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ABSTRACT
In certain extremely low probability, severe accident scenarios which have been postulated for
liquid metal cooled fast reactors,large bubble cavities containing fuel vapor and fission products
transit a layer of coolant and release this material to the cover gas thereby presenting a
contribution to an accident-specific source term [5].Mie model in radiation heat transfer has been
investigated to analysis and interpret the experiments that conducted during 1980’s for oxide UO2
fueled reactors in Fuel Aerosol Simulant Test (FAST) facility at Oak Ridge National Laboratory
(ORNL).These analyses are applied to estimate the bubble collapse of Liquid Metal reactors
(LMR’s) during a hypothetical core disruptive accident (HCDA).InMie scattering model the
particle size was 0.07 µm [6]. The scattering coefficient of UO2 particles (σ = 1.24 m-1 ), was
calculated by using Mie theory,at the same number of stable nuclei’s N ( 2.9 E15 nuclei/m3) that
resulted from theabsorbed coefficientk = 0.082 m-1[7].P1 approximation method was used to solve
the radiative heat transfer equation (RTE) in spherical coordinates of participating medium
confined between the two concentric spheres.The surfaces of the spheres are assumed to be gray,
diffusely emitting and diffusely reflecting boundaries, and an isothermal boundary conditions
were assumed at these surfaces.Marsak’s boundary condition was to computed, the net radiative
heat flux q(τ), and the incident radiation G(τ), to analyze and interpret the CVD experiments data
that were conducted in the FAST facility at ORNL [8] and Fast Flux Test Facility reactor (FFTF)
in Argonne National Laboratory ANL.The conclude that extracted from this study is greater
margin of safety when the bubble rising time is greater than the bubble collapse time since the
bubble collapses (UO2 condenses) before it can reach the top of the vessel therefore there is less
chance of release of aerosol as in Oak Ridge National Laboratory (ORNL) FAST experiments
and Argonne National Laboratory (FFTF) reactor.
KEYWORDS
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1. INTRODUCTION
The hypothetical core disruptive accident (HCDA) will occur when there is no coolant flow
inside the cooling channels among the fuel rods. Conditions such as this may include for example
the failure of circulation pumps, control room systems, and control rods.When the reactor is at
full load, and the cooling system is in a failure state, the fuel in the core starts to heat up or boil
and the vapor can leave the reactor as shown in Figure 1 [9].As the fuel starts vaporizing, UO2
vapor and non-condensable Xe gas are produced from the fission chain reaction. The bubbles
expand radially and axially at high temperature and pressure, leaving the core and proceeding to
the coolant pool as it is indicated in Figure 1 [9]. The mechanism of this transfer could occur due
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too multiphase bubbles which contain “fuel vapor, fission gas, and UO2 particles” [10]. LMR’s are
becoming an increasingly important in the field of nuclear engineering. More efforts should be
encouraged to study, analyze, and to improve the performance of fast neutron reactors. Safety
issues should especially be addressed so that possible negative impacts can be mitigated.

Figure 1.Reactor geometry (adapted from WTT) [74].

