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Abstract 

A sodium cooled fast reactor is one of the attractive concept for the IVth generation 
advanced reactor designs. For the safety of a sodium cooled fast reactor, sodium-air and 
sodium-water reactions must be avoided. A sodium-air reaction typically occurs in two 
dominant modes, namely the spray fire and pool fire. The focus of the paper will be on 
spray fires. To avoid sodium-air accidents and to mitigate the consequences if a sodium fire 
occurs, it is essential to understand all the physical phenomena involved in sodium spray 
combustion. Numerical modeling is one of the methods, which can be used to understand 
all the physics involved. The goal of the work presented in this paper is to propose a 
numerical method to simulate sodium spray combustion and to validate this method against 
experiments. Free falling single droplet sodium spray combustion experiments are used 
as a validation case for the proposed numerical method. The trend obtained using our 
numerical simulations matches well with the experimental data. Further validation needs 
to be performed, before the presented modeling can be used for sodium fast reactor safety 
analyses. 

1 Introduction 

A sodium cooled fast reactor is under consideration as IVth generation advanced fast neutron 
nuclear reactor. The sodium cooled reactor concept has a reasonable experience base and large 
scale reactors have been built and are in operation worldwide. Liquid sodium is used as a 
coolant, since it has excellent thermophysical properties. In particular, it has a high thermal 
conductivity, a low absorption rate of fast neutrons and a possibility for breeding and pluto-
nium and minor actinide burning good fuel breeding performance. Moreover, it can be present 
in liquid state across a wide range of temperatures. 
However, liquid sodium has a serious shortcoming. Sodium when exposed to air or water re-
acts violently, which can be a potential fire hazard in a nuclear reactor. A sodium leak, which 
may result from a pipe break up, releases into the containment in the form of spray or jet. A 
part of the released sodium gets collected at the floor and may form a sodium pool. Leaked 
sodium essentially burns in two different modes i.e., spray and pool modes. The spray mode of 
burning is more severe than the pool mode of burning, since a sodium spray burns at a higher 
rate (burns in highly divided state i.e., in the form of the droplets). Furthermore, sodium spray 
fires are less easy to extinguish in comparison to sodium pool fires. However, pool combustion 
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in liquid state across a wide range of temperatures.
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may result from a pipe break up, releases into the containment in the form of spray or jet. A
part of the released sodium gets collected at the floor and mayform a sodium pool. Leaked
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continues for a longer time in comparison to spray combustion. During a sodium spray or pool 
combustion, sodium reacts with air and water to form several sodium by-products e.g., sodium 
oxide (Na2O), sodium dioxide (Na2O2) and sodium hydroxide (NaOH), which releases in the 
atmosphere in the form of aerosols. These aerosols are particles with a diameter ranging from 
0.1,um to 10,um, which can cause structural damage to equipments and to public health. 
In the past, several reactor accidents were reported in literature [1, 2]. In the United Kingdom 
(UK), a major sodium leak was reported in 1960 in steam generator of Prototype Fast Reactor 
(PFR). In the United States (US), a sodium fire occurred in May 1970 in a 94 megawatt-electric 
(MWe) sodium cooled fast reactor (Fermi 1). In the year 1995, the Japanese SFR Monju was 
shut down after a sodium leakage accident. The sodium leak from the secondary circuit oc-
curred in a piping room of the reactor auxiliary building. The large scale French fast neutron 
reactor, Superphenix was shut down in 1997 as a result of sodium leaks in the reactor ves-
sel. In Russia, several accidents in sodium cooled fast reactor occurred in BR-5/10, BOR-60 
(experimental reactors), BN-350 (prototype reactor) and BN-600 (demonstration reactor). To 
summarize, sodium leakages, which lead to sodium reactions are dangerous for the safety of 
reactor. For the safety of sodium cooled reactor, sodium reactions must be avoided and the 
consequence should be mitigated. Hence, detailed experimental and numerical investigation of 
sodium reactions is important. Understanding sodium reactions with air and water is essential 
to develop computer codes, which can be used for the safety analyses of such reactors. 
In the last 40 years, several research works have been performed to numerically and experi-
mentally investigate sodium spray combustion and there is a considerable amount of literature 
on sodium spray combustion. In 1979, Tsai [3] developed the NACOM code for the analysis 
of sodium spray fires in SFRs. The vapor-phase combustion theory [4] was used to model the 
burning of a single droplet. A computer program SOFIA-II was developed by Kawabe et al. 
[5] to predict pressure and temperature transients of their own measurements. The calculated 
pressure was in agreement with experiments. Malet et al. [6] developed the PULSAR code 
to predict a sodium spray fire. The code was validated against their own experiments. The 
SPHINCS [7, 8] code developed by Japan Nuclear Cycle Development Institute (JNCDI) is 
used for safety evaluation of sodium cooled fast reactors. This code uses a spray model devel-
oped by Tsai [3]. AQUA-SF was developed by Takata et al. [2, 7, 9] which simulates burning 
of sodium in both the spray and pool modes. The code was validated against experiments of 
Ohno et al. [10] and Nagai et al. [11]. 
The COMET code, developed by JNCDI is used for Direct Numerical Simulation (DNS) of 
combustion of a free falling single sodium droplet by Okano and Yamaguchi [12]. The flow was 
solved with the unsteady Navier-Stokes equations and chemistry was assumed to be in equi-
librium. They simulated a free falling single droplet sodium experiment of Miyahara and Ara. 
SOMIX is another widely used code developed by Heisler and Mori [13] in 1977. SOMIX-
1 uses vapor-phase combustion model, while SOMIX-2 adopted Krolikowski's [14] diffusion 
model for the calculation of burning rate of sodium in air. Both versions of the code had prob-
lems in predicting spray fires with high oxygen concentration. 
In this article, we report a Computational Fluid Dynamics (CFD) modeling study of sodium 
spray combustion. In particular, it presents validation of CFD based sodium spray combus-
tion solver against free falling single droplet experiment. The article is organized as follows. 
In section 2, numerical methodology is presented. Governing equations for continuous and 
lagrangian phase are described here. The spray evaporation models are also described here. 
Section 3 presents the description of the experiment and validation results. Finally, the conclu-
sion is presented in section 4. 
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librium. They simulated a free falling single droplet sodium experiment of Miyahara and Ara.
SOMIX is another widely used code developed by Heisler and Mori [13] in 1977. SOMIX-
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2 Numerical methods 

