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Abstract

The SOFIRE Il computer code for the calculatiorsadium pool fires has been obtained
from the Reactor Safety Information Computation@nt@r and the SOFIRE 1l ONE
CELL version has been implemented at Argonne Natibaboratory (ANL). A critical
review of literature relevant to sodium pool fitess been carried out with the objectives
of understanding sodium pool fire phenomena and h@N specific phenomena are
modeled or neglected in SOFIRE Il. Significarggictions about sodium pool fires can
be made on the basis of first principles analydeseamaking use of the existing
experiment database and knowledge base. In implemgeSOFIRE 1l ONE CELL,
minor modifications were necessary to compile ardcete the code on a personal
computer (PC) and to verify the results of the teste problem. The code was applied to
the AFR-100 Sodium-Cooled Fast Reactor (SFR) desigralculate a sodium pool fire
following a postulated failure of the sodium staragssel of one of the four intermediate
sodium heat transport circuits and the subsequedse of sodium onto the floor of the
steel-lined compartment in which the sodium storagssel is located. SOFIRE Il
calculates that only a small fraction of the reéshsodium burns due to the rapid
consumption of the available oxygen inside of tlesed compartment. The preliminary
results demonstrate the effects of the heat simisiged by the compartment floor,
walls, and ceiling in reducing the temperaturehef sodium pool with time.
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1 Introduction

The SOFIRE Il code for the analysis of sodium pfwas is an older computer code and
hasn’'t undergone any further development in the Bire it was partially documented in the
User Manual in 1973 [1]. Significant experimentlamalysis work on sodium pool fires was
subsequently carried out and an extensive undelisgof sodium pool fires and their
potential consequences has been developed. Tblesty Newman [2 through 5] provide a
good summary of much of what is known about sodpgal fires. The following discusses
the phenomena relevant to sodium pool fires andatels how those phenomena are modeled
in SOFIRE Il or are neglected in SOFIRE Il. Sonwmemworthy previous extensions of
SOFIRE Il in Japan and India are also discussed.
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2 Sodium Pool Burning Phenomena and SOFIRE Il

2.1 Sodium Pool Burning Phenomena and Pool Burning Rates

When a component or pipe fails, sodium is initialgleased as a stream having a
configuration and diameter reflecting the confidina and size of the break over a time
dependent upon sodium flow through the break. Dejpg upon the circumstances, the
stream may partially or completely break up intopllets giving rise to a sodium spray fire in
the presence of an oxidizer such as the oxygenrinEhe stream may impact upon other
components or piping resulting in further breakgndium collects upon the floor forming a
pool that burns. SOFIRE Il only treats burningafodium pool and ignores any other
sodium burning modes; the sodium pool is assumée formed instantly.

The lowest partial pressure of oxygen for ignitafrsodium is reported to have been 3 % [5].
For a pool configuration, ignition temperatures 3ff0 to 320 °C are reported in damp
atmospheres, 200 °C in dry air/oxygen, and as W29 to 150 °C if the sodium is stirred or
in the form of drops such that surface layers ao&dn up [5].

It is well established that the rate of burningaadodium pool is limited by the rate of oxygen
transport to the pool upper surface. The burnatg can thus be formulated in terms of a
mass transfer coefficient times the air densitye8nthe difference between the bulk oxygen
weight fraction and the oxygen weight fraction e tlame zone (i.e., zero). This was
understood before 1973 and is thus incorporateal 8@OFIRE Il. The SOFIRE Il code
assumes a mass transfer coefficient obtained frdmeaa transfer coefficient for turbulent
natural convection from a horizontal flat plate bplacing the Nusselt number by the
Sherwood number and the Prandtl number by the Sithmamber. For sodium pools having
a diameter/size of about 0.1 m or greater, the flwrbulent whereas for smaller diameter
pools the flow is laminar and a different mass ¢fancorrelation for laminar flow should be
used [5].

As a check on the turbulent mass transfer and thexadfer correlations assumed in SOFIRE
I, the author is familiar with the correlation Globe and Dropkin for natural convection in

liquids confined between two horizontal plates wigmting at the lower plate and cooling at
the upper plate [6]. Their Nusselt number corretais

1
Nu=0.069(Gr Pr)3 Pr>"

where
Nu = Nusselt number,

Gr = Grashof number,
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Pr = Prandtl number.

Their correlation spanned Rayleigh numbers, Ra PGfrom 1.51 x 10to 6.76 x 18 and
Prandtl numbers from 0.02 to 8750.

The Globe and Dropkin experiments incorporatedihgatt a lower surface and cooling at an
upper surface. The Nusselt number thus descHigesftects of a resistance to heat transfer at
the lower surface and a resistance to heat tramgféine upper surface assuming that the
effects of turbulent natural convection result innsre or less uniform temperature
distribution across most of the height betweenupger and lower plates with the exception
of the regions near the plates. Assuming thateékestances are identical because the rate of
heating equals the rate of cooling in steady sthie,heat transfer coefficient at the lower
plate alone is given by the inverse of half of tmnbined resistance. It follows that the
Nusselt number for heat transfer at the lower pd¢tee is equal to twice that for heat transfer
at both plates. Thus, it is expected that the Iwaisfer correlation for turbulent natural
convection from a heated horizontal surface is

1
Nu =0.138(Gr pr)§ po-074

The correlation assumed in SOFIRE Il is

1

Nu=0.14(GrPr)?

This correlation is for turbulent natural conveatiimom upward facing horizontal plates and
is attributed to Fishenden and Saunders [7]; it @@smonly used at the time that SOFIRE Il
was developed.

The Grashof number is proportional to the cube deregth scale which is the height
difference between the upper and lower surfacesarGlobe and Dropkin case and the plate
length in the case of a correlation for naturalvamtion from a horizontal plate such as the
correlation of Fishenden and Saunders. Howeverause of the 1/3 power dependency of
the Nusselt number, the length scale drops odtegtguation for the heat transfer coefficient.
In calculating natural convection heat transferadfé burning sodium pool, a question would
be what value to use for the length scale whiakelsted to the size of the flame zone above
the sodium which is poorly known or the diameter side length of the pool. The
cancellation of the length scale in the heat tramsbefficient is fortuitous enabling the
calculation of turbulent natural convection heansfer per unit area or mass transfer per unit
area from a burning pool without needing to know dameter or side length of the pool.

In SOFIRE Il as well as other treatments of oxygess transfer to the flame zone, the mass
transfer coefficient is obtained by simply replarithe Nusselt number by the Sherwood
number and the Prandtl number by the Schmidt numbéhus, the Sherwood number
correlation assumed in SOFIRE Il is

ANL-ARC-250 3
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1

Sh=0.14(GrS¢)?
where

Sh = Sherwood number,
Sc = Schmidt number.