In the past, a safety analysis of a liquid metal fast bree
breeder
der reactor (LMFBR) was studied by M.
M L.
Corradini al. (1979) using an experimental model describing two
two-phase
phase liquid flow motion with
coolant vaporization phenomena and without external thermal radiation effects [11]. Kress et al.
(1977) presented a significant
ficant examination of nuclear reactor safety research regarding the study
of important parameters affecting two phase flow generated during a hypothetical core disruptive
accident (HCDA)[12].Tobias
.Tobias et al. (1979) was to study the heat and mass transfer arising
aris
from a
Uranium dioxide (UO2) bubble for the sodium experiment in the Fuel Aerosol Simulant Test
(FAST) facility [13, 14].. A. B. Reynolds et al. (1979) illustrated bubble behavior experiments
[15].The
.The expansion of two phase UO2 in a tank of inviscid and incompressible coolant has been
analyzed by A. B. Reynolds et al. (1987) using the UVABUBL computer model.[9]H.
model.
Chan et al.
(1979) investigated the condensation phenomena and heat transfer from a very hot mixture of
gases at 4050 K to a low temperature field boundary consisting of a Sodium coolant at 823 K[7].
K
R. L. Webb et al. (1985) have analyzed the heat and mass transfers at ORNL for UO2 bubble
under sodium FAST tests by using the UVABUBL II Package
Package[16].Recent
Recent studies [1-5]
[1 regarding
hypothetical, severe accident events in sodium
sodium-cooled as well as lead-cooled
cooled configurations have
considered the impact on accident progression of the formation and presence of vapor bubble
cavities within the coolant, where the cavities may conta
contain
in various mixtures of fission products,
combined in some cases with fuel, coolant and structural materials
materials[5].
The objective of the present study is to study the effect of the fuel bubble’s geometry on radiative
heat flux and transient temperature distrib
distribution
ution in a participating medium during a hypothetical
core disruptive accident (HCDA) for liquid metal cooled reactor (LMR), and to study the vapor
bubble behavior, in particular the bubble collapse is of interest. for a stationary, spherical bubble
containing
ning fuel vapor (UO2), fission gas (Xe) at high temperature (4500 K) surrounded by
Sodium coolant (811 K) [5,, 10].
2. RADIATION ANALYSIS
In this section, a scattering model will be investigated using a spherical coordinate system. The
objective of this model is to study and analysis the thermal radiation heat transfer processes
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through a participating medium. The system, as shown in Figure 2, is composed of two concentric
spheres, and the space between the spheres contains homogeneous UO2 particles at high
saturation temperature T. The inner sphere is designated as sphere 1 with state properties of T1,
ϵ1, and ρ1 which represents the hot gas
gases
es (Uranium dioxide and Xenon). While the outer sphere is
designated as sphere 2 with surface properties of T2, ϵ2, and ρ2 and represents the coolant region
(Liquid Sodium). The medium between the two spheres is the participating medium which is
absorbing, scattering, and emitting the thermal radiation. The thermal radiation emitted from the
inner sphere interacts with the particles inside the medium and as result of that the radiation
intensity at the boundary surface reducing. [[17, 18].

Figure 2. Physical model drawing.

To model the problem the radiative heat transfer equation in spherical coordinates for the
intensity I(r,µ)) can be written as [[19, 18]:

μ
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Where R is in range ) * ) * 1 and the spherical harmonics method will be used to solve the
radiative heat transfer equation in spherical coordinates [[19].In this method I R, μ and P μ, μ
are represented
epresented by a series of Legendre polynomials
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"8 # <8 )
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Where "8 # is the Legendre polynomial, and <8 ) is an unknown function in R direction,
such that, if this function is characterized by specific intensity, then the radiation can be
determined. [19].Equation (5) can be written in other form as [19]:
:;

"8 # <8 ( (5b)

Upon substituting Equations (2) and (5a) into Equation (4) gives the following
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Now by differentiating the second term and applying the orthogonality of Legendre polynomials
in the last term of Equation (6) and using the recurrence formulas for Legendre polynomials of
Equations (8) and (9), Equation(6) simplifies to [19, 20].
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Now by differentiating the second term of Equation (6) and applying the orthogonality of
Legendre polynomials in the last term and using the recurrence formulas for Legendre
polynomials of Equations (8, 9), Equation (6) simplifies to [19, 20].
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The coefficients of the Legendre polynomials of Equations (10), "8 # , must be disappear
identically to satisfy Equation (10) for any values of µ [17, 20].
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Equation (11) gives N - ordinary differential equations, but in this study, we will utilize the P1

approximation method to solve Equation (11). By setting, m=0,1 and using 7H I

]^ _ 6
;

[18,5] Equation (11) gives two ordinary differential equations Ψ , Ψ , and Ψ as shown in the
following equations[17].
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Equation (5b) can be simplified and solving for <8 ( ,it may be rewritten as

< (
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By definition, < ( and < ( , are the incident radiation and the radiant heat flux respectfully
[19, 18].Now, after preforming the substitutions of g ( , G ( , ( ( )( and neglecting
< Equations (12) and (13) simplifies to [19],
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Let m
and by solving Equations (16) and (17) together gives us a
non-homogenous Bessel equation, and its solution is provided in Equation (19).
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Where 7R m( andqR m( are the modified Bessel functions of the first and second kind of order
R