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

2.1 Eulerian phase governing equations 

Within ANSYS FLUENT[15] solves the following governing equation for conservation of 
mass, momentum, energy and mixture fraction. These equations are given as follows 
Mass: 
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Here, f and H are the Favre-averaged (density-weighted) velocity, mixture fraction and 
total enthalpy, /it is the turbulent viscosity, at is the turbulent Schmidt number, kt is the thermal 
conductivity and Sp, is the mass transfer to the gas phase from liquid droplet due to evapora-
tion. t is the time, p is the density, p is the pressure, Cp is the specific heat capacity, g, is the 
gravitation acceleration. In Eq. 4 f' = f — f is the standard deviation of mixture fraction. The 
default values for the constants cr,, C9, and Cd are 0.85, 2.86, and 2.0 respectively. 7 and 7 are 

the Reynolds avenged and Favre-averaged quantities. The term utstu; in Eq. 2, is the Reynolds 
stress which needs to be closed. The closure for this term is described below. 

2.2 Turbulence modeling 

The closure for Reynolds stress terms in Eq. 2 was achieved with the standard k —co turbulence 
model. Following equations for turbulent kinetic energy, k and specific dissipation rate, co is 
solved: 0,5k a a  t pt ak 
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i u
′′

j ) + gi
ũi
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Here, ũi, f̃ and H̃ are the Favre-averaged (density-weighted) velocity, mixture fraction and
total enthalpy,µt is the turbulent viscosity,σt is the turbulent Schmidt number,kt is the thermal
conductivity andSm is the mass transfer to the gas phase from liquid droplet due to evapora-
tion. t is the time,ρ is the density,p is the pressure,Cp is the specific heat capacity,gi is the
gravitation acceleration. In Eq. 4f ′ = f − f̃ is the standard deviation of mixture fraction. The
default values for the constantsσt, Cg, andCd are 0.85, 2.86, and 2.0 respectively..̄ and .̃ are
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i u
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j in Eq. 2, is the Reynolds
stress which needs to be closed. The closure for this term is described below.

2.2 Turbulence modeling

The closure for Reynolds stress terms in Eq. 2 was achieved with the standardk−ω turbulence
model. Following equations for turbulent kinetic energy,k and specific dissipation rate,ω is
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and apw  co) =  a + aw)+ au2Ck ±,713fpw2. at ax, ax, ax, k 

The turbulent viscosity /it is evaluated as follows 

plc 
pt= a —co 

(7) 
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Here, 13, fr, as, fp and fp. are the constants. The production term in Eq. 6 and 7 is given by 

t aai au 2 au k \ 2
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Buoyancy effects of the turbulent kinetic energy given by underlined term in Eq. 6 is taken into 
account and is implemented in ANSYS FLUENT using User Defined Functions (UDF). The 
term Gb in Eq. 6 is given as follows 

(9) 

= figs Ptn VT. (10) 
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Here, gi is the gravitational acceleration, Pre is the turbulent Prandtl number and 13 is the 
coefficient of thermal expansion and is given by 

1 op  \ 
a plaT); 

However, the effect of buoyancy on specific dissipation rate is not taken into account. 