For forced convection flow in which heat transfepdnds upon a Reynolds number, Re, and
a Prandtl number, replacing Nu by Sh and Pr bysSalid because the heat and mass transfer
equations are similar; both depend upon the sarogityefield that is determined by only the
configuration and Re. However, in general, thisspription is incorrect for thermally-driven
natural convection because the velocity field delgenpon the configuration, the Grashof
number, and the Prandtl number. The configuratod Grashof number alone do not
determine the velocities in the way that the camfagion and Reynolds number do for forced
convection. An example is the correlation for matwonvection from a vertical flat plate of
Churchill and Chu [8]. For the case of a liquidtatesuch as sodium for which Pr/Se 0,

the Sherwood number for thermally-dominated natwahvection is obtained from the
Nusselt number by replacing

Ra=GrPr

by

4
Ra (§j3 )
Pr

In contrast, for the case in which the Schmidt &redndtl numbers are equal, Sc = Pr,
Churchill and Chu recommend replacing GrPr by GHGr'Sc where the latter is a

“Rayleigh number,” Ra’ = Gr'Sc, reflecting the afte of changes in specific volume arising
from changes in composition. For example, reactbroxygen and carbon dioxide with

sodium removes oxygen and carbon dioxide from dianging the air density and

contributing to natural convection. Their recommuh&iion is based upon earlier results of an
investigation by Saville and Churchill [9].

For air at atmospheric pressure and a temperatfu® 6C, the diffusivity of oxygen in
nitrogen is 2.74 x I®@m?s. The thermal diffusivity of air at atmosphepiessure and 60 °C
is 2.65 x 10 m?/s. Thus, the diffusivities for mass transfer afgen in air and for heat
transfer in air are nearly identical. The diffugifor momentum, 1, is equal to 1.89 x 10

m?/s. The Prandtl number is defined as the ratidghef diffusivity for momentum to the
diffusivity for heat and equals 0.713. The Schmmdtnber is the ratio of the diffusivity for
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momentum to the diffusivity of oxygen in nitrogendaequals 0.690 which is only 3.3 % less
than the Prandtl number.

According to the recommendation of Churchill anduCbne would expect that the mass
transfer coefficient is obtained from the heat $fan coefficient by replacing Nu by Sh and
GrPr by GrPr + Gr'Sc. The second term is expetbede relatively small compared to the
first because the specific volume changes duenmval of oxygen and carbon dioxide from
air are small compared to the specific volume ckardpe to changes in temperature. Thus,
the Prandtl number should not be replaced by then&tt number in the Sherwood number
correlation; the Prandtl number should be retainddowever, because the Prandtl and
Schmidt numbers are so close, replacing Pr by 8srdbproduce any significant error. The
prescription that has been followed in sodium pi@ analysis of replacing Pr by Sc is
incorrect but has worked simply because of theufate situation that Pr and Sc for air
reacting with sodium are virtually the same.

Al-Arabi and El-Riedy [10] reviewed earlier heaarsfer correlations for natural convection
from upward facing horizontal plates and perforregderiments for natural convection of air
from upward facing horizontal plates for Rayleiglmbers, Ra, between 2 x°18nd 16.
The transition between laminar and turbulent floasviound to occur at a Rayleigh number
of about 4 x 10 For the turbulent regime, they obtained the raaisfer correlation,

1
Nu=0.155GrPr)? .
Al-Arabi and El-Riedy stated that the uncertaingga@ciated with their correlation is + 12 %.
Their correlation provides Nusselt numbers thatl&& % greater than the earlier Fishenden
and Saunders correlation assumed in SOFIRE Il. e®Bagpon the Al-Arabi and El-Riedy
correlation, SOFIRE Il might thus underestimategbdium pool burning rate by 9.68 %.

For the laminar regime, Al-Arabi and El-Riedy ol the correlation,

1

Nu=0.70(GrPr)*
which they claimed has an uncertainty of + 14 %.

The Rayleigh number,

RazGrPr:—pch’gBATL3
pk

where

p = density,
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cp = specific heat,

g = gravitational acceleration,

B = volume coefficient of thermal expansion,

AT = temperature difference between plate surfadebaik atmosphere,
L = plate length,

K = viscosity,

k = thermal conductivity.

The reaction products of sodium burning with oxygea sodium oxide, N®, and sodium
peroxide, NgO,. Examinations of residues from sodium pool érperiments have revealed
the presence of both sodium oxide and sodium peeoxiSOFIRE Il assumes an input
constant specifying the fraction of oxygen consunredproducing sodium oxide versus
sodium peroxide. This input constant determinesatimount of sodium reacted per unit mass
of oxygen consumed as well as the heat releasairpemass of oxygen consumed. The
constant ratio is assumed throughout the duratidtheoSOFIRE Il calculation. In reality, the
amounts of oxide and peroxide created vary ovee.tinihis was recognized in 1973 and is
even discussed in the User Manual with regard topasison with data. With the constant
input parameter, SOFIRE Il has been compared wéta dnputting the ratio measured
posttest and assuming the same input parametargthoat a calculation. Of course, this is
not a true test of the code predictions versus raxgat as one would have in a blind pretest
prediction without knowledge of the relative amaurdf oxide and peroxide residues
generated during the test beforehand.

According to Newman, sodium burning initiates wikhmeless combustion involving rapid
surface oxidation with the formation of a grey garproduct close to the sodium surface.
Initially, sodium oxide is formed. The theoretiadénsity of sodium oxide is 2270 kg/m
compared with a sodium density of 811 kiymHowever, for pool surface temperatures
below 600 °C, the sodium oxide accumulates atopuihyger surface of the sodium pool.
Newman [5] attributes this behavior to the existent a supporting layer on the surface of
the liquid metal sodium associated with the greypjaulayer observed during the pool
ignition phase. The oxide surface thickness rgmdbws and wrinkles with oxide nodules or
pillars growing in random locations. Newman conég to describe how at 350 to 450 °C,
small flames marked by light and dark smoke emmssi@ppear on the nodules marking the
beginning of vapor phase combustion. The oxidangilare porous and are recognized to act
as wicks into which sodium is drawn upward by dapjl action and heated. Because the rate
of sodium transport is limited and the sodium beesmemote from the underlying pool, there
iIs an overabundance of oxygen such that furthedaixin to sodium peroxide occurs.
Sodium peroxide is yellow and can be observed stindt from white sodium oxide during
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burning. Newman notes that at a later stage ligodium can begin to wet the oxide and is
drawn up to react with peroxide releasing heattasduces the peroxide to oxide further
contributing to vapor phase combustion [5].

Vapor combustion on the nodules continues untilgbel attains a temperature of about 600
°C when the nodules appear to sink into the pootlieappear. Newman associates this
transition with wetting or decomposition of the grayer at about 600 °C such that the
overlying wicks are no longer supported upon theydayer raft [5]. Analysis of the grey
layer revealed that carbon is a major constituezgymably formed by the reaction,

4 1.2
ZNa+CO, - =C+<Na,CO
3 273 3 %~

with atmospheric C® Newman states that calcium, silicon, and oxygere also detected
in the carbon-based compound and that it has beepoged that the compound may
disappear due to oxidation of the carbon by tra¢d$a,0, formed near the carbon layer but
not in direct contact with the sodium. The,acould be formed by interactions between
Na&O and Q or CG, and NaCOs. He also notes that alkali metal oxides and aqzatbes are
known to catalyze the ignition of carbon and lower ignition temperature to about 600 °C.