, and by differentiating Equation (19) with respect to τ and utilizing the derivatives of Bessel
functions, the radiative heat flux can be obtainedas [21].
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Where C1 and C2 are the integration constants, a1 is the symmetry coefficients of Legendre
Polynomials of phase function, 5 is the elbedo of scattering coefficients, n is the index of
refraction of UO2, which is equals to 1 in vapor phase [7], and τ is the optical thickness.
The surfaces of the spheres are assumed to be gray, diffusely emitting and diffusely reflecting
boundaries, and an isothermal boundary conditions were assumed at these surfaces [17].To
formulate the problem the integration constants in the radiative heat flux Eq. (20), must be
determined by applying the boundary conditions at the internal and external surfaces as shown in
Figure (3) [19, 17].
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Figure 3.Physical model at T1 = T2 = 0 and T ≠ 0
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Upon substituting Equation (2
(21) and Equation (22)) in Marsak’s boundary condition [19],
[
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Then the integration constants C1 and C2can be computed from the following relations according
to the Cramer’s theory [22
22] , and the incident radiation G(τ), and the net radiative heat flux
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q(τ),can
),can be calculated from Equations ((19) and (20).This
0).This solution will be used to analyze and
interpret
erpret the CVD experiments data that were conducted in the FAST facility at ORNL [8]
[ and for
FFTF reactor in Argonne National Laboratory ANL
ANL[23].
3. THE BUBBLE COLLAPSE TIME
For un steady state problem the energy balance of the system shown in Figure (4) can be written
as, the volumetric heat generation rate = the total emission – the total absorption, where T1 =
4500 K, T = 4000 K and T2 = 811 K for FAST experiments, and for FFTF reactor T1 = 4662 K, T
= 4605 K and T2 = 838 K [5,
5, 12, 23].

Figure 4. Physical model drawing.

Then, the volumetric heat generation rate can be calculated from the following formula based on
the conservation of energy [[17].

g‹ (
(28)
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The effects of kinetic and potential can be neglected, and because the medium is in an isothermal
state, then the sensible heat is zero.
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Whereω,, the elbedo of scattering coefficients m, the mass of condensed vapor in grams, hfg, the
latent heat of condensation in J/moles, K, the absorption coefficient in m- 1, β, the extinction
coefficient m-1, M the molecular weight of UO2 in g/moles, r1, the inner radius in m and τ1 is the
optical depth (dimensionless), r2, outer radius in m and τ2 is the optical depth (dimensionless), σ,
the Stefan-Boltzmann
Boltzmann constant W/m2. K4, T the medium temperature in K, G(()
G the irradiance
2
W/m ,
t, the bubble collapse time in s, n, the refractive index of UO2 in vapor phase,
phase g ( ¡ , the
radiative heat flux at the inner surface W/m2, g ( žŸ , the net radiative heat flux at the outer
surface W/m2,
A1, the surface at the inner surface m2, A2, the surface at the outer surface m2.
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4. THE SCATTERING COEFFICIENT
ÖZISIK had obtained that when the radiation propagates in the medium contains spherical
particles with the same composition and uniform size, the absorption and scattering coefficients
can be computed from the following equations [19]:

Œ
pt ¢
(30)
c
p| ¢

@1 £t ¢

@1 £| ¢

(31)

Where, k is the absorption coefficient, σ is the scattering coefficient, and N is the number of
particles per unit volume (number of particles/m3). The scattering and extinction efficiencies can
be calculated from the following equations [19, 24].
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and m are Mie’s coefficients, and it can be calculated from the following equations:

¨© ª
Y‘ ¤ o ‘ r 8Y‘© ¤

¨‘ ª
¨©‘ ª
«‘ ¤ o
r 8«‘© ¬
¨‘ ª
¨© ª
8Y‘ ¤ o ‘ r Y‘© ¤
¨‘ ª
¨©‘ ª
8«‘ ¤ o
r «‘© ¬
¨‘ ª

