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A Sodium Fire associated with an Operating Rig at DNE - J A Smedley, ENPDE

Early In 1975 an incident with a sodium rig designed for the investigation of
the effect of water leakage into sodium resulted in approximately 1.8 tes of
liquid sodium being ejected from the rig building. This produced a pool
approximately 7 m x 7 m in the rig compound which caught fire and burned for
about 45 minutes before being brought under control by the Fire Brigade using
4 tes of fine salt (sodium chloride). The pool also reacted with surface
ground water causing sodium to be spread over an area of approximately 250 m2.

The incident caused very little on site damage and no injury to personnel and
the sodium fume (Na(>2 and NajCcO escaping from the site did not cause a hazard
to the general public or damage to property. The maximum area concentration at
1 mile from site was about l/10th permitted continuous occupational level and
grass samples taken from along the caustic plume path were not more signifi-
cantly contaminated than samples obtained elsewhere.

The solid blanketted area was still at high temperature (approximately 700°C>
an hour after the fire had been extinguished. It was not possible at that
stage to determine if some liquid sodium remained in this mass. As rain could
have reacted with this and caused further fire, a weather forecast was obtained
from the meteorological office which indicated there was little possibility of
rain over the next 12 hours. However, a temporary cover was erected over the
fire area.

As soon as the residues had cooled sufficiently for any unreacted sodium to
solidify, sample cores were taken. Analysis showed there was no free sodium
and the residues were safe to remove providing precautions were taken to safe-
guard against personal contact with any pockets of caustic material. The
material was subsequently removed and neutralised and the area rapidly returned
to a green site condition.
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ABSTRACT

The sodium fire test program and related studies at the Hanford Engineer-
ing Development Laboratory (HEDL), covering the period from 1972 to 1978,
are described. The program is analytical and experimental in scope, with

computer code development and experimental verification. Tests have ranged
in size from gram quantity laboratory tests to 1600-kg sodium spills. The
experimental work is performed in two facilities: the Large Sodium F1re
Facility (LSFF) and the Containment Systems Test Facility (CSTF). The
facilities are described and the experimental results summarized.

Sodium fire extinguishment tests which verified the Fast Flux Test
Facility (FFTF) secondary sodium fire protection system are described and
related information on sodium burning rates and smoke release rates are cor-
related. The burning rates are compared to theoretical predictions based on
heat and mass transfer analogy, with good agreement. Comparisons with the
SOFIRE-II code are also made.

Sodium combustion aerosol properties are defined as to chemical and
physical nature, settling in closed vessels and effect of added water
vapor. The HAA-3B aerosol behavior computer code is compared to tests in
the 850-m3 CSTF containment vessel. Sodium spray tests in the CSTF are
compared with the SPRAY computer code.

An air cleaning program is described, which has the objective of remov-
ing high mass concentration sodium combustion aerosols from vented cells and
containment buildings. The aerosol mass holding capacity of commercial
filters was measured and an aqueous scrubber system is described.

The effects of sodium spills on cell structures were investigated,
including water release from heated concrete, the reaction of sodium with
concrete, the formation and spontaneous recombination of hydrogen, and the
ability of steel cell liners to withstand large spills of high temperature
sodium without leaking.

I. INTRODUCTION

In May 1972 an assessment of the state of sodium fire technology was
made by a group of specialists from six nations 1n a working group meeting
held in Richland, Washington.(1.2) The meeting was organized by the
International Working Group on Fast Reactors (IWGFR) of the International
Atomic Energy Agency (IAEA). Although a large quantity of information was
exchanged, the group concluded that development was required in several
important areas of sodium fire technology to support the growing LMFBR
industry.(2) Some of the major recommendations were that engineered
sodium fire extinguishment systems be developed and proof tested, that
sodium fire detection systems be improved from a standpoint of sensitivity
and reliability, that differences noted in sodium-concrete reaction tests be
resolved, and that international cooperation in sodium fire test programs be
encouraged.

Since the 1972 IWGFR meeting significant advances have been made in
sodium fire technology including closely related fields of effects on struc-
tures and control of combustion product aerosols. An aggressive program at
the Hanford Engineering Development Laboratory (HEDL) is sponsored by the
U.S. Department of Energy, with emphasis on the following areas:
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Sodium fire extinguishment. Large-scale tests were performed for
demonstrating fire protection systems in air filled cells and
pipeways.

Effects of large sodium spills on structures. The effects of
sodium spills on steel-lined concrete and on bare concrete were
studied.

Sodium combustion product aerosols. The formation, properties,
behavior and air cleaning of sodium combustion product aerosols
were studied.

As the program progressed, a shift occurred in emphasis from sodium fire
protection in secondary sodium systems to reactor safety problems involving
primary sodium in both inert and air atmospheres. It was soon learned that
sodium reacts more with bare concrete than was known at the time of the 1972
meeting, and an extensive study is in progress to understand this phenome-
non. Another facet of sodium spills not fully recognized in 1972 was the
potential for large releases of water from heated concrete, even when con-
crete is protected by catch pans or liners. This in turn raised questions
concerning hydrogen formation and control.