Above 600 °C, combustion occurs with a flat flanh@se to the pool surface. Sodium oxide
is formed either by surface reaction or vapor plrasetion, deposits on the pool surface, is
wetted by sodium, and sinks into the pool. Thalexaccumulates in the pool and as sodium
Is reacted the upper part of the oxide is exposeitewhe sodium level falls. Because the
sodium inside of the oxide structure is less moliile burning rate declines. Newman notes
that sodium pool fires rarely burn to completionthwa significant amount of unburned
sodium remaining. Subsequent reaction of sodiuideoto sodium peroxide on the residues
of pool fires have been observed to occur over tesu

The maximum sodium temperature during burning ofilaconfined pool is stated to be about
730 °C which represents a steady state in termseaf release inside the flame and heat
losses from the flame to the pool and from the 8amthe surroundings [5]. Of course, this is
significantly greater than the sodium temperatumegie of a SFR intermediate sodium loop
implying that the sodium pool temperature will rik#lowing a sodium release and pool
collection.

In support of the raft layer explanation, Newmasalbes how below 600 °C the surface
nodules could be pushed below the liquid surfacgeip pools. However, the sodium oxide
nodules/wicks that form are porous. It is spe@addiere that sodium need not be drawn up
by capillary action to fill all of the porosity.f this is the case, then it is possible for the
effective density of the oxide to be less than tifathe underlying sodium provided that the
sodium oxide volume fraction in the nodule/wick days low enough. In particular, it is
required that

ANL-ARC-250 7
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PNa0 Oa0 +Pa Pra (17 na0) <Pra

where

anazo = sodium oxide volume fraction in oxide nodule/kyic
Bna = fraction of porosity in oxide nodule/wick fillaaith sodium.

Solving for the sodium oxide volume fraction, tleguirement is that

a < 1_BNa
Na,0
Prnao
Pra
Pna

At 600 °C, the density ratio is 2.80. If sodiumassumed to occupy only half of the oxide
volume, such thafna = 0.5, then the limiting sodium oxide volume fiantis calculated to
equal 0.22. The author has shown that previoua ualicates that sodium oxide deposits
formed due to precipitation of dissolved oxide odisim can have very low sodium oxide
volume fractions well below this value. Henceisitpossible that the oxide formed during
sodium burning is also highly porous and that witomplete filling by sodium this at least
contributes to a lower overlying weight to be suped by the carbon-based raft layer.

Recently reported experiments [11 and 12] showftmation of sodium oxide dendrites
during the combustion of individual sodium dropletsnitrogen-oxygen mixtures. In some
instances, dendrite growth was driven by precipitabf dissolved oxygen from the interior
of the sodium droplet when the oxygen supply wapstd and the temperature of the droplet
decreased. Dendrite formation is expected to r@sal highly porous sodium oxide structure.

SOFIRE Il calculates the heat release from sodieattion with oxygen assuming that the
reactions involve an unvarying proportion of thenfation of sodium oxide and sodium
peroxide per unit mass of oxygen consumed. AtI®E&, the heats of formation of sodium
oxide and sodium peroxide [13] are

AH =-418.0kJ/mol ,

Na,0 —
AHya o, =—5132kJ/mol .

On a per unit mass of sodium basis, these are

AH .0 =—9091kJ/kg of Na=-3911Btu/lb of Na ,
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AH 0, =—11162kJ/kg of Na= - 4801Btu/lbof Na .

The values assumed in SOFIRE Il are -3900 and -8500b of Na, respectively.

Sodium reacts as vapor with oxygen in a flame zohe.calculate the actual heat release for
each reaction, it is necessary to add the enth@lpgporization of sodium. At 298.15 K, the
sodium heat of vaporization [13] is

AH =107.%J/mol=4667kJ/kgof Na.

vapNa
The net heat release from the reaction of condepisaske sodium with oxygen is thus

AH g, onee =—4423kJ/kgof Na
AH\, o == 6494kJ/kg of Na .

Since the reaction rate is limited by the transpdroxygen to the flame zone, the net heat
releases should be compared on a per unit massygén basis. The ratio of sodium mass-
to-oxygen mass is 2.88 for paand 1.44 for N@D,. The net heat releases are

AH ., onet =—12712kJ/kgof O ,
AH a0, et == 9332kJ/kgof O .

On a per unit mass of oxygen basis, the heat el@aghe burning of sodium to produce of
NaO is 1.36 times that for the burning of sodium toduce NaO..

As discussed above, sodium peroxide can be dissblysodium by the reaction,

Na,O, + 2Na - 2Na,O.

When this happens, the reaction is exothermic selge822.8 kJ/mol of N®, dissolved.

When sodium oxide is transformed to sodium peroxmdéhe presence of an abundance of
oxygen according to,

Na20+5102 - Na,0o,

the reaction is exothermic releasing 95.23 kJ/Md&O, formed.
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Newman states that the mean measured burningaasodium pools of greater than 0.1 m
diameter in ambient air is 10.5 kgfs) [5]. At a temperature of 600 °C, the sodiumsilgn
is 811 kg/mi. For this value, the height of a sodium pool,leeting the effects of oxides
sinking into the pool, decreases at a rate of £.28° m/s or 4.66 cm/hour (1.83 in/hour).

For a sodium pool fire inside of a closed volunie above sodium burning rate should be
typical of the initial value. The mass of oxygeside of a closed volume will decrease with
time such that the mass transport of oxygen topth@ upper surface decreases with time
causing the sodium burning rate to decrease with from the initial value.
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2.2 Aerosol Formation and Behavior

Sodium pool burning is accompanied by the formatioin a significant amount of
aerosols/smoke. SOFIRE Il ignores aerosol formagixcept for the definition of an effective
emissivity for the gas above the pool reflecting pinesence of aerosols in the gas.

Newman presented a curve for the fraction of sodieacted that was measured as smoke [2].
The smoke fraction is equal to 0.11 for pool terapges between 250 and about 600 °C
above which it increases to about 0.26 at 670 CB8 at 760 °C. Newman suggests that
the unvarying smoke fraction between 250 and 600s°(@lated to the transport of sodium
through the oxide wicks on the pool surface [2]bofe 600 °C, there exists a liquid metal
sodium pool surface from which sodium vaporizatbmeurs. The aerosol formation fraction
increases with temperature above 600 °C becaussotliam vapor pressure increases with
temperature.

The sodium atmospheric boiling temperature is 88E26. Sodium oxide (N®) melts at
920 °C, begins to vaporize at 1350 °C, and boitsrall 600 °C [1414]. The solid sublimates
at 1275 °C at a low pressure of 0.06 bar. Sodienoypde (NaO,) is stated to decompose
slowly at 280 °C, melt at 510 °C, and decompose M&O and oxygen at 510 to 545 °C
[14]. Sodium is more volatile than the oxidicegan products such that aerosol formation is
due to the reaction of sodium vapor with oxygen.

The aerosols formed have been found to beOMd15]. Sodium peroxide is highly
hygroscopic and will react with available moisturair to form sodium hydroxide [15],

Na,O, +H,0 — 2NaOH+%OZ ,

releasing 78.73 kJ/mol of Ma, reacted. The sodium hydroxide formed reacts awtdilable
carbon dioxide in air to form sodium carbonate aadium hydrocarbonate according to the
reactions [15],

2NaOH+CO, — Na,CO, +H,0 ,
Na,CO, +CO, +H,0 - 2NaHCQ, .

Sodium hydroxide is white, melts at 318.4 °C, antsbat 1390 °C [16]. Sodium carbonate is
white and melts at 851 °C [16].

