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Abstract

Liquid sodium is widely used as a coolant of LMR(Liquid Metal Reactor} because of its physical
and nuclear properties. However, the liquid sodium is very chemically reactive with oxygen and wat-
er so that the study on the sodium fire plays an important role in the LMR safety analysis.

In this study, a sodium fire model is suggested to analyze the sodium pool fire where both the
flame and the reaction products are considered. And also, sodium pool fire analysis computer code,
SOPA, is developed. The sensitivity study on the experimental parameters such as the thermal radi-
ation from flame to atmospheric gas, the vessel cooling and the duration of sodium spill was perfor-

med. The results showed good agreements with experimental data in the literature.

1. Introduction

Liquid sodium is widely used as a coolant of LMR
(Liquid Metal Reactor) because of its good physical
and nuclear properties. However, liquid sodium spill
will lead to sodium fire since the operating tempera-
ture of liquid sodium is above the ignition tempera-
ture. The sodium fire releases the heat from the
chemical reaction with oxygen in the atmospheric gas
and from the sensible heat of the spilled sodium.
This can lead to containment failure due to the pres-
sure increase in the containment vessel. Therefore
the modeling of sodium fire plays an important role
in the LMR safety analysis.

Beiriger et al. [1] has suggested that the buming
rate of sodium pool fires in air is limited by the mass
transport of oxygen to the burning zone. In his ana-
lytical model a thin vapor layer upon the surface of
liquid pool was neglected and the flame temperature
was assumed to be equal to the liquid surface tem-
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perature. The burning rate of his calculations would
be too small since the actual flame temperatures are
higher than that of the liquid sodium surface. On the
other hand, Malet et al. [2] has suggested that the
burning rate of sodium is proportional to the initial
burning rate and depends on the oxygen concen-
tration and the gas temperature. In the sodium pool
fire, the initial burning rate depends on the geometri-
cal and initial atmospheric gas conditions. The initial
burning rate should be determined exactly to de-
scribe the sodium pool fire phenomena in his model.

This led some authors to carry out a theoretical
study for clarifying the effect of the vapor layer on
the burning rate of sodium pool fires. Newmann and
Payne[3] and Kikuchi[4] have made the flame model
to calculate the buming rate. Sodium vapor diffuses
from the liquid sodium surface to the flame and then
chemical reaction occurs in this flame region. In their
models, however, the informations about the con-

dition of atmospheric gas and behavior of reaction
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products such as Na;O and Na:0, etc. are necessary
to predict the sequence of sodium pool fire.

In this study, a sodium fire model is suggested to
analyze the sodium pool fire in which both the flame
and the reaction products are considered. And also a
sodium pool fire analysis computer code, SOPA, is
developed. The comparisons of the prediction results
with the experimental data given in the literature
were presented. The sensitivity studies of experimen-
tal parameters such as the thermal radiation from
flame to atmospheric gas, the vessel cooling and the
duration of sodium spill were performed. The results
showed good agreements with experimental data in
the literature.

2. Development of Mathematical Model
2.1. Physical Model and Basic Assumptions

In this sodium pool fire modeling, sodium vaporiz-
ed from the liquid sodium surface by the heat trans-
ferred from the flame region. The sodium vapor dif-
fuses toward the flame region where the chemical re-
action of oxidation occurs. As shown in Fig. 1, the
heat of chemical reaction is transferred from flame

region to atmospheric gas, to wall structure and to
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Fig. 1. Modeling of Sodium Pool Fire
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sodium pool surface by radiation, convection and
conduction.

For the modeling of burning rate, the following as-

sumptions are made :

(@ Steady-state combustion is sustained under iso-
baric conditions,

@ Entire heat is released from the flame surface
of infinitesimal thickness where the weight frac-
tions of sodium and oxygen approach zero,

@ The mass flow rates of sodium and oxygen are
stoichiometric at combustion surface,

@ In the flame sheet, sodium and oxygen needed
to sustain combustion are supplied by a dif-
fusion mass flux from the pool and turbulent
mass transfer from the atmospheric gas, re-
spectively, and

® The atmospheric gas obeys the ideal gas law.