23 Combustion model 

It is worth reminding that we restrict our study only to sodium-air reactions. Sodium-air re-
action produces sodium oxide and peroxide aerosols, which can influence radiation thereby 
affecting gas temperature. Since the saturation vapor pressures 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 reactions are faster than fluid flow and 
chemical species diffusion. Hence, it can be simulated using chemical equilibrium approach, 
which means that chemical reactions are in equilibrium as soon as sodium mixes with air. The 
mixture fraction based combustion model is used for sodium spray combustion. In this ap-
proach, Probability Distribution Function (PDF) within a computational cell is obtained from 
mean mixture fraction f and variance of mixture fraction f '2, which is obtained from solution 
of Eq. 3 and 4. The PDF is assumed to be of Beta-PDF type [16]. The Favre avenged mean 
value of temperature and species mass fraction in a cell is obtained by the following equation. 

and 

1 
T= ci T(f,H)P(f , f)df (12) 

fk = ci Yk(f,H)P(f,  rd. f (13) 

In the above equation, T(f) and Yk (f) are obtained from non-adiabatic equilibrium PDF table. 
Equilibrium calculations were p., mined for sodium-air system at 298 K and 1 atm using 
ANSYS FLUENT. Following gas phase species N, NO, NO2, NO3, N2, N20, N203, N204, 
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(ρ̄ũiω) =

∂

∂xj

(
µ +

µt

σω

∂ω

∂xj

)
+ α

ω

k
Gk + ρ̄βfβω

2. (7)

The turbulent viscosityµt is evaluated as follows

µt = α∗
ρ̄k

ω
. (8)

Here,β, β∗, α∗, fβ andfβ∗ are the constants. The production term in Eq. 6 and 7 is given by

Gk =

[
µt

(∂ũi
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Buoyancy effects of the turbulent kinetic energy given by underlined term in Eq. 6 is taken into
account and is implemented in ANSYS FLUENT using User DefinedFunctions (UDF). The
termGb in Eq. 6 is given as follows
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Here, gi is the gravitational acceleration,Prt is the turbulent Prandtl number andβ is the
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However, the effect of buoyancy on specific dissipation rateis not taken into account.

2.3 Combustion model

It is worth reminding that we restrict our study only to sodium-air reactions. Sodium-air re-
action produces sodium oxide and peroxide aerosols, which can influence radiation thereby
affecting gas temperature. Since the saturation vapor pressures 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 reactions are faster than fluid flow and
chemical species diffusion. Hence, it can be simulated using chemical equilibrium approach,
which means that chemical reactions are in equilibrium as soon as sodium mixes with air. The
mixture fraction based combustion model is used for sodium spray combustion. In this ap-
proach, Probability Distribution Function (PDF) within a computational cell is obtained from
mean mixture fractioñf and variance of mixture fractioñf ′2, which is obtained from solution
of Eq. 3 and 4. The PDF is assumed to be of Beta-PDF type [16]. The Favre-averaged mean
value of temperature and species mass fraction in a cell is obtained by the following equation.
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In the above equation,T (f) andYk(f) are obtained from non-adiabatic equilibrium PDF table.
Equilibrium calculations were performed for sodium-air system at 298 K and 1 atm using
ANSYS FLUENT. Following gas phase species N, NO, NO2, NO3, N2, N2O, N2O3, N2O4,
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N205, N3, Na, NaNO2, NaNO3, Na0, Nat, Na20, Na20 2, 0, 0 2 and 0 3 and condensed phase 
species Na(cr), Na(1), Na02(cr), Na02(1), Na20(c), Na20(b), Na20(a), Na20(1), Na20 2(b), 
Na20 2 (a), Na20 2(1), NaNO2 (a), NaNO2(b), NaNO2 (1), NaNO3(a) NaNO3(b) and NaNO3(1) 
are considered for the equilibrium calculation. The letters in parentheses for condensed phase 
species indicates their physical form: 1 = liquid; cr = crystalline; a, b, and c = various solid 
forms. In order to compare results obtained from ANSYS FLUENT, separate calculations were 
performed using NASA CEA code [17]. The code is written by Gordon and Mcbride [18] which 
calculates the adiabatic flame temperature and equilibrium composition by using the Gibb's 
free energy minimization [19] procedure based on the element potential method. The results 
obtained using this code is compared with ANSYS FLUENT. Fig 1 and 2 shows comparison of 
temperature, mass fraction of Na, Na20 and Na20 2 versus mixture fraction. The curves with 
crosses and circles show ANSYS FLUENT and NASA CEA results respectively. Similarity of 
the results between these codes verifies that ANSYS FLUENT results are accurate. 
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2.4 Lagrangian phase equations 

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

dup gs(P — Pe) + Fx (14)— FD(u — up) + 
dt PP 

for the velocity of the particle. Here, F, is the additional acceleration per unit mass, the term 
FD(u — up) is the drag force per unit particle mass. Here, FD is given as follows: 

18µ C,Re 
D 

pD2 24 

whem, Cd is the drag coefficient for sodium [3] and is given as follows 

24/Re if Re < 0.1 
2.6 ± 23.71/Re if 0.1 < Re < 6 

Cd = 18.5/Reom if 6 < Re < 500 
(16) 

4/9 if Re > 500 

Re is the Reynolds number which is given by 

pD I up — ul 
Re 

when; p is the density of particle, u is the gas velocity, D is the diameter of the particle. 
The particle position was obtained by integrating the following equation 

dx 
dt uP

whem x is the position of the particle and up is the velocity of the particle. 
Turbulent dispersion of the particles was accounted by stochastic tracking method. In this 
approach, affect of instantaneous velocity on the particle velocity was taken into account by 
using a stochastic method. The details of the model are described in [15]. 
The liquid sodium droplets undergo evaporation and evaporated sodium when comes in contact 
with air starts reacting. To track the evaporation of the particle, equation for the mass and 
temperature of the particle must be solved which are given below. 