(35)
(36)

Where < - , ® - are the Riccati- Bessel functions which are functions of first kind Bessel
R
function order
and ¯
>Œ 1.
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MATLAB function (was modeled by C. Mätzler) has been used to compute, the scattering,
extinction and the absorption efficiencies by using mie (m, x) function [27].
The asymmetry parameter ai represents the strength of the scattered in radiation, and its
magnitude dependent on the type of scattering being studied; for example, Mie scattering type has
a higher value of ai compared with Rayleigh scattering type. MATLAB function has been used to
compute: the coefficients of Legendre polynomials of phase function by using mie_gi (m, x,1,12)
[26]. The complex refractive index of UO2 is 2.42- 0.009 i [28], and λ is the wavelength incident
radiation 0.4 µm [8]. The size parameter - Ž³
= 0.54977 at d = 0.07 µm [6]. By using mie (m, x)
´
function the scattering and the absorption efficiencies are 0.1102 and 0.0073 respectively, and
by using mie_gi (m, x,1,12) [26] a1 was 0.097.
From Equations (30 and 31) at k = 0.082 m -1 [7] we foundthe scattering coefficient σ = 1.24 m-1.
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Figure 5. Angular Mie Scattering diagram [25].

Figure 5 shows the variation of the scattered power (thermal radiation) with the scattering angle.
The upper semicircle represents the polarization perpendicular component µ'
lower semicircle represents the polarization parallel comp
component µ¶

|· |
;¤

[25].
].

|·R |
;¤

, and the

5. RESULTS AND DISCUSSION
To check the validationof
of Mie model in the present study, the W. Li et al. [17] modelhas
beeninvestigated for all the cases as it is shown in Figures (6-11).Case1, in all these cases T1 is the
initial temperature, and T2 is final temperature. In Case 1, T1 and T2 are zero, but T ≠ 0 as it is
indicated in Figure (3 and 44),
), and the system in the control volume works under the effect of
internal heat generation stored inside the medium.

Figure 6. Effectof ( /( Ratio on Dimensionless Incident Radiation

This heat propagates from the center of the medium to the inner and outer surfaces of the system
because the incident radiation has higher values in this region. Figure (6
6) shows that the
irradiance has high energy photons in the interior region of the sys
system,
tem, and the difference of the
incident radiation at the center of the medium (the source point) and at the boundaries was due to
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the absorption and scattering losses that occurred inside the medium. As the ratios of ( /
( increases, the irradiance decrea
decreases
ses because the beam is facing a high radiative thermal
resistance inside the medium.

Figure 7. Effect of ( /( Ratio on Dimensionless Radiative Flux.

Figure (7)) shows the net radiative heat flux profile that has symmetrical boundary condition at
6 6R
0.5 . The radiative heat flux releases the thermal energy from the center of the medium
6

6R

to both sides, and its maximum value occurs at the boundaries.
boundaries.Case2, in case 2 assuming that, T =
T2 = 0, but T1 ≠ 0 that means the system in the control volume is under the effect of the emission
that propagates from the inner surface to the outer surface through the medium at zero
temperature as indicated in Figure ((8) and Figure (9)) as per the assumption above. Figure (8)
(
shows the effect of thermal radiation loss on incident radiation, and Figure ((9)) shows the effect of
thermal radiation loss on radiative heat flux.

Figure 88. Effect of ( /( Ratio on Dimensionless Incident Radiation.

When the ratio of ( /( ddecreases
ecreases the medium becomes optically dense and both the irradiance
and heat flux decreases. The forward scattering coefficient of Legendre polynomials a1 makes the
transport of thermal radiative energy gradient is easily transmitted from the inner surface to the
outer surface.
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Figure 9. Effect o f( /( Ratio on Dimensionless Radiative Flux.

Case 3, in Case 3 assuming, T = T1 = 0, but T2 ≠ 0 that means the system in the control volume is
under the effect of the outer surface emission. The propagation of radiant energy from the outer
surface to the inner surface through the medium at zero temperature as per the assumption above,
is indicated in Figure (3-100) and Figure (3-11). Figure (3-10)) shows the effect of radiation losses
on incident radiation due to the absorption and scattering of radiation from the high level at the
outer surface to low level at the inner surface through participating medium at zero
ze temperature.