In experiments at the Kernforschungszentrum Kahnsr(KfK) involving dilute sodium fire
aerosols in air with loadings between 0.5 and §/2% and a mean aerodynamic diameter of
0.7 um, almost all particles were transformed taaate after 18 and 27 seconds, at relative
humidities of 40 and 70 %, respectively. For tlaebonated aerosols produced from 40 %
relative humidity, 15 % of the carbonate aerosotyentransformed into hydrocarbonate.
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However, earlier tests performed at Atomics Inteomal at a relative humidity below 30 %

showed that the aerosols were mainly oxide and dbaversion to sodium hydroxide was
slow. Of course, in a closed volume, the massegatér vapor and carbon dioxide available
to react with aerosols are limited.

In the sodium pool fire tests conducted in the FAURNCcIlity at KfK, the median particle
diameters inside of the vessel varied with timenfi@.5 to 0.8 um initially, increasing rapidly
to 2 to 3 um, and decreasing to 0.5 um severalshafter the fire. The interpretation is that
small particles of about 0.5 pum median diametef@med from condensation following the
reaction of sodium vapor with oxygen in the flanome but larger particles are then produced
due to coagulation while small particles are l@sdiffusion and deposition upon surfaces.
After the fire, the larger particles settle outieg smaller particles.

It is of interest to investigate the nature of #erosol cloud. For particles that absorb all of
the incident electromagnetic radiation, the intgngf radiation decreases with distance

through the cloud according to the Beer-Lambert law
I(x) =1(0) exp(—n rznx) :

where

| = intensity,

r = particle radius,

n = number of particles per unit volume,

x = distance.

The particle number density is given by

M

— aerosol
n=

3
paerosoE nr Vcompanmen

The intensity thus decreases by 95 % after pemmtrtirough a distance,
3 — 4 p Vcompanmenr

X =
PN r?n M

aerosol

SOFIRE Il does not model the effects of aerosolhéngas phase above the sodium pool. In
particular, the heat capacity effects of aerosolshe gas phase are not modeled. Aerosol
formed directly heat the atmosphere above the psoit intermixes with the gas phase.
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SOFIRE Il does model thermal radiation heat tranBfen the pool surface to the aerosol-
bearing atmosphere above the pool using an efeetivissivity between the pool surface and
the aerosol. The effective emissivity would be etge to be given by

e = 1
eff = 1 R 1 _1'
e

€

pool surface atmosphere

Yamaguchi and Tajima report that Hashiguchi etmadasured an emissivity of 0.65 for the

oxidized surface of a burning sodium pool [17]. r Em atmosphere containing a dense
aerosol (i.e., one through which thermal radiatioesinot penetrate in a straight shot manner
as discussed above) consisting of,®a this same emissivity might be assumed for the

atmosphere. Emissivities need to be identifieduse in describing aerosols consisting of
sodium hydroxide and sodium carbonate patrticles.
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3 Previous Extensions of SOFIRE Il

There have been some noteworthy extensions to tlielng in SOFIRE II. A code named
SOFIRE-MII was developed at what is now the Japan Atdinergy Agency (JAEA) [18].

It is stated that its numerical procedures andnreats of heat transports have been improved
extensively in SOFIRE-MII. A code named ASSCOPS wasldped as a pool-spray mixed
combustion code; its pool combustion model was takem SOFIRE-MII. JAEA also
developed a code called SPM that added modelingddium vaporization off of the liquid
metal sodium pool surface and reaction with oxygeside of a flame zone distinct from the
pool surface. The paper doesn'’t reference revigrensasuch as those of Newman stressing
how the burning rate is limited by the transportoafygen. In comparing with data they
calculated that oxygen transport is what limits thening and in the conclusions to their
paper stated that although SPM has an advantage SO€IRE-MII and ASSCOPS in
modeling the combustion process, it could not kEarty demonstrated; the conventional
model in SOFIRE-MII/ASSCOPS predicts the overall castlon process just as well.

Marimuthu at the Indira Gandhi Centre for Atomic Rasé in India developed a revision of
the SOFIRE Il one-cell model that he named SFIREND]}. [ He sought to remove two major
deficiencies of SOFIRE Il. The first is the asstimp that the relative proportions of p@&
and NaO, formed from the interaction of oxygen and sodium assumed in SOFIRE Il to
remain unvarying throughout the calculation. Heomporated modeling whereby combustion
is divided into two phases; only Ma is formed during the first phase followed by the
formation of only NaO, during the second phase. He assumed that thétivarisetween the
first and second phases occurs after a user inpat tHe assumed times of 30 and 45minutes
in comparisons with experiments. He did not incoap®ra transition from N®, back to
NaO should the pool temperature rise above 600 °Goadth his paper notes the existence
of this phenomenon.

The second deficiency that Marimuthu sought to neenwas the lack of modeling for aerosol
formation. He calculated rates of aerosol fornrabased upon rates of sodium vaporization
from a liquid metal pool. He assumed the corretatd Schiitz and Sauter who measured
vaporization rates of sodium from a contaminatediwsa pool into an overlying argon or
nitrogen cover gas for pool temperatures betweena4®lr 723 °C [20]. They presented a
temperature dependent correlation for the vapoozatate which Marimuthu incorporated
into his code. They also noted that the vapowratrates that they measured were
approximately proportional to the sodium vapor pues. Matrimuthu noted that in using the
correlation the effects of an oxide layer on thelmurface or the presence of flames near to
the surface are neglected. In comparing with degaconcluded that a reasonable estimate of
the aerosol concentration was achieved.
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4 First Principles Investigation of a Sodium Pool Fire

Consider the postulated release of the inventorarofintermediate circuit loop from the
sodium storage vessel of that loop for a 100 MWeliBn-Cooled Fast Reactor (SFR)
incorporating a supercritical carbon dioxide Brawitwycle power converter. It is assumed
that there are two intermediate loops each havisgdium inventory of 11,100 kg. The
sodium storage vessel for each loop is assumeck tndialled inside of its own airtight
compartment having a length of 8.5 m, width of Gamd height of 7 m. Release of 11,100 kg
of sodium onto the 51 #rfloor creates a sodium pool having an initial diepf 0.268 m.
Assuming an initial compartment temperature of 60th@ initial air density is 1.067 kgfm
such that the total air mass in the 357unlume neglecting the volume of the sodium storage
vessel is 381 kg. The oxygen is initially 23.2 $tloe air by weight providing an initial
oxygen mass of 82.8 kg. If this mass is completalgsumed in the formation of M&
through burning of sodium, then the sodium masswored is 238 kg. Thus, the fire will go
out due to lack of oxygen with no more than 238 kghe sodium burned. In fact, the
flammability limit for sodium burning by oxygen mr is 3 % oxygen such that the fire may
go out before 238 kg of sodium is reacted. Overflb@ area, this sodium mass represents
only 0.575 cm of the sodium pool depth. At an alitourning rate of 4.66 cm/s, it would
require only 7.4 minutes to burn the sodium. Assgnthat the burning rate is proportional
to the oxygen weight fraction in the air in the camment, the burning rate will decrease
exponentially with time with a time constant equalthat calculated assuming the initial
burning rate. For an exponential decay, threedithe burning time at the initial burning rate
Is the time to consume 95 % of the oxygen. Thius,required time is 22.2 minutes. This
example illustrates the effectiveness of compartaization in limiting the amount of
oxygen available such that a sodium pool fire wiliogly burn itself out when the oxygen is
consumed.