The HEDL program is both analytical and experimental in scope. The
proqress during the past five years is well documented by progress and
topical reports. The purpose of this paper is to summarize the results of
the HEDL sodium fire program to the present time. The work was performed
under contract with the U.S. Department of Energy and its predecessor
organizations, the U.S. Atomic Energy Commission and the U.S. Energy
Research and Development Administration.

II. DESCRIPTION OF EXPERIMENTAL FACILITIES

The experimental work described in this paper was performed in two facil-
ities located at the Hanford Engineering Development Laboratory. Tests in
the Large Sodium Fire Facility (LSFF) dealt mainly with sodium fire extin-
guishment,, and the effects of sodium spills on structural materials and
filters. Tests in the Containment Systems Test Facility (CSTF) dealt with
sodium aerosol release and behavior in a closed containment vessel and air
cleaning systems development for removal of sodium smoke from air. The two
facilities are briefly described so that test results can be more easily
understood.

A. Large Sodium Fire Facility

A plan view of the LSFF is shown in Figure 1. I ts principal features
are three concrete cells in which various exDeriments can be performed and a
fourth room which contains equipment for stor ing, transferr ing, heating and
discharging molten sodium. All four rooms have 330-m3 volumes and 6.4-m
high cei l ings. Each room is ventilated at a controlled rate up to 2.8 m^/sec,
with the exhaust passed through a water scrubber, HEPA f i l t e r bank and 60-m
stack. Inert gas distr ibut ion systems include both l iquid nitrogen and
l iquid argon systems with atmospheric vaporizors capable of generating and
metering 0.1 m^/sec of gas flow for long periods of time.

Instrumentation provided with the f a c i l i t y includes load cells for mea-
suring the quantity of sodium sp i l led ; multiple gas sampling systems for
determining oxygen, hydrogen and moisture concentrations; pressure sensors
for cell pressure measurements; thermocouples for measuring cell atmosphere,
sodium pool and concrete temperature; and sodium aerosol characterization
instrumentation. Strip chart recorders and a 100-channel d ig i ta l data
acquisition system collect the test data.

The 3400-liter sodium heating tank is capable of heating sodium to
650°C. Pressurization of the argon cover gas provides the motive force
for transferring sodium. An 80.5-mm ID pipe with pneumatic operated valve
connects the heating tank to the test cell in the adjoining "Large Fire
Room." The rectangular test cell in this room is constructed o f ' s tee l , with
107-m3 volume and 5.5-m high ce i l ing. Tests involving sp i l l s of up to
2300 kg of sodium at 20 l i ters/sec are possible here, although maximum size
to date has been 1600 kg.

Figure 2 shows the "Small Fire Test Room" which contains several smaller-
scale test setups. The 14-m3 cyl indrical steel cel l enables tests to be
performed in an inert atmosphere. Sodium is discharged either from a
40- l i ter tank at temperatures to 870°C or from a 1500-liter drum at a
temperature of 200°C. Sodium-concrete reaction and hydrogen recombination
tests were performed in this room.

The "Air Cleaning Room" is essentially an empty rectangular concrete
cel l in which sodium smoke can be generated by either pool or spray f i r es .
Figure 3 shows a 0.6-m2 pool f i r e aerosol generator. Two 254-mrn ID ducts
lead from the room to a 0.5-m3/sec blower and f i l t e r housing to permit
f i l t e r plugging and other air cleaning tests to be performed. The 330-m3

volume Air Cleaning Room is equipped with steamrand carbon dioxide inject ion
systems so that the sodium aerosol can be chemically altered and aged to
simulate closely the aerosol which would be created during postulated acci-
dents in sodium f a c i l i t i e s and sodium cooled reactors. The air cleaning
room is also used for disposal of waste sodium. Part ia l ly reacted sodium
from the various test r igs is broken into 2-3 kg chunks, burned in an
e lect r ica l ly heated pan, and sprayed with water while the room is ventilated
at 2.8 m3/sec. The hydrogen concentration is maintained well below the
lower explosive l imi t by the venti lat ion a i r .

B. Containment Systems Test Facility

The CSTF is shown schematically in Figure 4. The chief feature is the
350-m3 model containment vessel. The vessel is 20.3-m in height and
7.62-m diameter. I t is a carbon steel vessel designed for 0.517 MPa pres-
sure and 0.1%/day leakage. The inner surfaces are coated with a modified
phenolic paint and the outer shell is covered with a 25.4-mm thick f iber-
glass insulation with aluminum vapor barrier (k = 0.0427 watt/m-°C at
100°C). Two windows are provided for visual and camera observations. The
total vessel weight is 103,000 kg.

The vessel is located within a concrete building which also houses chem-
ical laboratories, of f ice space and normal u t i l i t y services. Sodium can be
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injected into the containment vessel via either a 52.5-mm ID pipe to a pool
f i r e burn pan located at the bottom of the vessel or via a 15.8-mm ID pipe
to spray nozzles located as desired within the vessel atmosphere. Two
sodium supply tanks of 1700- and 115-l i ter capacity at 650°C are pro-
vided. Extensive thermocouple, gas analysis, aerosol characterization and
data acquisition instrumentation is provided. Aerosol samples can be taken
through four airlock penetrations at various elevations and by ten remote
samples located throughout the vessel atmosphere. A 2700-kg crane and mono-
ra i l provides for removal of the burn pan through the 2.44-m diameter equip-
ment access.