2.2. Mathematical Model
2.2.1. Mass Balance at the Flame Sheet

Sodium Vapor Flux at the Flame Sheet
The diffusion equation of sodium vapor from the

sodium surface to the flame sheet is given by[5]

dYNa(x)

CDna dx =(Opn+ Q)N,) Yno(2) — Opa (1)

In Eq.(1), the inert gas flux, ®n, can be set to zero
over the region between the flame and the pool sur-
face since there is no sink for the inert gas. Equation
(1) can be solved under the boundary condition at
the pool surface.

P a, s
Ya(2) = —IIDV: at x=0 (2)

By integrating Eq.{1) and using the boundary con-
dition of Eq.(2), Yax(x) can be expressed as
P,— Py s
__R_Pg_N__] . . x) (3)

At the flame, Yan becomes zero. Thus the sodium

Vi) =1~ [

vapor flux at the flame sheet can be expressed as

_ CrDm Pg
@Na_ 2/ ln[ Pg_PNa.s] (4)
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By substituting ®n. into Eq.(3), the mole fraction
of sodium vapor is obtained as follows :

_x
%

Yn(x) = 1—[£’:13£N5i] (5)

Oxygen Mass Flux at the Flame Sheet
The equation for the oxygen mass transfer from

the atmospheric gas to the flame sheet is expressed
as[5]

@o,= Yo,(00,+ On)+ K- (Yo,—~ Yo,/ (6)
where Yo. and Yo:, are the mole fraction of oxygen
at the atmospheric gas and at the flame sheet, re-
spectively.

Since there is no sink for inert gas at the flame
sheet, On. becomes zero in Eq.(6). It was observed
that in a combustion process, the chemical reaction
rate is much higher than that of mass transfer pro-
cess, so that Yo., can be set to zero. With these con-
ditions, ®c. in Eq.(6) is transformed into

Yo,
%=1y, ‘K atx=t, 7

To obtain the mass transfer coefficient K in Eq.(7),

the heat-mass transfer analogy is invoked[5]. The Fuj-

ii-Imura[6] empirical correlation for heat transfer
from a heated horizontal plate to atmosphere was
adapted to simulate the mass transfer of oxygen
from the atmospheric gas to the flame sheet. The
equation is:
Nu=0.16 (Gr- Pr)'®  for Gr- Pr <2.0x10* (8)

By means of heat-mass transfer analogy, Eq.(8)
becomes

Sh=0.16 (Gr- So)'? ©)

where Sh, Gr and Sc represent Sherwood number,
Grashof number and Schmidt number, respectively.
From Egs.(7) and (9), the oxygen mass flux at the
flame can be obtained as follows :

_Bx_ 113 YO,
@o,=0.16 Do, | g Vi (T/_ Tg) Sc - C, 1— YO,

(10)
Mass Balance of Sodium Vapor at the Flame
Sheet
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If we introduce the proportional constant X, which
is the stoichiometric combustion ratio, we can de-
velop the mass balance of sodium vapor at the flame

sheet conveniently.

O
X =3, (11)

By substituting Eq.(4) and Eq.(10) into Eq.(11),

the mass balance at the flame sheet is expressed as

C/Dna Py \_
ey ln( PE_PNa.S)_

(12)

P 13 Yo,
a4 — .
0160055 (1T S - (Cop=y X

2.2.2. Energy Balance at the Flame Sheet

At the flame sheet, the heat flux of combustion Qs

can be expressed as

Qo= Qpt Qpt+ Qu (13)

where

Qs =heat flux of combustion

Qs =heat flux from the flame sheet to the
atmospheric gas by convection and radi-
ation

Op =heat flux from the flame sheet to the so-
dium pool surface by conduction and
radiation

Qrn  =heat flux from the flame sheet to the wall

structure
The correlations of these Qs, Qs Q» and Qw can

be written as follows :

Qb=wNa'MNa'Q ( =00,'X'MNa'Q) (14&)

Qr=hy (Ty—T)+ey o(TI—T2) (14.b)
Qp=1~4n," EZ—;Q | xme,tep 0" (Ti—T13) (14.)