Assuming that 11 % of the burned sodium equal t@ Z@. gives rise to the formation of
aerosols, the N@, aerosol mass formed is 44.4 kg. It is assumedhleacompartment initial
temperature in 60 °C. If the atmosphere is sadratith water vapor at this temperature,
then the water vapor density is 0.130 k§j/amd the water vapor mass at 100 % relative
humidity is 46.5 kg. To convert all of the )& aerosol to NaOH requires 10.3 kg of water
vapor. This can be accomplished for relative hutiesl greater than 22.1 %. Thus, if the
relative humidity were 50 %, there would be more teaough water vapor to convert the
sodium peroxide aerosol to sodium hydroxide aerosbhe CQ mass needed to further
convert the aerosol to sodium carbonate is 25.1 Kgwever, the carbon dioxide weight
fraction in air is only 0.00046 such that thereordy 0.175 kg of C@in the compartment
atmosphere. Thus, very little carbonate can fo@onversion to sodium hydroxide increases
the aerosol mass by only 2.59 % to 45.6 kg. Sodiydroxide melts at 318.4 °C such that
the “aerosol” could consist of liquid drops depergdupon the temperature.

For a sodium peroxide aerosol, the sodium perotitmretical density is 2805 kgim

Assuming a median particle diameter of 3.0 um shahthe median particle radius is 1.5 um
and that the particles are fully dense, a penetratepth for electromagnetic radiation of 0.14
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m is calculated. Thus, the aerosol will be a smadked through which there is no straight
shot path for radiation.
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5 SOFIRE-Il Code Implementation at ANL

The SOFIRE Il code was obtained from the Radiatiafety Information Computational
Center (RSICC) located at Oak Ridge National Laboyat®As delivered, the code actually
consists of the two versions discussed in the usgort [1], SOFIRE Il ONE CELL and
SOFIRE Il TWO CELL. The former has been implemeraedNL. The SOFIRE-II ONE
CELL code version was compiled with Intel FortranasoRC. Some modifications needed to
be implemented in the code to allow use of thefiteg for input/output (I/O) processing. In
the original version, the I/O operations were donagis terminal keyboard and monitor.
Simple modifications to the code were introducedetad the input data from the “Input.txt”
file and write the results to the “Output.txt” fildn addition, the same results are now written
to an “Output_Tab.txt” file in a table form to fatdte plotting with Microsoft EXCEL or
other similar software.

In addition, two typographical errors in the codgsaions were found and corrected. In the
previous version, the thermal resistance of thersg&concrete node was incorrectly used in
the equations for the third and fourth nodes. €hesre replaced with the correct resistances
for these nodes which were calculated in the codeveven’t used. This correction did not
change the results much since the concrete tenypenatusually a slowly changing variable
and the thermal resistances of the concrete nodesimilar, unless significantly different
node thicknesses are selected.

5.1 Verification of Test Problem Results

To verify that the newly compiled version of the SREHI code ONE CELL version
produces the correct results, the calculation eftést problem was run The input and output
of the test problem were provided with the code; rdmuilts of the test problem were also
plotted in the code report [1].

The results of the test problem are presentedgarEil which shows the time dependency of
calculated variables versus the original resutimfthe code report (shown in red as the upper
of each pair of plots in Figure 1). The newly obé&al results (lower plots) provide values that
are close to those reported in the code reporgefreral, each pair of the plots in Figure 1 has
the same scale on both axes; the only exceptithrei€ell Floor Concrete Temperature plot,
which is discussed below.

The results in Figure 1 show very good agreememnwdsst the newly obtained results and
those reported previously, although some differeneere observed. After some analysis, it
was concluded that the differences are attributedg@ccuracy of the calculations. The most
significant differences are observed for tbal Floor Concrete Temperature plots. In this
case, the calculated derivatives are small duarggelmasses and were close to the original
code accuracy. With the single-precision accurasgd by default in Fortran for real
numbers, the cell floor temperature of 598.4 °R, é@ample, is stored in the code as
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598.4000. If the calculated temperature changetipe step is less than fQor, more
accurately, less than 0.5f(o account for rounding up), no temperature chaniebe
calculated within this code accuracy. This wasdhse between about 2 and 4 hours for the
cell floor temperature plots in Figure 1 where t@perature is reported to be constant. Even
if the temperature is calculated to change, itole# from the above discussion that the
temperature change per time step can only be apteutif 10* resulting in the piecewise
linear behavior of this temperature plot. Sinoe tésults obtained with the modern compiler
are somewhat smoother, it seems that the accuratheioriginal calculation was even less
than 10" for this temperature. Note that this difference whserved for the cell floor
temperature only which was the slowest changing teatyer in the calculation. All other
results show very close agreement between the twalatibns, although they are not exactly
identical.

The fact that the observed differences are dubdatdde accuracy was indirectly confirmed
by switching to double precision calculations fdrrall numbers. As demonstrated in Figure
2, the double-precision calculation produced muofoather temperature curves for the
concrete walls than that with single precision. 8itite smooth temperature behavior is more
physical in the absence of other external eventscfwivas the case in this calculation), it is
demonstrated then that the results with single pi@tiand those obtained with the original
code were indeed lacking accuracy for the concreddl wemperature. It is therefore
recommended to keep the double precision accurgiioro enabled for the further
calculations with the SOFIRE-II code as is the caséhfe calculations discussed below.
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Figure 1. Verification of the Test Case Resultr(tthued).
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6 SOFIRE Il Preliminary Calculations for the AFR-100

Unlike the above first principles example, the AFR)liicorporates a superheated steam
cycle. There are four intermediate heat transgioctiit loops in two pairs; each pair serves a
single twisted tube intermediate heat exchanger (IléXated inside of the reactor vessel.
Each of the four intermediate sodium loops hasglsi70 MWt steam generator. There are
two steam generator options. The first is a sttaighe steam generator (STSG) and the
second is a helical coil steam generator (HCSG). Héleal coil steam generator design
significantly reduces the number of tubes relatovéhe straight tube steam generator design
but the intermediate sodium volume inside of thikchkcoil steam generator is greater than
that for the straight tube steam generator. Tab#&hows the component and total sodium
volumes for each of the four intermediate circoips for the two steam generator options.
The intermediate sodium volume in the IHX, 0.463 im actually the sodium from both loops
serving the IHX. It is conservatively assumed thiabfathe IHX intermediate sodium could
potentially drain in the event of a rupture of aifehe loops.

The internal volume of the sodium storage vessel, @ump tank) for each loop is assumed to
be 20 % greater than the sodium volume of an irgdrate loop. The storage vessel is
assumed to consist of a cylindrical central sectoito which hemispherical heads are
welded. The length of the central cylindrical sectis assumed to be equal to the cylindrical
section/hemispherical head diameter. Thus, theagtovessel length is twice the diameter
and the storage vessel internal volume, V, is rélaighe diameter, d, by

V=£7'I:d3 )
12

This equation is solved for the storage vesselnmalediameter. The vessel internal length is
twice the diameter.

To determine the storage vessel outer dimensitiesstiorage vessel stainless steel wall is
assumed to 2.54 cm (1.0 in) thick and surrounded0I3p48 m (1.0 foot) of thermal
insulation.

