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Abstract

A sodium cooled fast reactor is one of the attractive conéepthe V" generation
advanced reactor designs. For the safety of a sodium coatddactor, sodium-air and
sodium-water reactions must be avoided. A sodium-air r@adypically occurs in two
dominant modes, namely the spray fire and pool fire. The fo€dlseopaper will be on
spray fires. To avoid sodium-air accidents and to mitigatectinsequences if a sodium fire
occurs, it is essential to understand all the physical pimema involved in sodium spray
combustion. Numerical modeling is one of the methods, whar be used to understand
all the physics involved. The goal of the work presented is fyaper is to propose a
numerical method to simulate sodium spray combustion amdlidate this method against
experiments. Free falling single droplet sodium spray castibn experiments are used
as a validation case for the proposed numerical method. rEmel tobtained using our
numerical simulations matches well with the experimen&thd Further validation needs
to be performed, before the presented modeling can be ussddum fast reactor safety
analyses.

1 Introduction

A sodium cooled fast reactor is under consideration &% téneration advanced fast neutron
nuclear reactor. The sodium cooled reactor concept hasamable experience base and large
scale reactors have been built and are in operation workelwidquid sodium is used as a
coolant, since it has excellent thermophysical propertlasparticular, it has a high thermal
conductivity, a low absorption rate of fast neutrons and sspmlity for breeding and pluto-
nium and minor actinide burning good fuel breeding perfanoce Moreover, it can be present
in liquid state across a wide range of temperatures.

However, liquid sodium has a serious shortcoming. Sodiuranwéxposed to air or water re-
acts violently, which can be a potential fire hazard in a rarcteactor. A sodium leak, which
may result from a pipe break up, releases into the contaihinghe form of spray or jet. A
part of the released sodium gets collected at the floor andforay a sodium pool. Leaked
sodium essentially burns in two different modes i.e., spray pool modes. The spray mode of
burning is more severe than the pool mode of burning, sina@@ais spray burns at a higher
rate (burns in highly divided state i.e., in the form of themlets). Furthermore, sodium spray
fires are less easy to extinguish in comparison to sodiumfpresl However, pool combustion
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continues for a longer time in comparison to spray combustizuring a sodium spray or pool
combustion, sodium reacts with air and water to form seardium by-products e.g., sodium
oxide (NgO), sodium dioxide (Ng0,) and sodium hydroxide (NaOH), which releases in the
atmosphere in the form of aerosols. These aerosols arelparwith a diameter ranging from
0.1um to 1Qum, which can cause structural damage to equipments and tiz pelalth.

In the past, several reactor accidents were reported maduee [1, 2]. In the United Kingdom
(UK), a major sodium leak was reported in 1960 in steam géoeod Prototype Fast Reactor
(PFR). In the United States (US), a sodium fire occurred in ¥2%0 in a 94 megawatt-electric
(MWe) sodium cooled fast reactor (Fermi 1). In the year 1988,Japanese SFR Monju was
shut down after a sodium leakage accident. The sodium |leamk the secondary circuit oc-
curred in a piping room of the reactor auxiliary building. eltarge scale French fast neutron
reactor, Superphenix was shut down in 1997 as a result olisotkaks in the reactor ves-
sel. In Russia, several accidents in sodium cooled fastoeaccurred in BR-5/10, BOR-60
(experimental reactors), BN-350 (prototype reactor) ahd@0 (demonstration reactor). To
summarize, sodium leakages, which lead to sodium reacimnslangerous for the safety of
reactor. For the safety of sodium cooled reactor, sodiumti@as must be avoided and the
consequence should be mitigated. Hence, detailed expaiaireend numerical investigation of
sodium reactions is important. Understanding sodium reastwith air and water is essential
to develop computer codes, which can be used for the safatyses of such reactors.