Qp= 2‘ Epi* 0" (T}‘ T4:) (14.d)

where

Q@ =combustion heat per unit mass of so-

dium
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M.  =mole flux of sodium
hy  =convective heat transfer coefficient from
the flame sheet to the atmospheric gas
The conductive heat flux from flame sheet to so-
dium pool surface can be obtained by solving Eq.
{15).

V- ((Gepey Ty —AeyVTy) =0 (18)

(Gep)et is the effective heat capacity related to

mass transport and is defined as :

(Cepder =(Gc))m—(GEy) nao— (G Ch) nayo, (16)

where G is the mass flux in unit of ka/m’sec. Ther
efore, Eq.(15) can be rewritten as

arty Ly

(Geploy- o —/19//'—&,;2“2=0 (17)

7 is the temperature of the region between the
flame and the pool surface. The boundary conditions

of T, are given as
T/,,(x)= T/ at x= 2 7
Tplx)=T, atx=0

Also, the effective thermal conductivity in the vap-
or region(ls) can be approximated as the thermel
conductivity of nitrogen{/x.), because Yw + in is
much less than Ya - An in the sodium vapor region.
With the boundary conditions and Eq.(17) the temn-
perature distribution Ty, is obtained as
T2 = Tyt = (GTC)? .

exp(——p—xN = ¢ /) —1

H

[exp(LGTCL)i . x) - 1} (18)
Using Eq.(18), we can obtain conductive heat flux

as follows :

dTy, Gy (Ty—Ty)

(GC”)“”AN'? I ee= exp[ (Gepley - 2’]~‘|
AN: -

exp[*(cca);” s ] (18)

By substituting Egs.(10) and (19) into Egs.(14.2)
and (14.c), respectively, and combining these with
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Eq.{(14.b) and (14.d), the energy balance equation at
the flame sheet is expressed as

8 13 YO,
0.16 Do2 [g_vf(T/_ Tg) SC] (Ca 1— YOZ )
1/3
XMy Q =0.16 ag(g% Pr) (Ty= T,)"
£

(Ce)ley(T,=T,)
exp[ﬁ-c‘h;)u/L 2/]—1

‘e 0 (Th—Th) +
A
exp[—(gﬁ)i E/]+6/p'0'(77— T})

+ 2w 0 (T)=Tw)  (20)

2.2.3. Energy Balance at the Pool

The energy equation for the pool is written as fol-

lows :
dT, ;
(m Cp) Na, i—_df'-—
= Qp— Qu— Qupt Qi-1.i— Qiit1 (21)
where
{(mco)nes = heat capacity in the i node
Toi = mean temperature of the sodium in the
" node
o]% = heat transfer rate from the flame sheet

to the sodium pool surface by conduc-

tion and radiation

Qe = heat transfer rate from the pool surface
to the wall structure by radiation

Quw = heat transfer rate of vaporization

Qu+1 = heat transfer rate by conduction be-

tween nodes i* and (i+1)®
The expressions of Qf, Qm, Qup and Qi+: are as
follows :

Q./ﬁ=/1’vz%-/a | s=0- Aptep 0 (T)—T3) - A,
. . (22.a)
pr= Zebwg to (T;“ Td“") : A" (22b)
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pr= wNa * MNa * AHu * Ap (22C)

Qiis1=Riie1 (Ti— Tis1) - Aiin (22.d)

T, can be defined as T in convenience. Using
(18}, we can obtain the heat flux by conduction at
the pool surface as

dTy, (Gepley (T~ T)
v | em0= Pt (23)

exp[.gc_/lc.L)E[L ) ,] -1
N,

The sodium pool temperature can be determined
by solving Eq.{21) with the constitutive Eqs.(18) and
(23).