(15) 

(17) 

and 

drnd 
dt 

= Ind 

(18) 

(19) 

indCpddtTp — hAp(71,,, Tp) + 
(I
dt 
TN h + epApu (04 — (20) 

Here, and is the mass of particle, aid is the mass burning rate of droplet, Cp is the specific 
heat of particle at constant pressure, Ap is the area of particle, Too is the local temperature of 
continuous phase, h is the heat transfer coefficient, ep is the particle emissivity and u is the 
Stefan's Boltzmann constant. Equation 20 models heat exchange between particle and continu-
ous phase through convection, latent heat transfer and radiation, described by first, second and 
third term respectively. The model for mass burning rate of droplet, Md is described in the next 
subsection. 
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2.4 Lagrangian phase equations

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

dup

dt
= FD(u − up) +

gi(ρ − ρg)

ρp
+ Fx (14)

for the velocity of the particle. Here,Fx is the additional acceleration per unit mass, the term
FD(u − up) is the drag force per unit particle mass. Here,FD is given as follows:

FD =
18µ

ρD2

CdRe

24
(15)

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

Cd =





24/Re if Re < 0.1
2.6 + 23.71/Re if 0.1 < Re < 6

18.5/Re0.6 if 6 < Re < 500
4/9 if Re > 500

(16)

Re is the Reynolds number which is given by

Re =
ρD|up − u|

µ
(17)

whereρ is the density of particle,u is the gas velocity,D is the diameter of the particle.
The particle position was obtained by integrating the following equation

dx

dt
= up (18)

wherex is the position of the particle andup is the velocity of the particle.
Turbulent dispersion of the particles was accounted by stochastic tracking method. In this
approach, affect of instantaneous velocity on the particlevelocity was taken into account by
using a stochastic method. The details of the model are described in [15].
The liquid sodium droplets undergo evaporation and evaporated sodium when comes in contact
with air starts reacting. To track the evaporation of the particle, equation for the mass and
temperature of the particle must be solved which are given below.

dmd

dt
= ṁd (19)

and

mdCp
dTp

dt
= hAp(T∞ − Tp) +

dmd

dt
hfg + ǫpApσ(θ4 − T 4

p ). (20)

Here,md is the mass of particle,ṁd is the mass burning rate of droplet,Cp is the specific
heat of particle at constant pressure,AP is the area of particle,T∞ is the local temperature of
continuous phase,h is the heat transfer coefficient,ǫp is the particle emissivity andσ is the
Stefan’s Boltzmann constant. Equation 20 models heat exchange between particle and continu-
ous phase through convection, latent heat transfer and radiation, described by first, second and
third term respectively. The model for mass burning rate of droplet,ṁd is described in the next
subsection.
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2.4.1 Spray evaporation model 

Recently, the mode proposed by Tsai [3] is used by Takata et al. [9] to simulate sodium spray 
combustion. Tsai suggested that the combustion of sodium droplet is divided into two stages a) 
pm-ignition and b) post-ignition. For sodium combustion, pre-ignition is important and must 
be accounted in modelling of sodium combustion. In the pre-ignition stage, a film of oxide 
is formed on droplet surface by surface oxidation. Heat produced by oxidation is fed back 
to droplet surface, thereby increasing droplet temperature. The droplet ignition starts when 
droplet ignition temperature is reached. Existence of pre-ignition phase is also confirmed ex-
perimentally by Yuasa [20]. A detailed description of pre-ignition and post-ignition model is 
presented below. 

Pre-ignition model 

In the pre-ignition model, it was assumed that 1) the oxide film is very thin and does not 
stop diffusion of oxygen to the droplet surface 2) the change of droplet diameter is negligible 
3) heat transfer from sodium to gas can be neglected, because of high thermal conductivity of 
sodium 4) zero oxygen concentration at droplet surface and 5) no viscous force. 
The mass flux, via, of fuel evapourating from the droplet is given by 

via = N0ApMw02. (21) 

Here, No is the molar flux of oxygen into the sodium surface, Ap is the area of the droplet and 
Mwa, is the molecular weight of fuel species. The molar flux of oxygen can be evaluated as 
follows: 