To determine a minimum size for the compartmemnliich the storage vessel is installed, it
is assumed that a minimum of 2.0 meters for persloarcess is provided between the outside
of the thermally insulated storage vessel and tHeswahis provides the compartment widths
and heights shown in Table 1. The compartment heghken equal to the width.
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Table 1. Sodium Volumes for One Intermediate Sodium Loop, Sodium Storage
Vessel Dimensions, and Storage Vessel Compartment Dimensions.

Steam generator (SG) option Straight tube Helical co
SG intermediate sodium volume; m 19.19 29.37
Intermediate sodium piping volume>m 2.07 0.91

IHX intermediate sodium volume (two loops) 5 m 0.46 0.46
Total intermediate sodium volume per loop, m 21.72 30.74
Intermediate sodium storage vessel internal 26.07 36.89
volume, i

Intermediate  sodium storage vessel inner2.710/5.421 3.043/6.086
diameter/length, m

Intermediate  sodium storage vessel outer 3.37/6.08 3.70/6.75
diameter/length including thermal insulation , m

Intermediate sodium storage vessel compartment.4/10.1/7.4 7.7/10.8/7.7
dimensions, width/length /height, m

The SOFIRE Il ONE CELL code was applied to calculase@um pool fire resulting from a
postulated rupture of the sodium storage vessehefof the AFR-100 intermediate sodium
loop resulting in drainage of all of the intermeadiaodium from that loop onto the floor of the
storage vessel compartment. For the two steam giemeptions, the widths and heights of
the storage vessel compartments are not that elifferTherefore, calculations are performed
only for the larger compartment for the helicall g@¢am generator option. The compartment
width and height are thus taken equal to 7.7 m. cdmepartment length in Table 1 is 10.8 m.
However, in the calculations, a somewhat greater tenftll.4 m is assumed; that is an
additional 0.3 m of space is available between emwth of the storage vessel and the
neighboring wall.

The volume taken up by the storage vessel insidbeotompartment is not subtracted from
the compartment volume. This is a conservativairapsion in terms of the amount of
sodium that can be burned, although the heat uthedfcompartment gas atmosphere and
potentially the gas pressure rise might be undemastd. For example, if air can ingress into
the intermediate sodium loop, then air can be drammthe intermediate loop as the sodium
drains onto the compartment floor. The volumermaéto the floor, walls, and ceiling of the
compartment is 676 frwhich is much greater than the internal volumehefgodium storage
vessel and the intermediate loop sodium volume.

The intermediate sodium high and low temperaturesaasumed to equal 528 and 373 °C,
respectively. SOFIRE Il requires an initial tengdare for the sodium which is thus taken
equal to the mean of the high and low temperatore450 °C. At this temperature, the
sodium density is 846 kgfsuch that the sodium mass drained onto the fl®@6i010 kg.
SOFIRE Il assumes that the sodium mass/volume ¢sliggon the floor instantaneously.
Over the 87.8 mfloor area, the initial sodium pool depth is 0.360
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SOFIRE 1l divides the sodium pool into five axialéas of which the surface layer reacts
with oxygen from the overlying gas atmosphere aaddfiers heat by natural convection and
thermal radiation to the overlying gas atmospheta. the present calculation, the layer
thicknesses are defined to be identical. Thermaluaction is calculated between the five
layers. Convection within the sodium pool is netgdc This may be expected to be a
reasonable approximation given the high sodiumntlaérconductivity and the fact that a
configuration in which the sodium temperature ishegj at the upper surface and lowest at
the lower surface should be a thermally stable gondition. The sodium-to-oxygen burning
ratio is set to 2.88 for the formation of sodiumds NaO, as the reaction product. The
input variable for thermal radiation from the poapper surface to the overlying gas
atmosphere is set equal to unity and the variatmMeghermal radiation from the pool upper
surface to the walls is set equal to zero becawsatthosphere above the pool is expected to
become filled with a cloud of aerosols.

SOFIRE Il models a steel liner on the floor and wali the compartment. The liner thickness
is assumed equal to 6.35 mm (0.25 in); the linedascribed with the thermophysical and
transport properties for steel provided in the ctelt case problem. A gap is assumed
between the floor liner and the underlying concfiter. A gap thickness of 0.254 mm (10
mils) is assumed representative of a very narrow. g&OFIRE Il calculates thermal
conduction across the gas in the gap; a thermatiwsativity for air is input. The input
variable for additional thermal radiation across gap is set equal to unity. The meaning of
the thermal radiation input variable is not diseass the code user report [1]. If the variable
for thermal radiation across the gap is meant tmwaat for the emissivities of the liner and
concrete surfaces facing each other, then the ledilmos below which set the variable equal
to unity overestimates the effects of thermal radinafrom the steel liner to the concrete.

SOFIRE Il models three axial thermal conduction hestsfer cells below the liner and gap.
The axial thicknesses of the three cells are chyethosen to capture the essence of thermal
conduction heat transfer into the underlying cotecower the timescale of the calculation. As

will be seen below, the calculations are run ovama of three hours. A transient thermal
wave penetrates approximately according to the famu

60=412at |,

where
0 = thermal wave penetration depth,
a = concrete wall thermal diffusivity,

t = time.
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Assuming the concrete thermophysical and transpogguties provided in the code test case
problem, the thermal diffusivity of concrete is mahted as 1.80 x 10m?s for which the
thermal wave penetration depth after three houfs1S3 m. It is assumed that the concrete
walls are at least this thick. The thickness of fing concrete cell is taken equal to the
thickness of the steel liner. The lower surfac¢hefthird concrete cell is assumed to be at a
depth of 0.153 m below the liner. The lower surfat¢he second concrete cell is assumed
equal to the square root of the product of theltept the lower surfaces of the first and third
concrete cells below the air gap. This approactappropriate for capturing thermal
conduction effects with a few cells over a given sgade. The limitation of four cells for the
floor liner and floor concrete in SOFIRE Il refledhe limitations on computing power when
the code was developed. Today, a large numberlisfweuld be utilized to perform a more
accurate calculation of thermal conduction into kiner, air gap, and concrete floor. The
same assumptions and cell thicknesses are assumndagefliner and concrete walls of the
walls which includes modeling of the compartmentiegilas part of the walls. Today, the
ceiling would be modeled independently from theiealwalls and other structures inside the
compartment, if they exist, would also be modeledHeir heat sink effects.

Figure 3 through Figure 21 show the results caledlatith SOFIRE Il ONE CELL. Figure 3
shows that the oxygen mass inside of the compartaieséd volume is consumed with the
oxygen mass remaining reduced to 5 % of its initedle over 0.95 hour following the start
of the calculation. The oxygen concentrationhi@ &ir inside of the compartment falls from
the initial value of 23.2 wt % to 3.0 wt % over a gbotime of 0.7 hour. The flammability
limit is 3 vol % or higher such that the sodiunopfire would have been extinguished due to
lack of sufficient oxygen after about 0.7 hour. 3R Il does not recognize flammability
limits such that the code continues to calculatBwso burning/reaction as the mass of oxygen
remaining tends to zero.

Figure 5 and Figure 6 present the sodium burniagfren rate and the cumulative sodium
mass burned versus time. Although 525 kg of sodsicelculated to be burned, a smaller
mass of less than 490 kg would actually burn ifftreeis extinguished after 0.7 hour when
the oxygen concentration has fallen below the flaivititg limit.