2.2.4. Energy Balance at the Wall Structure

The energy equation is written as follows :

(mc,) M%
= Qut Qu— Qut Qi-ri— Qiivr  (24)
where
{mcy)w = heat capacity in the i node
T = mean temperature of the siructure in
the i* node
Ow = heat transfer rate from the flame sheet
to the wall structure surface by radiation
Qn = heat transfer rate from the pool surface
to the wall structure by radiation
Qus = heat transfer rate from the wall structure
surface to the atmospheric gas by con-
vection and radiation
Qu+1 = heat transfer rate by conduction be-

tween nodes i® and (i+1)*
The expressions of Qp, Qu, Qus and Qi1 are as
follows :

(25.a)

Op=Ep 0 (TH—TL) - A4, (25. b)

Que=hug " (Tu—Ty) * Ayt eug- 0 (Th—Te) + A,
(25. ¢)

Qiivi=Aiisr - (Tuwi= Twix) " Aiiny (25.d)
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2.2.5. Energy Balance at the Atmospheric Gas

The energy equation at the atmospheric gas is writ-
ten as follows:

(m c:,,),,,()'lf‘j{-'= Qi + Qe + Qug (26)
where

(mc,)s = heat capacity of the atmospheric gas

Ts = mean temperature of the atmospheric
gas

Qn = heat transfer rate from the flame sheet
to the atmospheric gas by convection
and radiation

Qwn = heat transfer rate from the pool surface
to the atmospheric gas by radiation

Qus = heat transfer rate from the wall structure

to the atmospheric gas by convection
and radiation
The expressions of Qrs, Qps and Q. are as follows:
Qu=hp(T;—Tg) - Ayteg-o-(T)—Tg) - A,
(27.a)

Que=€w" 0" (Th—T%) ‘A, (27b)

ng= hwg( T.— Tg) ° Aw+€wg c 0 (7410_ 7:) ° Aw
(27.¢)

2.2.6. Atmospheric Gas Pressure

The atmospheric gas is assumed to be ideal gas
and the gas pressure is given by

P,=C,"R-T, (28)

2.2.7. Burning Rate, BR(?)

In this model, we can determine the six unknowns,
21, Ty, Ts, Tw, Ts and P, by solving Eqs.(12),(20),
{21),{24),(26) and (28) simultaneously along with the
other equations which govern surrounding regions.

From the mass balance of sodium vapor at the
flame sheet, the burning rate can be obtained as
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BR(t) = @Na * MNa

=00, X Mun

B 13
= (.16 Do, g—yé"-( Ty~ T,)* Sc
p:4

Yo,

S X My, -

2.3. Constitutive Equations

2.3.1. Stoichiometric Combustion Ratio(X) and
Combustion Heat{Q)

The following chemical reactions occur during the

combustion process in this model.

4 Na+ 02 g 2Na20+4 Ql (30&)
2 Na+ 02 g Na202+2 QZ (30b)

If we introduce the factor f, which is the fraction of
total oxygen consumed to form sodium monoxide,

the above chemical reaction process is rewrit'en as

L fNa+f O, — 2fNa,0+4 fQ,

2(1—ANa+(1—=H0y = (1= NHNa; 0, +2 (1N,

=5[4 f+2 (1—HINe+ O — 2 fNa;0O
+(1=HANay O, +[4 FQ+2(1 - HQ;1  (31)

Therefore, we can express the X and Q with f, 1
and Q2.