(Co cc — Co 8) No Ice " (22) 

where, Ice is the mass transfer coefficient, C0,3 and Co,,, are the concentration of oxygen on the 
droplet surface and in the surroundings. The mass transfer coefficient, Ice is evaluated using 
Ranz-Marshall correlation [21] for free falling droplet: 

Sh = kr) - (2 + 2CiRel0Scirn) (23) 
Dd 

where constant C1=0.3, Sc is the Schmidt number. The correlation taken into account effects 
of forced convection on the mass burning rate which increases due to change in the shape of 
the droplet. After rearranging, mass burning rate of fuel droplet is given by 

rie — Va2,8 7ra D dito2D 
= wpgMwa,ThiDShY°21°' Sh. (24) 

r 

Hem, Md is the mass burning rate of falling droplet, C is the molar density, Dd is the diffusion 
coefficient, Yoz,, is the oxygen mole fractions in ambient, Yoz,, is the oxygen mole fractions 
on the droplet surface and r is the stoichiometric ratio. The particle temperature is obtained 
by solving Eq. 20. Since them is no evaporation during the pre-ignition phase, second term in 
Eq. 20 (i.e., hh ) is replaced by /In a,. Here, lin ., is the amount of heat generated during the 
surface reaction of sodium in J/kg. During the surface reaction, sodium reacts with oxygen to 
form Na2O2 and Na2O. In addition, it is assumed that 0.26 moles of sodium forms Na2O2 and 
0.74 forms Na2O, the heat of reaction is accordingly calculated as done by Karthikeyan et al. 
[22]. 
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2.4.1 Spray evaporation model

Recently, the model proposed by Tsai [3] is used by Takata et al. [9] to simulate sodium spray
combustion. Tsai suggested that the combustion of sodium droplet is divided into two stages a)
pre-ignition and b) post-ignition. For sodium combustion,pre-ignition is important and must
be accounted in modelling of sodium combustion. In the pre-ignition stage, a film of oxide
is formed on droplet surface by surface oxidation. Heat produced by oxidation is fed back
to droplet surface, thereby increasing droplet temperature. The droplet ignition starts when
droplet ignition temperature is reached. Existence of pre-ignition phase is also confirmed ex-
perimentally by Yuasa [20]. A detailed description of pre-ignition and post-ignition model is
presented below.

Pre-ignition model

In the pre-ignition model, it was assumed that 1) the oxide film is very thin and does not
stop diffusion of oxygen to the droplet surface 2) the changeof droplet diameter is negligible
3) heat transfer from sodium to gas can be neglected, becauseof high thermal conductivity of
sodium 4) zero oxygen concentration at droplet surface and 5) no viscous force.
The mass flux,̇m, of fuel evapourating from the droplet is given by

ṁ = NoApMwO2
. (21)

Here,No is the molar flux of oxygen into the sodium surface,Ap is the area of the droplet and
MwO2

is the molecular weight of fuel species. The molar flux of oxygen can be evaluated as
follows:

No = kc
(Co,∞ − Co,s)

r
(22)

where,kc is the mass transfer coefficient,Co,s andCo,∞ are the concentration of oxygen on the
droplet surface and in the surroundings. The mass transfer coefficient,kc is evaluated using
Ranz-Marshall correlation [21] for free falling droplet:

Sh =
kcD

Dd
= (2 + 2C1Re1/2Sc1/3) (23)

where constantC1=0.3,Sc is the Schmidt number. The correlation taken into account effects
of forced convection on the mass burning rate which increases due to change in the shape of
the droplet. After rearranging, mass burning rate of fuel droplet is given by

ṁ = πρgMwO2
DdDSh

YO2,∞ − YO2,s

r
=

πCDdYO2D

r
Sh. (24)

Here,ṁd is the mass burning rate of falling droplet,C is the molar density,Dd is the diffusion
coefficient,YO2,∞ is the oxygen mole fractions in ambient,YO2,∞ is the oxygen mole fractions
on the droplet surface andr is the stoichiometric ratio. The particle temperature is obtained
by solving Eq. 20. Since there is no evaporation during the pre-ignition phase, second term in
Eq. 20 (i.e.,hfg) is replaced byhreac. Here,hreac is the amount of heat generated during the
surface reaction of sodium in J/kg. During the surface reaction, sodium reacts with oxygen to
form Na2O2 and Na2O. In addition, it is assumed that 0.26 moles of sodium forms Na2O2 and
0.74 forms Na2O, the heat of reaction is accordingly calculated as done by Karthikeyan et al.
[22].
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Post-ignition model 

Once the droplet ignites, it moves into post-ignition stage. The mass burning rate in this case is 
obtained from vapor phase combustion theory (D2-law) of Spalding [4] as suggested by Tsai. 
This theory is well established for spray combustion of hydrocarbons. However, it can also 
be applied for sodium combustion, since sodium droplet also follows D2-law. In vapor-phase 
combustion theory, it is assumed that a spherical burning flame or zone was surrounded by sta-
tionary droplet. The evaporated fuel, when reaches the burning zone, is consumed by the flame 
instantaneously under steady state conditions. Under this assumption, it can be postulated that 
burning rate of fuel is controlled by evaporation of fuel, which in turn is controlled by the heat 
transfer to droplet. Here, the mass burning rate is given by 