Figure 10
10.Effect of

( /(

Ratio on Dimensionless Incident Radiation

Figure (10)) shows that as the ratio of ( /( decreases
ecreases the medium becomes denser and the
photon travels over long distances while also making many more collisions with the particles
inside the medium thus losing energy to the medium. This means that at lower ( /( ratio the
system has a higher therma
thermall resistance, and in this case the transport of the radiant energy occurs
at low levels due to radiative interchange and radiative interactivity effect inside the medium. In
high ( /( each particle in the medium exchanging its radiative energy directly with
w the boundary,
and therefore miniscule radiative exchange inside the medium will occur.
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Figure 11
11. Effect of

( /(

Ratio on Dimensionless Radiative Flux.

In Mie Scattering Model on Sodium Experiments
Experiments, In this model T1, T2, and T are not equal to
zero, but have values of 4500 k, 811 k, and 4000 K respectively according to Oak Ridge National
laboratory experiments [8]] and at T1 = 4662 K, T = 4605 K and T2 = 838 K for FFTF reactor in
Argonne National Laboratory ANL [[12, 23] as it showed in the physical model in Figure (4). In
scattering model, the Sodium
odium experiments have been investigated under these parameters β=1.322
m-1 , k = 0.082 m-1, ω=0.9379, n = 1 for UO2 vapor, m = 2.42+ 0.009i, and a1 = 0.0975 which is
a slightly nonlinear - anisotropic forward scattering . Figure ((12)) and Figure (13)
(
show that the
irradiance has high energy photons in the interior region of the system, and the difference of the
incident radiation at the center of the medium (the source point) and
nd at the boundaries was due to
the absorption and scattering losses that occurred inside the medium.

Figure 12.. Effect of
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Figure 13. Effect of

( /(

Ratio on Radiative Heat Flux under Sodium Experiments

Figure (12) and Figure (13)) show the net radiative heat flux distribution from the inner surface of
the bubble that contains the hot gasses to the outer surface of the bubble aatt the coolant side. It is
clear from Figure (13)) that the net radiative heat flux is higher at the inner surface 7.140×106
W/m2 compared with the outer bubble’s surface 2.506×105 W/m2, and this reduction in the net
radiative heat flux was due to the ab
absorption and scattering losses. This is clear from Figures (3(3
16), Figure (3-17),
17), Figure (3
(3-19) and Figure (3-20)
20) when the beam thermal energy propagates in
the medium, the thermal losses are high at small bubble volumes. The thermal losses were
observed to be low when the bubble’s volume was larger because of lower concentration of
particles inside the medium. This means that larger bubble size has lower losses under these
conditions of slightly non-linear
linear - anisotropic forward scattering, and the small bubble
b
sizes have
higher losses in energy as shown in Figure (3
(3-18) and Figure (3-21).
From reference [8]] the bubble’s radius of the sodium experiments is 80 mm, 100 mm, 110 mm,
130 mm for FAST-105,
105, FAST
FAST-104, FAST-106, and FAST-113,
113, and the bubble’s radius of the
sodium experiments is 60 mm, 80 mm, 90 mm, and 100 mm for FAST
FAST-110,
110, FAST-108,
FAST
FAST-109,
and FAST-107
107 respectively. the magnitudes of dimensionless heat fluxes at the outer surface are
0.0117, 0.0107, 0.0106, 0.0108 respectively as shown in Figure (3
(3-17).
17). The values of dimension
less heat fluxes in Figure (3
(3-20)
20) at the outer surface are 0.0153, 0.0118, 0.011, 0.0106
respectively.
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Figure 14. Effect of (
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Figure 17.. Effect of (

/(

Ratio on Radiative Heat Transfer under Sodium Experiments.
Experiments

In energy balance principle, the volumetric energy generation, the net radiative heat transfer rate
at the boundaries and the irradiance should also be considered as it indicated in Equation (29).
(
Table 1.The
The bubble collapse time at k = 0.082 m-1.
Expert. #