X=20+5 (32)
2/ +(1-9Q,
Q=" (33)

2.3.2. Effective Heat Capacity Related to *he
Mass Transport

If we introduce the factor fa, which is the fraction
of total combustion products falling into the pool
from the flame sheet, then

(G e)na=Ona* Mua* Copra (34.a)
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27 fanao
2(1+ 5

(G Cp) Na,0 = [ Pne ] ° MNa;O * € pNa,0

(1 _f)fd,NazO;

(GC,) Na,0, = [d)Na 2(1+f) ] . Al),/azo2 * C pNa,0,

(34.c)

By using Eqgs.(34.a) through (34.c} and Eq.(4), and
by definition of effective heat capacity given in Eq.
(17), the effective heat capacity can be expressed as

C,DN,,.ln( P, )

(Geyleyy = z, P,— Pr.s
f-f lay
[(M Cp)Na - ﬁ * (M Cp) Na,O
(1_'f)f , Na
+ 2 (1 +ﬂ'f1)V O ° (M Cp) Na;O;] (35)

2.3.3. Oxygen Concentration, Co.

The oxygen concentration is defined as

Co,=Cs* Yo, {36)

where C. and Yo: are total molar concentration of
atmospheric gas and molar fraction of oxygen, re-
spectively. The balance of oxygen concentration is giv-
en by

dCo,
Vg dto :—(a’oz 'Ap)

{37)

By definition, the molar fraction of oxygen is given
oy

—_ _.___COZ
Yo="¢, +Cn, (38)
With Eq.(10), Eq.(37) is transformed into
dCo, 3 1
01 20,16 Do, - [g;g(T,— Tg)-Sc] :
A Ca YO
Ay _balo
7Ty 69)
Therefore, Egs.(38) and (39) vield
dY, \ 8 1/3
L2 =—0.16 Do, - [g;rg(r,— T,)- Sc]
* AV& * }loz (40)
14
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During the small time interval 4t, the physical
properties and temperature of the gas and tempera-
ture of the flame can be approximated to be con-
stant. Therefore, Eq.(40) can be expressed as

dYo,

—_—r. 41
dt {- Yo, “1)
where

B 1/3 A
(=016 Do, [£28(T)=T,) - 5o| - 2 42)
4

The value of { is the function of the time, t, but is
constant during 4 t. As a results, by integrating Eq.
(41) during time interval 4t, we can obtain molar
fraction of oxygen as follows :

Yo (t+d)=Yo(t) -t (43)

3. Results and Discussion

With the flame model, the SOPA{Sodium Pool
Fire Analysis Code) computer program has been de-
veloped to simulate sodium pool fire, and its algor-
ithm is shown in Fig. 2. SOFIRE-II code[1], which is
developed in USAEC, does not include the flame
model, but it is used to predict the sodium pool fire,
generally. Therefore, in this study, the AB1 sodium
pool fire test[7] performed by HEDL was simulated
by SOPA and SOFIRE-II code, and the comparisons
of prediction accuracy between two codes are carried
out to verify the importance of the flame model. In
the result SOPA agrees well with the experimental
data rather than SOFIRE-Il computer code. Also the
FAUNAS test[8] performed by KfK was simulated by
SOPA, and the sensitivity study on the radiation ef-
fect, the vessel cooling effect, and the effect of so-
dium spill duration was presented.

The test conditions for AB1 test are presented in

Table 1 and the calculation results are shown in Fig.
3. The predictions of atmospheric gas temperature
and pressure are overestimated as compared to the
experimental data, but the predictions of SOPA are
more realistic than those of SOFIRE-II. At the be-
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Fig. 2. Algorithm of the SOPA Computer Program
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ginning of test, the first peaks of temperature and
pressure have been observed and it seems to be the
effect of the sodium filling. During the sodium spill,
the contact area between liquid sodium and atmos-
pheric gas is larger than that after sodium spill and
thus the sodium buming rate is much larger at the
beginning.

The test conditions for FAUNA5 are shown in T-
able 2 and the calculation results are shown in Figs.
4 through 7. As shown in the figures, there is good
agreement between the calculated results of SOPA in
reference case and the experimental data. The con-
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Table 1. Test Conditions for AB1 Test

Containment Vessel

o Diameter(m) 7.62
o Overall height(m) 203
o Volume(m?) 850
o Total intemnal surface (m?) 1000
o Leakage rate(%/day at 10 psig) 20
Sodium Spill 410
o Mass sodium spill(kg) 44

o Sodium burn pan surface (m?) 600
o Initial sodium temperature( ) 60

o Duration of sodium filling(s) 3600

o Sodium fire duration(s)