. pDK
(25) 

4 

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

K — 
8k

g In(1 + B) 
Cpp 

(26) 

when; k9 is the gas mixture thermal conductivity, C, is the gas mixture specific heat capacity, 
and B is the transfer number. The transfer number is defined as 

B 1  
( C;(

7; \ 
HAY). (27) 

)

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

rred = siaNu = 
27rIc 

DNu[In (1 B)]. (28) 
Cp

Here, Nusselt number, Nu in Eq. 28 is obtained from Ranz and Marshall [21] correlation as 
follows 

Nu = (2 + 2CiRe10Pr1/3). (29) 

where, Pr is the Fran& number. The particle temperature is obtained by solving Eq. 20. The 
spray burning rate is the summation of burning rates of individual droplets. 
For spray size distribution the Nukiyama-Tanasawa [23] correlation is used here, which is ex-
pressed as follows 

dR, (3.915 \ 6  D5  ex, j 3.915D)
(30) 

dD D 120 ijk D 

Here, D is the volume mean diameter and R„ is the volume fraction of spray which contains 
droplet of diameters smaller than D. This size distribution is used in order to calculate the 
surface mean drop diameter from the volume mean drop diameter. 
To summarize, at every flow time step Eq. 1, 2, 3, 4 and 5 are solved to obtain velocity, pressure 
mixture fraction, variance of mixture fraction and temperature. At every particle time step Eq. 
14, 18, 19 and 20 are solved to obtain velocity, position, mass and temperature of the particle. 
The mass loss rate in Eq. 19 can be obtained either by pre-ignition model i.e, Eq. 24 or post-
ignition model i.e., Eq. 28. The pre-ignition model is invoked when the droplet temperature is 
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Post-ignition model

Once the droplet ignites, it moves into post-ignition stage. The mass burning rate in this case is
obtained from vapor phase combustion theory (D2-law) of Spalding [4] as suggested by Tsai.
This theory is well established for spray combustion of hydrocarbons. However, it can also
be applied for sodium combustion, since sodium droplet alsofollows D2-law. In vapor-phase
combustion theory, it is assumed that a spherical burning flame or zone was surrounded by sta-
tionary droplet. The evaporated fuel, when reaches the burning zone, is consumed by the flame
instantaneously under steady state conditions. Under thisassumption, it can be postulated that
burning rate of fuel is controlled by evaporation of fuel, which in turn is controlled by the heat
transfer to droplet. Here, the mass burning rate is given by

ṁ =
πρDK

4
. (25)

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

K =
8kg

Cpρ
ln(1 + B) (26)

wherekg is the gas mixture thermal conductivity,Cp is the gas mixture specific heat capacity,
andB is the transfer number. The transfer number is defined as

B =
1

hfg

(
Cp(Tg − Ts) +

HcY

r

)
. (27)

Here,Tg, Ts are the gas and the surface temperature,hfg is the latent heat of evaporation and
Hc is the heat of combustion,Y is the mole fraction of oxygen. The mass burning rate of a
single droplet is obtained as follows

ṁd = ṁNu =
2πk

Cp
DNu[ln(1 + B)]. (28)

Here, Nusselt number,Nu in Eq. 28 is obtained from Ranz and Marshall [21] correlationas
follows

Nu = (2 + 2C1Re1/2Pr1/3). (29)

where,Pr is the Prandtl number. The particle temperature is obtainedby solving Eq. 20. The
spray burning rate is the summation of burning rates of individual droplets.
For spray size distribution the Nukiyama-Tanasawa [23] correlation is used here, which is ex-
pressed as follows

dRv

dD
=

(
3.915

D̄

)6
D5

120
exp

(
−

3.915D

D̄

)
. (30)

Here,D̄ is the volume mean diameter andRv is the volume fraction of spray which contains
droplet of diameters smaller thanD. This size distribution is used in order to calculate the
surface mean drop diameter from the volume mean drop diameter.
To summarize, at every flow time step Eq. 1, 2, 3, 4 and 5 are solved to obtain velocity, pressure
mixture fraction, variance of mixture fraction and temperature. At every particle time step Eq.
14, 18, 19 and 20 are solved to obtain velocity, position, mass and temperature of the particle.
The mass loss rate in Eq. 19 can be obtained either by pre-ignition model i.e, Eq. 24 or post-
ignition model i.e., Eq. 28. The pre-ignition model is invoked when the droplet temperature is
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lower than ignition temperature, Tsp„. Above this temperature, gas phase reaction is important 
and hence post-ignition model is used. In our simulations, ignition temperature of 873 K is 
assumed, this value is also recommended by Takata et al. [9]. At each time step particle mass 
source, mixture fraction source and energy source terms are updated. The Reynolds number, 
Schmidt number and Prandil numbers used for particle properties calculation are evaluated at 
film temperature using Sparrows 1/3rd rule as follows 

2Tp + Th 
Tiesim (31) 

3 

where, Tp and Tb are the particle temperature and bulk temperature. 