The small mass of sodium burned relative to thal tmiass of sodium released onto the floor
demonstrates the effectiveness of compartmentaizat limiting the effects of sodium fires
by limiting the mass of oxygen available to readhwihe sodium.

Temperatures calculated at the upper surface odddaim pool and inside the height of the
sodium pool are shown in Figure 7 and Figure 8. Jdsium temperature is greatest at the
upper surface and decreases with depth throughattiers pool. After about 1 hour, the
sodium temperatures are calculated to have vistealuilibrated across the pool height. The
sodium temperatures initially rise with time dudghe exothermic heat release due to reaction
with oxygen but subsequently decrease due to hesgedoto the heat sinks in the
compartment.
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The steel floor liner is calculated to be heatedie¢arly the temperature at the bottom of the
sodium pool and virtually equilibrates with the sodi temperature after about one hour.
Temperatures inside of the floor concrete bendaghgap below the steel liner are shown in
Figure 10. Significant heatup of the concrete fflisocalculated illustrating the effectiveness
of the floor as a heat sink for removing thermatrgy from the sodium pool. Temperatures
inside of the steel wall liner and wall concrete mresented in Figure 11 and Figure 12 from
which it is observed that the wall is also an effextieat sink.

Figure 13 through Figure 16 show conditions insifithe gas atmosphere. The gas is heated
by thermal radiation and natural convection heatgfer from the upper surface of the sodium
pool to the gas and cooled by natural convectiat transfer to the wall. The gas pressure
inside of the closed compartment volume increasestd the heatup of the gas atmosphere.
The pressure rise is less than that corresponditiget gas temperature rise due to reaction of
oxygen with sodium which removes oxygen moleculesnfiithe gas atmosphere. After
attaining a peak, the gas temperature and predsgrease mainly due to heat losses to heat
sinks together with continuing consumption of oxygen

The calculated peak pressure of 0.163 MPa abswhgkes that the compartment reinforced
concrete walls, floor, and ceiling must be desigiedithstand at least this internal pressure.
Thus, the compartment must be hermetically sealddavwressure retention capability.

Figure 17 through Figure 20 present various heatster rates during the sodium pool fire.
Heat is lost from the pool upper surface mainlyhmsrinal radiation.

SOFIRE Il calculates a mass of aerosol releasedet@ampartment atmosphere as shown in
Figure 21. A mass of 142 kg of oxide is calculdthe released versus a mass of 525 kg of
sodium burned. Assuming that the oxide is®lathen the ratio of the sodium-to-sodium
oxide mass is 0.742 such that the mass of sodiumaected to aerosol is 105 kg. This is
exactly 20 % of the 525 kg burned. Thus, it iswtesdi that SOFIRE Il assumes that 20 % of
the sodium mass burned forms aerosols. This reaey fraction than the 11 % identified by
Newman for sodium temperatures below 600 °C based experiments [2].
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Figure 3. Oxygen Mass Remaining in Compartment Atmosphere versus Time for
Sodium Pool Fire in Intermediate Sodium Storage Vessel Compartment.
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Figure 4. Oxygen Concentration in Compartment Atmosphere versus Time for
Sodium Pool Fire in Intermediate Sodium Storage Vessel Compartment.
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Figure 5. Sodium Burning Rate versus Time for Sodium Pool Fire in Intermediate
Sodium Storage Vessel Compartment.
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Figure 6. Cumulative Sodium Mass Burned versus Time for Sodium Pool Fire in

Intermediate Sodium Storage Vessel Compartment.
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Figure 7. Sodium Upper Surface Node Temperature versus Time for Sodium Pool
Fire in Intermediate Sodium Storage Vessel Compartment.
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Figure 8. Temperatures of the Four Subsurface Nodes Inside of the Sodium Pool
versus Time for Sodium Pool Fire in Intermediate Sodium Storage Vessel
Compartment. The Sodium Pool Thickness is Divided into Five Equal Thickness
Nodes Consisting of the Surface Node and Four Subsurface Nodes Beneath the
Sodium Pool Upper Surface.
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Figure 9. Temperature of Steel Floor Liner versus Time for Sodium Pool Fire in
Intermediate Sodium Storage Vessel Compartment.
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Figure 10. Temperatures Inside of Concrete Floor versus Time for Sodium Pool
Fire in Intermediate Sodium Storage Vessel Compartment. The Concrete Floor
Thickness Behind the Liner is Divided into Three Nodes of Increasing Thickness.
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Figure 11. Temperature of Steel Wall Liner versus Time for Sodium Pool Fire in
Intermediate Sodium Storage Vessel Compartment.

ANL-ARC-250 43



Sodium Pool Fire Phenomena, Sodium Pool Fire Modeling in SOFIRE Il, and SOFIRE Il Calculations for the AFR-

100
September 24, 2012

120
o ﬁ T
] P
w
W 100 mu
o k | "
= /
>= L
-] | /

- / :
E 80
o L
5 I
E —TWC2
E i —TWC3
: ——TWC4
[
w
[+
>
(o) 40
o T
d \*__—;“___“
=y
s ,
= 20
w
[w] L
0
0.0 0.5 1.0 1.5 2.0 2.5 3.0

TIME (HOURS)

Figure 12. Temperatures Inside of Concrete Wall versus Time for Sodium Pool Fire
in Intermediate Sodium Storage Vessel Compartment.
Thickness Behind the Liner is Divided into Three Nodes of Increasing Thickness.
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Figure 13. Temperature Inside Compartment Gas Atmosphere versus Time for
Sodium Pool Fire in Intermediate Sodium Storage Vessel Compartment.
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Figure 14. Pressure Inside Compartment Gas Atmosphere versus Time for Sodium
Pool Fire in Intermediate Sodium Storage Vessel Compartment.
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Figure 15. Gas Mass Inside Compartment Gas Atmosphere versus Time for Sodium
Pool Fire in Intermediate Sodium Storage Vessel Compartment.
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Figure 16. Gas Density Inside Compartment Gas Atmosphere versus Time for

Sodium Pool Fire in Intermediate Sodium Storage Vessel Compartment.
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Figure 17. Natural Convection and Thermal Radiation Heat Transfer Rates from
Sodium Pool Surface to Compartment Gas Atmosphere versus Time for Sodium
Pool Fire in Intermediate Sodium Storage Vessel Compartment.
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Figure 18. Natural Convection Heat Transfer Rate from Compartment Gas
Atmosphere to Wall Liner versus Time for Sodium Pool Fire in Intermediate
Sodium Storage Vessel Compartment.
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Figure 19. Thermal Radiation Heat Transfer Rate from Steel Floor Liner Across
Gap to Floor Concrete versus Time for Sodium Pool Fire in Intermediate Sodium
Storage Vessel Compartment.
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Figure 20. Thermal Radiation Heat Transfer Rate from Steel Wall Liner Across Gap
to Wall Concrete versus Time for Sodium Pool Fire in Intermediate Sodium
Storage Vessel Compartment.
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Figure 21. Sodium Oxide Mass Released to Compartment Gas Atmosphere versus
Time for Sodium Pool Fire in Intermediate Sodium Storage Vessel Compartment.