In the last 40 years, several research works have been petbto numerically and experi-
mentally investigate sodium spray combustion and therecanaiderable amount of literature
on sodium spray combustion. In 1979, Tsai [3] developed tAEQ®M code for the analysis
of sodium spray fires in SFRs. The vapor-phase combustianythé] was used to model the
burning of a single droplet. A computer program SOFIA-II velereloped by Kawabe et al.
[5] to predict pressure and temperature transients of their measurements. The calculated
pressure was in agreement with experiments. Malet et ald¢6gloped the PULSAR code
to predict a sodium spray fire. The code was validated ag#uest own experiments. The
SPHINCS [7, 8] code developed by Japan Nuclear Cycle Deuwgtop Institute (JNCDI) is
used for safety evaluation of sodium cooled fast reactonss Gode uses a spray model devel-
oped by Tsai [3]. AQUA-SF was developed by Takata et al. [B] ¥yhich simulates burning
of sodium in both the spray and pool modes. The code was vatidegainst experiments of
Ohno et al. [10] and Nagai et al. [11].

The COMET code, developed by JNCDI is used for Direct Nunar&imulation (DNS) of
combustion of a free falling single sodium droplet by Okand &&amaguchi [12]. The flow was
solved with the unsteady Navier-Stokes equations and dtgnwas assumed to be in equi-
librium. They simulated a free falling single droplet sagiexperiment of Miyahara and Ara.
SOMIX is another widely used code developed by Heisler andi M8] in 1977. SOMIX-

1 uses vapor-phase combustion model, while SOMIX-2 adogtetikowski’s [14] diffusion
model for the calculation of burning rate of sodium in air.tBeersions of the code had prob-
lems in predicting spray fires with high oxygen concentratio

In this article, we report a Computational Fluid Dynamic$-0 modeling study of sodium
spray combustion. In particular, it presents validatiorCéfD based sodium spray combus-
tion solver against free falling single droplet experimenhe article is organized as follows.
In section 2, numerical methodology is presented. Govereiguations for continuous and
lagrangian phase are described here. The spray evaporatidels are also described here.
Section 3 presents the description of the experiment andatain results. Finally, the conclu-
sion is presented in section 4.



The 14" International Topical Meeting on Nuclear Reactor Thermgptditdulics NURETH-14
Toronto, Ontario, Canada, September 25-30, 2011

2 Numerical methods

Commercial CFD ANSYS FLUENT [15] solver and Favre-Averageavier-Stokes (FANS)
approach are used for this purpose. The gaseous phase waatsuhin Eulerian phase, while
spray droplets were tracked in Lagrangian phase. The madelshe governing equations are
described below in following subsections.

2.1 Eulerian phase governing equations

Within ANSYS FLUENTI[15] solves the following governing eafion for conservation of
mass, momentum, energy and mixture fraction. These equsagiee given as follows
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Energy conservation equation:
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Here, d;, f and H are the Favre-averaged (density-weighted) velocity, mnéxfraction and
total enthalpyy:, is the turbulent viscositys; is the turbulent Schmidt numbé, is the thermal
conductivity ands,, is the mass transfer to the gas phase from liquid droplet d@sdpora-
tion. ¢ is the time,p is the densityp is the pressure;), is the specific heat capacity, is the
gravitation acceleration. In Eq. # = f — f is the standard deviation of mixture fraction. The
default values for the constantg, C,, andC, are 0.85, 2.86, and 2.0 respectivelyand. are

the Reynolds averaged and Favre-averaged quantitieseTm@L/;tZ;’ in Eq. 2, is the Reynolds
stress which needs to be closed. The closure for this termssribed below.

2.2 Turbulence modeling

The closure for Reynolds stress terms in Eqg. 2 was achievtdine standard — w turbulence
model. Following equations for turbulent kinetic energyand specific dissipation rate, is

solved: o5k 5 5 ok
P _~N_ 9 Mt
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and
opw o, 0 fy Ow w _ 9
T + oz, (puw) = c%cj <u + ) + « ka. + pB faw?. (7)
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The turbulent viscosity., is evaluated as follows
L Pk
w

Here,s3, 3%, a*, f3 and f3- are the constants. The production term in Eq. 6 and 7 is giyen b
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Buoyancy effects of the turbulent kinetic energy given bygeniined term in Eq. 6 is taken into
account and is implemented in ANSYS FLUENT using User DefiRadctions (UDF). The
termG, in Eq. 6 is given as follows

Here, g; is the gravitational acceleratior}r; is the turbulent Prandtl number amtlis the
coefficient of thermal expansion and is given by

=1, w

However, the effect of buoyancy on specific dissipation ist®t taken into account.