‘nitial Containment Atmosphere

o Oxygen(vol. %) 198
o Temperature(C) 26.5
o Pressure(MPa, absolute) 0.125

0155 prer T T T T T T v

- - Prediction (SOPA)
Prediction (SOFIRE &) 4
150 |-
o= O  Exp Data (AB 1 test)

Pressure. ¥2a

' L )
[ 1000 2000 3000 4000 5000 6000 7000 8ccy

0120 L

Time, sec

{(a) Pressure of the Atmospheric Gas

130 T T T T T T

——— Predicton (SOPA) B
- Prediction (SOFIRE-I)
©  Exp Data (AB-1 test)

o}

Texzperature.

I

' : L 1
[+] 1006 2000 3000 4000 5000 6000 7000 8050

tme, sec

(b) Temperature of the Atmospheric Gas

Fig. 3. Comparison of Predicted and Experimental
Data (AB-1 test)

ditions of reference case are D with vessel cooling,
@ without filling effect, and @ & =0.65. As explained
above, there are also first peaks in pressure and tem-
perature of FAUNA-5 experimental data at the be-
ginning of test. In Fig. 7, there is a temperature fluc-
tuation in experimental data, and this phenomenon
is also explained by the effect of sodium filling. This
effect continues longer in case of the FAUNA-S test
than in the ABL1 test because of the difference in so-
dium filling duration.

The sensitivity study on the effect of thermal radi-
ation, vessel cooling and sodium spill duration was
performed and shown in Figs. 4 through 7. In the fig-
ures, the solid line in the legend is the reference
case, dashed line is the case of without vessel cool-
ing, dot line is the case of with filling effect and cen-
tered line is the case of £=0.3. As shown in Figs. 4
and 7, there are great discrepancies between the cas-
es with and without vessel cooling in the pressure
and temperature of the atmospheric gas. In the case
that the vessel cooling effect is not considered, the
pressure in the vessel saturates to the maximum one
and the temperature increases continuously. But in
the case of vessel cooling, the pressure and tempera-
ture increase to the maximum value and decrease
gradually. The maximum predicted pressure is the
same in two cases, but the trend is greatly different.
Therefore, the vessel cooling effect is important and
it must be considered carefully in the sodium pool
fire analysis.

In FAUNA-5 test, the sodium filling duration was
20 minutes. With filling effect, the contact area be-
tween liquid sodium and atmospheric gas is con-
sidered as 1.2 times of the burning pan area during
first 20 minutes. In the early stage of test, the first
peak pressure and temperature occur but the peak
appearance time is faster than that of experiment.
More detailed modeling about the sodium filling is
required in SOPA program.

Lastly, the effect of thermal radiation from flame
sheet to atmospheric gas is considered. The solid line
is the case that the thermal radiation emissivity is
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0.65 and the centered line is the case that the ther-
mal radiation emissivity is 0.3. From these results, it
is concluded that the effect of thermal radiation is
less dominant than that of vessel cooling.

Table 2. Test Conditions for FAUNA-5 Test

test conditions
Volume (m?®) 220
o Wall area(m?) 176
o Wall thickness(mm} 16
o Burning pan area{m?) 20
o Amount of sodium(kg) 350
o Init. gas pressure(kg/cm® abs) 1.03
o Init. gas/wall temperature(C) 25
o Init. sodium/pan temp.(C) 480
© Init. Oz concentration{vol. %) 21
o Duration of sodium filling(s) 1200
o Sodium fire duration(s) 7200

0.15 T Y T T T

o s
014 | - - - - without cooling 1
L onie05

Pressure, MPa

1 1 s I

4000 5000 6000 7000 8000
Time, sec

0.09 .