ANL-ARC-250 53



Sodium Pool Fire Phenomena, Sodium Pool Fire Modeling in SOFIRE 1l, and SOFIRE Il Calculations for the AFR-
100
September 24, 2012

In the above calculation, the gaps between the btees and the concrete floor and wall are
assumed to have a narrow thickness of 0.254 mm {B). nThe effect of the gap thickness
upon the effectiveness of the concrete floor anlll et sinks was investigated by increasing
the gap thickness by an order of magnitude to th&# (0.1 in). As discussed above, setting
the input variables for thermal radiation acrossdhps equal to unity might overestimate the
effects of thermal radiation across the gaps. reig2B through Figure 27 show selected
results for the greater gap thickness case. Tdhaction in the oxygen concentration and the
cumulative sodium mass burned versus time (Fig@rarzl Figure 23) are virtually identical
to those calculated above (Figure 4 and Figure @)he temperatures at the sodium pool
upper surface (Figure 24), inside of the sodiuml Bgure 25), and inside of the steel liner
(Figure 26) are somewhat higher than those calai@eve (Figure 7, Figure 8, and Figure
9) while the temperatures inside of the concreterflgigure 27) are somewhat lower than
those calculated above (Figure 10). However, lthe fand wall heat sinks are still effective
in reducing the sodium pool temperature over time.
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Figure 22. Oxygen Concentration in Compartment Atmosphere versus Time for
Sodium Pool Fire in Intermediate Sodium Storage Vessel Compartment with 0.1
inch Gap Thickness between Steel Liners and Concrete.
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Figure 23. Cumulative Sodium Mass Burned versus Time for Sodium Pool Fire in
Intermediate Sodium Storage Vessel Compartment with 0.1 inch Gap Thickness
between Steel Liners and Concrete.
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Figure 24. Sodium Upper Surface Node Temperature versus Time for Sodium Pool
Fire in Intermediate Sodium Storage Vessel Compartment with 0.1 inch Gap
Thickness between Steel Liners and Concrete.
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Figure 25. Temperatures of the Four Subsurface Nodes Inside of the Sodium Pool
versus Time for Sodium Pool Fire in Intermediate Sodium Storage Vessel
Compartment with 0.1 inch Gap Thickness between Steel Liners and Concrete.
The Sodium Pool Thickness is Divided into Five Equal Thickness Nodes Consisting
of the Surface Node and Four Subsurface Nodes Beneath the Sodium Pool Upper
Surface.
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Figure 26. Temperature of Steel Floor Liner versus Time for Sodium Pool Fire in
Intermediate Sodium Storage Vessel Compartment with 0.1 inch Gap Thickness
between Steel Liners and Concrete.
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Figure 27. Temperatures Inside of Concrete Floor Nodes versus Time for
Sodium Pool Fire in Intermediate Sodium Storage Vessel Compartment with
0.1 inch Gap Thickness between Steel Liners and Concrete. The Concrete Floor
Thickness Behind the Liner is Divided into Three Nodes of Increasing
Thickness.

The sodium pool temperature decreases with timetaltige effects of the compartment heat
sinks. It was attempted to illustrate this by diefg the code input such that the effects of the
heat sinks are set equal to zero. This was foundonioe possible without the code running
with very small timesteps or not running at all. viéwer, it is possible to minimize the effects
of the heat sinks through the input definition. eTthermal conductivity of the gas in the steel
liner-concrete gaps is set equal to zero and thiablas for thermal radiation across the gaps
are set equal to zero thereby eliminating heastearto the concrete floor and walls from the
liners. The specific heat of the gas atmospheredsced by a factor of about one thousand
reducing the heat capacity of the compartment gassphere. In addition, the walls surface
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area is reduced to a very small value to reducestteets of heat exchange between the gas
and wall as well as the heat sink effect of the wiaklsliner. The heat sink of the floor steel
liner remains; efforts to reduce its effects wew mith difficulties in getting the code to run.

Figure 28 and Figure 29 show that the oxygen coragom and cumulative sodium mass
burned versus time are virtually identical to thadtained before. Instead of peaking and
then decreasing with time due to the heat sink &ffethe sodium and steel floor liner
temperatures continue to rise with time (Figure B®@ough Figure 32). Following
consumption of the oxygen in the compartment amdicton in the oxygen concentration
reducing the exothermic heat release from reactbnthe sodium with oxygen, the
temperatures effectively attain a plateau. Preslynad more oxygen were available, the
sodium temperature would continue to rise with time.
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Figure 28. Oxygen Concentration in Compartment Atmosphere versus Time for
Sodium Pool Fire in Intermediate Sodium Storage Vessel Compartment with

Minimization of Effects of Heat Sinks.
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Figure 29. Cumulative Sodium Mass Burned versus Time for Sodium Pool Fire in
Intermediate Sodium Storage Vessel Compartment with Minimization of Effects of
Heat Sinks.
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Figure 30. Sodium Upper Surface Node Temperature versus Time for Sodium Pool
Fire in Intermediate Sodium Storage Vessel Compartment with Minimization of
Effects of Heat Sinks.
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Figure 31. Temperatures of the Four Subsurface Nodes Inside of the Sodium Pool
versus Time for Sodium Pool Fire in Intermediate Sodium Storage Vessel
Compartment with Minimization of Effects of Heat Sinks. The Sodium Pool
Thickness is Divided into Five Equal Thickness Nodes Consisting of the Surface
Node and Four Subsurface Nodes Beneath the Sodium Pool Upper Surface.
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Figure 32. Temperature of Steel Floor Liner versus Time for Sodium Pool Fire in
Intermediate Sodium Storage Vessel Compartment with Minimization of Effects of

Heat Sinks.

The calculations assume sodium pool burning insida closed compartment volume such
that fresh air is unable to enter the compartmelfiitthe compartment is not hermetically
sealed and there are openings for air, then onemasion a process in which fresh air enters
through openings and a portion of the compartmémbsphere escapes through openings.
This would give the sodium pool access to additianalgen such that pool burning could
continue. It is of interest to calculate sodiunolpburning in such a situation.
define the compartment volume to be very large gshahthe oxygen concentration remains
However, such an ammb using SOFIRE Il ONE CELL
would not result in a realistic calculation of theah up of the actual compartment

virtually unvarying with time.

atmosphere.
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7 Summary

The SOFIRE Il computer code for the calculationadfiam pool fires has been obtained from
the Reactor Safety Information Computational Ceatet the SOFIRE Il ONE CELL version
has been implemented at Argonne National Labora#NL]. A critical review of literature
relevant to sodium pool fires has been carriednatht the objectives of understanding sodium
pool fire phenomena and how well specific phenomeeaareodeled or neglected in SOFIRE
[I.  Significant predictions about sodium pooler can be made on the basis of first
principles analyses alone making use of the exjsérperiment database and knowledge
base. In implementing SOFIRE Il ONE CELL, minor maifions were necessary to
compile and execute the code on a personal comfR@rand to verify the results of the test
case problem. The code was applied to the AFR-Xiilug-Cooled Fast Reactor (SFR)
design to calculate a sodium pool fire following @sfulated failure of the sodium storage
vessel of one of the four intermediate sodium Hheatsport circuits and the subsequent
release of sodium onto the floor of the steel-liwedhpartment in which the sodium storage
vessel is located. SOFIRE Il calculates that ordynall fraction of the released sodium burns
due to the rapid consumption of the available orymside of the closed compartment. The
preliminary results demonstrate the effects of hleat sinks provided by the compartment
floor, walls, and ceiling in reducing the temperataof the sodium pool with time.
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