2.3 Combustion model

It is worth reminding that we restrict our study only to sagHair reactions. Sodium-air re-

action produces sodium oxide and peroxide aerosols, whachifluence radiation thereby
affecting gas temperature. Since the saturation vapospres of the products are low, they do
not exist in gas phase and must be treated as aerosols

It is often assumed in sodium combustion that chemical ima€tre faster than fluid flow and
chemical species diffusion. Hence, it can be simulatedgusimemical equilibrium approach,

which means that chemical reactions are in equilibrium as $s sodium mixes with air. The
mixture fraction based combustion model is used for sodipmayscombustion. In this ap-

proach, Probability Distribution Function (PDF) within araputational cell is obtained from

mean mixture fractiorf and variance of mixture fractio 2 , Which is obtained from solution

of Eq. 3 and 4. The PDF is assumed to be of Beta- PDF type [163. FEwre-averaged mean
value of temperature and species mass fraction in a celt&mda by the following equation.

7= / T(f, H)P(f. f')df (12)
and .
Y, = / Yi(f, H)P(f. f')df. (13)

In the above equatiof;(f) andY}(f) are obtained from non-adiabatic equilibrium PDF table.
Equilibrium calculations were performed for sodium-aisggm at 298 K and 1 atm using
ANSYS FLUENT. Following gas phase species N, NO, NQO;, N3, NoO, NyOs, N3Oy,
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N>Os, N3, Na, NaNQ, NaNG;, NaO, Na, NaO, NaO,, O, O, and Q and condensed phase
species Na(cr), Na(l), Nagcr), NaG(l), Na,O(c), NaO(b), NgO(a), NaO(l), NaO,(b),
Na,O.(a), NaO,(l), NaNO,(a), NaNG(b), NaNQG,(I), NaNG;(a) NaNQ(b) and NaNQ(l)
are considered for the equilibrium calculation. The lett@rparentheses for condensed phase
species indicates their physical form: | = liquid; cr = celéte; a, b, and ¢ = various solid
forms. In order to compare results obtained from ANSYS FLUES®Eparate calculations were
performed using NASA CEA code [17]. The code is written by @Gorand Mcbride [18] which
calculates the adiabatic flame temperature and equilibdamposition by using the Gibb’s
free energy minimization [19] procedure based on the elémpetential method. The results
obtained using this code is compared with ANSYS FLUENT. Fandl 2 shows comparison of
temperature, mass fraction of Na, f@aand NaO, versus mixture fraction. The curves with
crosses and circles show ANSYS FLUENT and NASA CEA resulipeetively. Similarity of
the results between these codes verifies that ANSYS FLUEKltseare accurate.
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2.4 Lagrangian phase equations

The spray droplets were assumed as discrete particles.eTdreplets were tracked in La-
grangian phase in ANSYS FLUENT. The particle motion was iolgtéh by integrating the force
balance on particle. The integration leads to the followaggation:

Uy =)+ 9P =P) (14)
dt Pp

for the velocity of the particle. Herd;), is the additional acceleration per unit mass, the term
Fp(u — u,) is the drag force per unit particle mass. Helfg, is given as follows:
~ 18u CyRe

- pD? 24

Fp (15)

where,Cy is the drag coefficient for sodium [3] and is given as follows

24/Re if Re < 0.1
2.6 4+ 23.71/Re if 0.1 < Re <6
18.5/Re0 if 6 < Re < 500

4/9 if Re > 500

Re is the Reynolds number which is given by

Cq = (16)