2.5 Numerical scheme 

3D simulations were performed using ANSYS FLUENT, which employs a finite volume method. 
The spatial and time discretization of the conservation equations are performed with second 
order upwind scheme and second-order implicit method, respectively. The pressure-velocity 
coupling is performed with SIMPLE and discretized equations were solved using a segregated 
solver in an iterative manner. The particle trajectories are obtained by integrating the equation 
of force balance, which is achieved by using a 5th order Runge-Kutta scheme [24]. 
UDF in ANSYS FLUENT is used to implement temperature dependent sodium properties (e.g., 
diffusivity, enthalpy of vaporization and vapor pressure), drag laws and spray evaporation mod-
els. The particle source terms for mass, mixture fraction and energy (Sp, and Sh in Eq. 1, 3 and 
5) are also implemented using UDF. 

3 Results and discussion 

The aim of this work is to propose a numerical approach and perform validation using the pro-
posed approach. For this purpose, free falling single sodium droplet experiments, which were 
conducted by Miyahara and Ara [25] in 1998 is used for the validation. A single droplet of uni-
form diameter 3.8 mm with a temperature of 773 K was injected into an ambient atmosphere 
(pressure of 1 atm and temperature of 298 K). The droplet falls from a height of 2.7 m. The 
burned mass and falling velocities are measured at two different locations of 0.1 m and 2.4 m. 
The air temperature and oxygen concentration are kept constant. The initial condition and the 
measurement results are reported in the Table 1 and 2, respectively. 

Table 1: Initial conamon or Tree mumg ampler ex 
Phase Variable Value 

Droplet 

Air 

Diameter 
Temperature 
Temperature 

Pressure 

3.8 mm 
775 K 
290 K 
1 atm 

eats [25]. 

A three dimensional cuboidal computational domain (height of 6 In, depth and width of 1.5 m) 
is used top., Olin simulations. The boundaries of the domain are defined as walls and adiabatic 
boundary condition for temperature is applied. A single particle with droplet diameter of 3.8 
mm and droplet temperature of 775 K is injected at location of 0.2 m from the top respectively. 
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lower than ignition temperature,Tign. Above this temperature, gas phase reaction is important
and hence post-ignition model is used. In our simulations, ignition temperature of 873 K is
assumed, this value is also recommended by Takata et al. [9].At each time step particle mass
source, mixture fraction source and energy source terms areupdated. The Reynolds number,
Schmidt number and Prandtl numbers used for particle properties calculation are evaluated at
film temperature using Sparrows 1/3rd rule as follows

Tfilm =
2Tp + Tb

3
. (31)

where,Tp andTb are the particle temperature and bulk temperature.

2.5 Numerical scheme

3D simulations were performed using ANSYS FLUENT, which employs a finite volume method.
The spatial and time discretization of the conservation equations are performed with second
order upwind scheme and second-order implicit method, respectively. The pressure-velocity
coupling is performed with SIMPLE and discretized equations were solved using a segregated
solver in an iterative manner. The particle trajectories are obtained by integrating the equation
of force balance, which is achieved by using a 5th order Runge-Kutta scheme [24].
UDF in ANSYS FLUENT is used to implement temperature dependent sodium properties (e.g.,
diffusivity, enthalpy of vaporization and vapor pressure), drag laws and spray evaporation mod-
els. The particle source terms for mass, mixture fraction and energy (Sm andSh in Eq. 1, 3 and
5) are also implemented using UDF.

3 Results and discussion

The aim of this work is to propose a numerical approach and perform validation using the pro-
posed approach. For this purpose, free falling single sodium droplet experiments, which were
conducted by Miyahara and Ara [25] in 1998 is used for the validation. A single droplet of uni-
form diameter 3.8 mm with a temperature of 773 K was injected into an ambient atmosphere
(pressure of 1 atm and temperature of 298 K). The droplet falls from a height of 2.7 m. The
burned mass and falling velocities are measured at two different locations of 0.1 m and 2.4 m.
The air temperature and oxygen concentration are kept constant. The initial condition and the
measurement results are reported in the Table 1 and 2, respectively.