1 L
0 1000 2000 3000

Fig. 4. Pressure of the Atmospheric Gas
(reference case : with cooling, without filling ef-

fect and £=0.65)
T T T T T T T
024 4
O Exp data (FAUNA-S)
022 4 —~reference case -
-~ - = without cooling
020 with fung effect -
® Py 0000 -
S 018 | E
>
c 0.16 |- g
K]
S0t g
8
012
g ]
O 010} 4
008 | T B
006 |-
' L L s L s s
[ 1000 2000 3000 4000 5000 6000 700D 8000
Time, sec

Fig. 5. Oxygen Concentration
(reference case: with cooling, without filling ef-
fect and £=0.65)
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4. Conclusions

An advanced model is suggested to analyze the
sodium pool fire where both the flame and the reac-
tion products are considered. And also the SOPA
computer program is developed. The numerical res-
ults showed good agreements with experimental data
in the literature.

From the sensitivity study of experimental paramet-
ers such as the themmal radiation from flame to
atmospheric gas, the vessel cooling and the duration
of sodium spill, the following conclusions are obtain-
ed:

@D since the vessel cooling effect shows the different
trends in the temperature and pressure histories

200 Y v . Y T T T
180 1
160 | JUUUUSORIL o B
140 | o © pemmem T 1

120
100

s L7/

Temperature, C

i
&0 O Exp dala (FAUNA-5}
~—— refetence case
- - = = without cookng

- wath Sling effect

_____ emssivity=0 3 1

40

201

0 It L 1
o 1000 2000 3000

i
4000 5000 6000 7000 8000
Time, sec

Fig. 6. Sodium Pool Temperature
(reference case : with cooling, without filling ef-
fect and £=0.65)
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refetence case

- - - without cookng B
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== emussanty=0 3

200 ¢
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0 It L 1 4
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Fig. 7. Temperature of the Atmospheric Gas
(reference case : with cooling, without filling ef-
fect and £=0.65)
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@

@

of the vessel, it must be considered carefully for
the pool fire analysis,

the sodium filling duration and condition are very
sensitive in the early stage sodium pool fire, ther-
efore the more detail mode! of the sodium filling
mechanism is required in the future work, and

it is reasonable that the thermal radiation emiss-
ivity between the flame and the atmospheric gas
is 0. 30-0. 65, but experimental verification is reg-

uired.
Nomenclature

A area, m®

Ca total molar concentration of atmospheric gas,
mol-gas/m®

G total molar concentration of gas in region be-
tween flame and pool, mol-gas/m*

C» specific heat at constant pressure, J/kgK

e specific heat at constant volume, J/kgK
diffusion coefficient, m?/sec
fraction of total consumed oxygen used to
form sodium monoexide

g gravitational acceleration, m/sec?

G mass flux, kg/m’sec

h heat transfer coefficient, watt/m°K

k mass transfer coefficient, m/sec

X mass transfer coefficient { =C.k), mel/msec

2 distance between pool surface and flame
zone, m

L reference length, m

m mass, kg

M molecular weight, kg/mol

{Gcp)et effective heat capacity related to mass trans-
port, watt/m’K

P pressure, Pa

Q combustion heat per unit mass, J/kg

o) heat transfer rate, watt

o} heat flux, watt/m’

T temperature, K

x distance from sodium pool surface, m

Y mole fraction

Ve

v

Sh

x> ™ o™ R
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volume of cell, m®

Dimensionless Number

S

=g5LAT

<

i

I

Il

of ol =l ~f

Greek

= thermal diffusivity, m?/sec

= volumetric thermal expansion coefficient, /K

= egmissivity

= thermal conductivity, watt/mK

= kinematic viscosity, m?/sec

= Stefan-Boltzmann constant, watt/mK*

= time averaged constant defined as Eq.(42),
/sec

= stoichiometric combustion ratio, mo!-Na/mol-
O

= mole flux, mol/m’sec
Subscript

monoxide formation

proxide formation

flame

between flame and atmospheric gas
between flame and sodium pool
between flame and wall structure
atmospheric gas

i-th node

nitrogen

sodium

Na,s saturated sodium

02

oxygen



250

p sodium pool

pw between sodium pool and wall structure
vap vaporization of sodium

w  wall structure
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