_ PD‘up — ul
i

Re (17)

wherep is the density of particley is the gas velocityD is the diameter of the particle.
The particle position was obtained by integrating the fwlltg equation

dx
dt
wherez is the position of the particle ang, is the velocity of the particle.
Turbulent dispersion of the particles was accounted byhstsiic tracking method. In this
approach, affect of instantaneous velocity on the partielecity was taken into account by
using a stochastic method. The details of the model areitdesicin [15].
The liquid sodium droplets undergo evaporation and evdpdrsodium when comes in contact
with air starts reacting. To track the evaporation of thetipl, equation for the mass and
temperature of the particle must be solved which are givémbe

Uy (18)

dmg .
dma _ 19
a0 (19)
and dT, d
maCy—L = hA(Tos = T,) + %hﬂ, + ey Ao (6 — T, (20)

Here, m, is the mass of particle;i; is the mass burning rate of droplet,, is the specific
heat of particle at constant pressurg; is the area of particle], is the local temperature of
continuous phase; is the heat transfer coefficient, is the particle emissivity and is the
Stefan’s Boltzmann constant. Equation 20 models heat exgehldetween particle and continu-
ous phase through convection, latent heat transfer andtranlj described by first, second and
third term respectively. The model for mass burning rateroptet,m, is described in the next
subsection.
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2.4.1 Spray evaporation model

Recently, the model proposed by Tsai [3] is used by Takath ]ao simulate sodium spray

combustion. Tsai suggested that the combustion of sodiopielris divided into two stages a)
pre-ignition and b) post-ignition. For sodium combustiprg-ignition is important and must
be accounted in modelling of sodium combustion. In the gretion stage, a film of oxide

is formed on droplet surface by surface oxidation. Heat peed by oxidation is fed back
to droplet surface, thereby increasing droplet tempeeaturhe droplet ignition starts when
droplet ignition temperature is reached. Existence ofigreion phase is also confirmed ex-
perimentally by Yuasa [20]. A detailed description of pgaition and post-ignition model is

presented below.

Pre-ignition model

In the pre-ignition model, it was assumed that 1) the oxida 8 very thin and does not
stop diffusion of oxygen to the droplet surface 2) the chaofgd@roplet diameter is negligible
3) heat transfer from sodium to gas can be neglected, becdisgh thermal conductivity of
sodium 4) zero oxygen concentration at droplet surface ame Yiscous force.

The mass fluxsn, of fuel evapourating from the droplet is given by

i = N,A,Muwo,. (21)

Here, N, is the molar flux of oxygen into the sodium surfaeg, is the area of the droplet and
Muwo, is the molecular weight of fuel species. The molar flux of ceygan be evaluated as

follows: o o
N, —  (Cooe = Cos) (22)
T

where k. is the mass transfer coefficierdt, , andC, ., are the concentration of oxygen on the
droplet surface and in the surroundings. The mass transfficient, k. is evaluated using
Ranz-Marshall correlation [21] for free falling droplet:

_ k.D

Sh= == (2 + 2C, Re/?ScY/3) (23)
d

where constant’;=0.3, Sc is the Schmidt number. The correlation taken into accouietes
of forced convection on the mass burning rate which incredse to change in the shape of
the droplet. After rearranging, mass burning rate of fuelpdiet is given by

— YO%S WODdYOQD

Y0,.00
1 = mpy Mwo, DgDSh=2% - = 5. (24)

Here,m, is the mass burning rate of falling droplét,is the molar density], is the diffusion
coefficient,Yy, . is the oxygen mole fractions in ambient,, ., is the oxygen mole fractions
on the droplet surface andis the stoichiometric ratio. The particle temperature isagied

by solving Eqg. 20. Since there is no evaporation during tleeignition phase, second term in
Eqg. 20 (i.e.,hy,) is replaced by,.... Here,h, ... is the amount of heat generated during the
surface reaction of sodium in J/kg. During the surface reacsodium reacts with oxygen to
form Na,O, and NaO. In addition, it is assumed that 0.26 moles of sodium forragN and
0.74 forms NgO, the heat of reaction is accordingly calculated as done &yhikeyan et al.
[22].
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Post-ignition model