Table 1: Initial condition of free falling droplet experiments [25].
Phase Variable Value

Droplet Diameter 3.8 mm
Temperature 775 K

Air Temperature 290 K
Pressure 1 atm

A three dimensional cuboidal computational domain (heightof 6 m, depth and width of 1.5 m)
is used to perform simulations. The boundaries of the domainare defined as walls and adiabatic
boundary condition for temperature is applied. A single particle with droplet diameter of 3.8
mm and droplet temperature of 775 K is injected at location of0.2 m from the top respectively.
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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 Mass Falling Distance at 2.7 m 3.37 ± 0.69 mg 

The simulation results are compared with the experiments. Figure 3a shows the variation of the 
droplet temperature with time obtained using numerical simulations. The figure clearly indi-
cates that until time t = 0.5 s, the droplet temperature increases gradually and then the droplet 
temperature (is equal to the boiling point of sodium) is constant. The temperature increases 
from initial temperature of T = 775 K to T = 873 K is because of pre-ignition phase (surface 
reaction), while the increase in temperature from T = 873 K to T = 1149 K is attributed to 
post-ignition phase (gas phase reaction). 
Figure 3b shows change in droplet diameter with time during the pre-ignition and post-ignition 
phase. A slight increase in droplet diameter in the pre-ignition phase is because of increase in 
volume of the droplet due to thermal expansion. In the post-ignition phase, the droplet diameter 
decreases due to the combustion of the droplet. 
Figure 4a and 4b shows falling distance and falling velocities versus time obtained using nu-
merical simulations. The falling distance increases with time much faster in the beginning 
(t=0-0.4 s) than in the later stages. This is because of gravity force which is larger than the drag 
force in the beginning. However, at later stage both these forces are equal in magnitude and 
they counteract each other. 
The falling velocities obtained using simulations are compared with experiments at falling dis-
tance of 0.1 m and 2.4 m. The falling velocities obtained are within measurement uncertainty. 
In Figure 5, results of droplet mass versus time obtained using numerical simulation are com-
pared with experiments. The droplet mass decreases with time because of evaporation and 
combustion of droplet. The trend of droplet mass versus time matches very well with the ex-
periments. These results are consistent with results reported in Fig. 4b. 

Overall, the simulations results compares very well with this experiment, which indicate 

g 11 3.9-

E

s 3.T 

3.6- 

02 0.4 0.6 0.8 1 
3.  
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(a) (b) 

Figure 3: a) Droplet temperature Tp versus time, t. b) Droplet diameter dp versus time, t. 

that the model is able to reproduce experiments. Focus of future work will be to validate this 
approach against large scale multiple droplet experiments. 
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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 Mass Falling Distance at 2.7 m 3.37± 0.69 mg

The simulation results are compared with the experiments. Figure 3a shows the variation of the
droplet temperature with time obtained using numerical simulations. The figure clearly indi-
cates that until timet = 0.5 s, the droplet temperature increases gradually and then thedroplet
temperature (is equal to the boiling point of sodium) is constant. The temperature increases
from initial temperature ofT = 775 K to T = 873 K is because of pre-ignition phase (surface
reaction), while the increase in temperature fromT = 873 K to T = 1149 K is attributed to
post-ignition phase (gas phase reaction).
Figure 3b shows change in droplet diameter with time during the pre-ignition and post-ignition
phase. A slight increase in droplet diameter in the pre-ignition phase is because of increase in
volume of the droplet due to thermal expansion. In the post-ignition phase, the droplet diameter
decreases due to the combustion of the droplet.
Figure 4a and 4b shows falling distance and falling velocities versus time obtained using nu-
merical simulations. The falling distance increases with time much faster in the beginning
(t=0-0.4 s) than in the later stages. This is because of gravity force which is larger than the drag
force in the beginning. However, at later stage both these forces are equal in magnitude and
they counteract each other.
The falling velocities obtained using simulations are compared with experiments at falling dis-
tance of 0.1 m and 2.4 m. The falling velocities obtained are within measurement uncertainty.
In Figure 5, results of droplet mass versus time obtained using numerical simulation are com-
pared with experiments. The droplet mass decreases with time because of evaporation and
combustion of droplet. The trend of droplet mass versus timematches very well with the ex-
periments. These results are consistent with results reported in Fig. 4b.

Overall, the simulations results compares very well with this experiment, which indicate
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Figure 3: a) Droplet temperatureTp versus time,t. b) Droplet diameterdp versus time,t.

that the model is able to reproduce experiments. Focus of future work will be to validate this
approach against large scale multiple droplet experiments.
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CFD based numerical approach is proposed here to model sodium spray combustion. The 
model is implemented in a commercial CFD code ANSYS FLUENT using UDF. The extended 
code is validated against a single droplet experiments of Miyahara and Ara. The numerical 
results of falling velocity at 0.1 m and 2.4 m and burned mass are in good agreement with the 
experiments. 
Further validation against large scale multiple droplet sodium experiments must be performed 
before this code can be used for the safety analysis of sodium fast reactors. 
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4 Conclusion

CFD based numerical approach is proposed here to model sodium spray combustion. The
model is implemented in a commercial CFD code ANSYS FLUENT using UDF. The extended
code is validated against a single droplet experiments of Miyahara and Ara. The numerical
results of falling velocity at 0.1 m and 2.4 m and burned mass are in good agreement with the
experiments.
Further validation against large scale multiple droplet sodium experiments must be performed
before this code can be used for the safety analysis of sodiumfast reactors.
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