Calculated Aerosol

External RadiusREdge

Collapse Time (ms)

RiseTime
Rise
(S)

Mass mfog(g)

(m)

FAST104

1

0.1

24.49 ms

1.0702 s

FAST105

1

0.08

34.68 ms

1.17 s

FAST106

1

0.11

20.47 ms

0.231 s

FAST107

1

0.1

24.49 ms

0.1413 s

FAST108

1

0.08

34.68 ms

0.0903 s

FAST109

1

0.09

29.23 ms

0.1064 s

FAST110

1

0.06

47.3 ms

0.1824 s

FAST113

1

0.13

14.37 ms

0.0266 s

FAST 104

6

0.1

0.146 ms

1.07 s

FAST 106

6

0.11

0.122 ms

0.231 s
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FFTF

308440

1.72

2.12 sec

2.3 s

However, there is no significant effect for the nonlinear- anisotropic forward scattering
coefficient (a1, in-scattering coefficient) on the bubble collapse times, but the more prevalent
factor in the scattering processes is the out-scattering term. Hence, the bubble collapse time in the
scattering model was controlled by the net emission and out-scattering radiation parameters
[18].The conclusion that can be drawn from the data is that the reactor has a larger margin of
safety since the bubble rising time [5] is greater than the bubble collapse time as indicated in
Table (1). Good agreement was achieved when the results of the experiments of FAST 104 and
FAST 106 at 6 grams of UO2 mass are compared with R. L. Webb and A. B. Reynolds [16].
6. CONCLUSIONS
In the participating medium, the radiative transfer equation (RTE) controls the radiative intensity
as the Navier Stokes Equations controls the flow in fluid mechanics [18]. In the scattering model,
the total emission term in RTE is the most effective parameter in this model. This parameter is
dependent on four variables, the participating medium temperature (T = 4000 K), the refraction
index of UO2 (n = 1), the emissivity of UO2 (0.28) and the absorption coefficient of UO2 (k =
0.082 m-1). In the present study,P1 approximation method was used to solve the radiative heat
transfer equation (RTE) in spherical coordinates of participating medium confined between the
two concentric spheres. While analyzing the scattering model (Mie scattering) on Oak Ridge
National Laboratory (ORNL) FAST experiments and on Argonne National Laboratory (FFTF)
reactor, the analysis thus shows that the bubble rising time is greater than the bubble collapse
time thus increasing the safety profile of the reactor. From the analysis of scattering model in
Mie scattering type, we can conclude that there is greater margin of safety when the bubble rising
time is greater than the bubble collapse time since the bubble collapses (UO2 condenses) before it
can reach the top of the vessel therefore there is less chance of release of aerosol as in Oak Ridge
National Laboratory (ORNL) FAST experiments and Argonne National Laboratory (FFTF)
reactor.
NOMENCLATURE
upper case
I, Radiation intensity, (W/m2sr)
M, molar weight (g/mol)
P, pressure, (Pa)
R, bubble radius, (m)
RE, RF, internal and external radius, (m)
T, temperature, (K)
Ti, initial temperature level of coolant, (K)
V, volume, (m3)
lower case
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ebλ, spectral black body emissive power (W/m2/m)
hfg, the latent heat of condensation, (J/mol K)
m, the mass, (g)
n, the refractive index of (UO2).

º #, μ , The scattering phase function, (dimension less)
t, time, (s)

qr, radiative flux (W/m2)

Greek
β, function, (s-1)

»¼ , Spectral extinction coefficient, (m-1)

ε, coolant emissivity (dimensionless)
θ, polar angle, (rad)
µ, the cosine direction of θ (rad)

(¼ , optical coordinate, (dimensionless)
φ, Azimuthal angle, (rad)

c¼ , Spectral scattering coefficient, (m-1)

c, Stefan Boltzmann

5¼ , Albedo of scattering, (dimensionless)
subscripts
sat, saturation property
r, a radiation heat transfer quantity
R, quantity evaluated at r = R
B, bubble related quantity
∞, far-field quantity
w, wall
sat, saturation
λ, wavelength, (m)
τ, varying with τ- direction
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