Once the droplet ignites, it moves into post-ignition stafge mass burning rate in this case is
obtained from vapor phase combustion thedpf{aw) of Spalding [4] as suggested by Tsai.
This theory is well established for spray combustion of lmgarbons. However, it can also
be applied for sodium combustion, since sodium droplet filows D?-law. In vapor-phase
combustion theory, it is assumed that a spherical burnimgelar zone was surrounded by sta-
tionary droplet. The evaporated fuel, when reaches themgizone, is consumed by the flame
instantaneously under steady state conditions. Undea#isismption, it can be postulated that
burning rate of fuel is controlled by evaporation of fuel,ialnin turn is controlled by the heat
transfer to droplet. Here, the mass burning rate is given by

TpDK

=~ —. (25)

Here, K is the burning rate coefficient [2, 4, 9] or evaporation cansand is given by

8k
K =—2In(1+ B) (26)
Cpp
wherek, is the gas mixture thermal conductivity, is the gas mixture specific heat capacity,
andB is the transfer number. The transfer number is defined as
1 HCY>

B=— T, — 1T
hfg(op(g )+ r

(27)

Here,T,, T, are the gas and the surface temperatyg,is the latent heat of evaporation and
H. is the heat of combustiorY, is the mole fraction of oxygen. The mass burning rate of a
single droplet is obtained as follows

27k
Mg = mNu = %DNu[ln(l + B). (28)
p
Here, Nusselt numbery« in Eq. 28 is obtained from Ranz and Marshall [21] correlatasn
follows
Nu = (2 4+ 2C, Re'/?Pri/?). (29)

where, Pr is the Prandtl number. The particle temperature is obtalyesblving Eq. 20. The
spray burning rate is the summation of burning rates of iwldisl droplets.

For spray size distribution the Nukiyama-Tanasawa [23tedation is used here, which is ex-
pressed as follows

6 n5
ccli}l%)v _ (3.%15) %Oexp( B 3.911)5D>. (30)
Here, D is the volume mean diameter aft} is the volume fraction of spray which contains
droplet of diameters smaller than. This size distribution is used in order to calculate the
surface mean drop diameter from the volume mean drop diamete

To summarize, at every flow time step EqQ. 1, 2, 3, 4 and 5 areddtvobtain velocity, pressure
mixture fraction, variance of mixture fraction and tempgara. At every particle time step Eq.
14, 18, 19 and 20 are solved to obtain velocity, position, szl temperature of the particle.
The mass loss rate in Eg. 19 can be obtained either by preegmnodel i.e, Eq. 24 or post-

ignition model i.e., Eq. 28. The pre-ignition model is ineskwhen the droplet temperature is
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lower than ignition temperaturd,,,,. Above this temperature, gas phase reaction is important
and hence post-ignition model is used. In our simulatiogsition temperature of 873 K is
assumed, this value is also recommended by Takata et alA{®jach time step particle mass
source, mixture fraction source and energy source terms@utated. The Reynolds number,
Schmidt number and Prandtl numbers used for particle ptigsecalculation are evaluated at
film temperature using Sparrows 1/3ule as follows

2T, + T,

- (3D)

Tfilm =

where,T,, andT, are the particle temperature and bulk temperature.

2.5 Numerical scheme

3D simulations were performed using ANSYS FLUENT, which éogp a finite volume method.
The spatial and time discretization of the conservatioratiqus are performed with second
order upwind scheme and second-order implicit method,e&sgely. The pressure-velocity
coupling is performed with SIMPLE and discretized equatiarere solved using a segregated
solver in an iterative manner. The particle trajectories@tained by integrating the equation
of force balance, which is achieved by using’adrder Runge-Kutta scheme [24].

UDF in ANSYS FLUENT is used to implement temperature depahdedium properties (e.g.,
diffusivity, enthalpy of vaporization and vapor pressudgpg laws and spray evaporation mod-
els. The particle source terms for mass, mixture fractiahemergy §,, andsS;, in Eq. 1, 3 and

5) are also implemented using UDF.

