperature case due to a decrease
in the energy from the source. A 20% reduction in temperature re-
sults in a relatively large 57% decrease in the total heat flux at the
emitting surface due to the fourth power dependence of emission
on temperature, as shown in Fig. 10(b). The energy absorbed
shown in Fig. 10(c) is also reduced as the medium evaporates at
slower rates, but is qualitatively to the previous higher tempera-
ture case of Fig. 8(c).

Fig. 11 shows the influence of loading with f, increased to
1 x 107 for the M = 100 um baseline case. Increasing f, results
in an increase in the total number of droplets and hence more
absorption by the medium. As shown in Fig. 11(b), the heat flux
is 60% lower than the previous case of f, =1 x 10~ due to a 10
times increase in the number density. The result is a decrease in
the evaporation rate for droplets that are positioned further from
the boundary as the evaporation rates far away from the source
are considerably smaller than near the source, as seen by the heat
flux divergence in Fig. 11(c) and the differences in the PDF at
L =0cm versus L = 100 cm in Fig. 11(a).

To simplify the problem and significantly reduce computational
costs a prescribed PDF modeling is introduced. In this approach,
the functional description of the PDF is parameterized by lower or-
der moments, typically the mean and RMS. The degrees of freedom
of the problem is reduced from the number of bins representing
the PDF (N = 30) to just 2 (mean and RMS). In this study we ex-
plored this possibility by extracting the mean and RMS from the
exact evolution PDF evolution and then used it to prescribe the en-
tire PDF evolution using either an assumed Gaussian and log-nor-
mal distributions. Fig. 12(a) shows the time dependent arithmetic
mean diameter (Dpeqn), the Sauter mean diameter (Ds;), the root
mean square RMS (op) and skewness for the M =100 pm,
$=025f,=1x 10 and T,, = 1200 K. Dyean, D3> and op are ob-
served to decrease with time while the skewness increases with
time; consistent with previously observed skewed PDFs. D3, and
op for the calculations are used to prescribe a PDF assuming a
log-normal distribution. Comparisons of the modeled PDF to the
actual PDF are shown in Fig. 12(b). Overall the comparison is excel-
lent. However, a similar comparison using a normal (Gaussian) dis-
tribution shown in Fig. 13 with M =100 um, op =35,
f,=1x107 and T,, = 1200 K is not as successful. For the latter
case, the assumed symmetry of the droplet PDF using the normal
distribution introduces significant errors late in time after 10s.
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Fig. 10. Time evolution of (a) droplet size PDF, (b) radiative heat flux and (c)
divergence of the radiative heat flux at t=0s, 2s, 6s, 8s and 16s for case
M =100 um, f, = 10"° and T,,q = 1000 K.
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These results show the importance of using a presumed PDF that
can be asymmetric. The use of a prescribed PDF has several compu-
tational advantages. The reduced degrees of freedom characteriz-
ing the PDF evolution results in less equations to be solved (i.e.,
two moments versus many sections). In addition, the cost of eval-
uating droplet weighted radiative properties is tremendously re-
duced. As previously shown by the authors, significant savings
can be achieved by Sauter mean scaling of the spray radiative prop-
erties [20]. The scaling procedure employees a non-linear interpo-
lation to compute between radiative properties from precomputed
tables and thereby avoids costly direct calculations from Mie the-
ory. The precomputed tables however depend on a presumed func-
tional form for the droplet PDF. Results from this study suggests
that a distribution that accounts for skewness is required in order
to attempt to describe the entire spray evolution by using a pre-
scribed PDF in radiation driven evaporation problems.

5. Conclusions
A model for the evaporation of water sprays for 1D planar med-

ia is presented that uses a Lagrangian sectional description of the
spray coupled with a full RTE solution for absorbing and scattering
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Fig. 13. Time evolution of the spray for an initial normal distribution with
M =100 um, 6p = 35, f, = 1 x 107° and T,, = 1200 K showing (a) arithmetic mean
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lower order moments versus exact PDF.

media composed of water droplets and water vapor. The medium
properties are calculated using Mie theory for the water droplets
and the HITEMP database for the water vapor. The PDF of droplet
size is shown to develop a positive skewness due to the decrease
in absorption coefficient for small droplets. The existence of an
optimal mean diameter that maximizes the spray absorption of
radiate energy is observed. The optimum is a consequence of a
trade-off between the increase in number density and decrease
in droplet absorption efficiency with decreasing droplet size. Com-
parison of the droplet PDF compared to a modeled PDF revealed
the importance of accounting for the positive skewness, therefore

assumed distributions that enforce symmetry (e.g., a Gaussian dis-
tribution) will introduce error. It is expected that future efforts can
take advantage of this fact to employ a Sauter mean scaling to effi-
ciently evaluate radiative properties.
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