3 Resultsand discussion

The aim of this work is to propose a humerical approach anfbparvalidation using the pro-
posed approach. For this purpose, free falling single soditoplet experiments, which were
conducted by Miyahara and Ara [25] in 1998 is used for thedaion. A single droplet of uni-
form diameter 3.8 mm with a temperature of 773 K was injecteéd an ambient atmosphere
(pressure of 1 atm and temperature of 298 K). The droplet fedim a height of 2.7 m. The
burned mass and falling velocities are measured at twordiftdocations of 0.1 m and 2.4 m.
The air temperature and oxygen concentration are keptaonsthe initial condition and the
measurement results are reported in the Table 1 and 2, tesggc

Table 1: Initial condition of free falling droplet experimis [25].
Phase | Variable Value
Droplet| Diameter | 3.8 mm
Temperaturg 775K
Air Temperature 290 K
Pressure | 1atm

A three dimensional cuboidal computational domain (heggl& m, depth and width of 1.5 m)
is used to perform simulations. The boundaries of the doru&nlefined as walls and adiabatic
boundary condition for temperature is applied. A singletipbr with droplet diameter of 3.8
mm and droplet temperature of 775 K is injected at locatiod.2fm from the top respectively.

9
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Table 2: Results of free falling droplet experiment [25].
Droplet Velocity | Falling Distance at 0.1 m 1.3+ 0.33 m/s
Falling Distance at 2.4 m 5.5+ 0.48 m/s
Droplet Burnt Masg Falling Distance at 2.7 m 3.37+ 0.69 mg

The simulation results are compared with the experimenggiré 3a shows the variation of the
droplet temperature with time obtained using numericalutations. The figure clearly indi-
cates that until time = 0.5 s, the droplet temperature increases gradually and thedrtipdet
temperature (is equal to the boiling point of sodium) is ¢ans The temperature increases
from initial temperature of" = 775 Kto 7" = 873 K is because of pre-ignition phase (surface
reaction), while the increase in temperature frém= 873 K to 7" = 1149 K is attributed to
post-ignition phase (gas phase reaction).
Figure 3b shows change in droplet diameter with time durrggre-ignition and post-ignition
phase. A slight increase in droplet diameter in the pretigniphase is because of increase in
volume of the droplet due to thermal expansion. In the pgsition phase, the droplet diameter
decreases due to the combustion of the droplet.
Figure 4a and 4b shows falling distance and falling velesittersus time obtained using nu-
merical simulations. The falling distance increases witiiet much faster in the beginning
(t=0-0.4 s) than in the later stages. This is because oftgrivice which is larger than the drag
force in the beginning. However, at later stage both thesmefoare equal in magnitude and
they counteract each other.
The falling velocities obtained using simulations are cansgd with experiments at falling dis-
tance of 0.1 m and 2.4 m. The falling velocities obtained athiwmeasurement uncertainty.
In Figure 5, results of droplet mass versus time obtainedgusumerical simulation are com-
pared with experiments. The droplet mass decreases with b@cause of evaporation and
combustion of droplet. The trend of droplet mass versus timaéches very well with the ex-
periments. These results are consistent with results reghar Fig. 4b.

Overall, the simulations results compares very well witts taxperiment, which indicate
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Figure 3: a) Droplet temperatuff, versus timet. b) Droplet diametetl, versus timet.

that the model is able to reproduce experiments. Focus ofdwork will be to validate this
approach against large scale multiple droplet experiments
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4 Conclusion

CFD based numerical approach is proposed here to modelraosisay combustion. The
model is implemented in a commercial CFD code ANSYS FLUENiIRgi&)DF. The extended
code is validated against a single droplet experiments gfaklra and Ara. The numerical
results of falling velocity at 0.1 m and 2.4 m and burned massragood agreement with the
experiments.

Further validation against large scale multiple dropletism experiments must be performed
before this code can be used for the safety analysis of sofdisimeactors.
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