Figure 5 gives a view of the top half of the containment vessel. The
bottom half is obscured from view by the cel l structure. The atmosphere
within the vessel can be redrculated through f i l t e r s or discharged to a
60-m stack. Figure 6 gives a view of the vessel in ter ior looking down from
near the top.

I I I . SODIUM FIRES

Four large-scale sodium f i r e extinguishment tests were performed in
the LSFF in support of the FFTF Secondary Sodium Fire Protection System
Design.(3,4,5,6) j n addit ion, two pool f i r e tests and two spray f i r e
tests were performed in the CSTF as a source of aerosol particles for study-
ing aerosol behavior in a closed vessel. Although none of these tests were
designed speci f ical ly to study sodium f i res per se, experimental data were
obtained which add s igni f icant ly to the sodium f i r e l i te ra ture .

In two of the tests the SOFIRE-2 computer code(?) was used to make
pre-test predictions. No ef for t was made post-test to improve the f i t by
adjusting code parameters.

A. Ignition

In all of the tests the sodium was at a temperature of 580-605°C at
the time it was exposed to air, and in every case ignition was immediate.
Sodium at 200°C ignited in several smaller scale tests when poured into a
steel pan in an air atmosphere. In these tests the sodium did not ignite
until the bottom of the preheated (200°C) pan was covered with sodium. As
pointed out by many authors,^) the ignition temperature is dependent on
surface-to-volume ratio, heat loss to surroundings, oxygen concentration,
moisture concentration, and extent of surface covered by oxide. A conser-
vative assumption is that sodium will ignite at any temperature above its
melting point if exposed to air.

B. Sodium Pool Fires

The initial conditions for six pool fire tests ranging in size from 2.9
to 10.2 m 2 are listed in Table I. Tests Fl, F2, F4 and F5 were extinguish-
ment tests in which combustion was intended to be terminated by consumption
of the oxygen within an enclosed cell, in some cases augmented by a low feed
of nitrogen gas. The oxygen concentration varied greatly during these
tests, typically decreasing to 0.1%. The time period during which the
oxidation reaction proceeded at a significant rate could not be determined

precisely and had to be inferred from temperature and oxygen concentration
measurements. The combustion periods in tests AB1 and AB2 were controlled
precisely by closing a gasketed lid and are thus known precisely.(8) The
oxygen concentration remained high during the entire burning period and
there was a large excess of sodium. Tests AB1 and AB2 thus provide more
exact data on burning rates than do the F-series tests. The chief results
are sutmnarized in Table II. A brief discussion of each tests follows.

1. Summary Results of Pool Fire Tests

All the F-series tests were performed in a full-scale sheetmetal mockup
of an FFTF secondary sodium pipeway which had a pretest leak rate of 3.5
cell volume per hour at 125 Pa pressure differential. Pressure and vacuum
relief vents were provided. In test Fl the sodium was spilled onto a 10-cm
thick reinforced concrete pan. The results showed that large sodium spills
onto a concrete surface cause extensive damage to the concrete and signifi-
cant formation of hydrogen. The H2 concentration in the cell atmosphere
reached a maximum of 25%. The test also showed that oxygen can reenter a
semi-leaktight enclosure to a much qreater extent than can be accounted for
by cooling, and this was shown to be due to convective flow of outside air
induced by the chimney effect. No large pressure pulses were measured
during the spill or at later times. All the sodium was reacted. Reaction
with the concrete accounted for approximately half of the total, with H2,
Na20, and Na2S103 the chief products. The cell structure was not damaged.

Test F2W--Two changes were made from the Fl conditions before per-
forming test F2. Concrete was eliminated and a nitrogen "flooding" system
was installed. The nitrogen flooding system consisted of a piping system
which fed gaseous N2 into the cell near the ceiling at a relatively low
rate of approximately one cell volume per hour. The N2 system was acti-
vated manually at 15 minutes after the sodium spill and controlled manually
at the predetermined rate of one cell volume per hour until the sodium pool
temperature had decreased below 200°C.

The conclusions from test F2 were that the fire was effectively con-
trolled, only 46 kg of sodium reacted (13% of spill mass) which was in
agreement with SOFIRE-IIB predictions, only 0.5% of the spill mass was
released from the cell as aerosol particles, the oxide crust on top of
the pool contained sufficient Na metal particles to cause the crust to be
pyrophoric during cleaning operations, and there was no significant H2
formation.

Test F4—In test F4,(5) the same conditions were used as in test F2
except that instead of an open pan, a covered sump concept was used. The
sodium was spilled onto a flat steel deck (2 m 2) which drained to a steel
lined concrete sump through a cover plate which had 2.54-mm diameter hole
(1% open area). Figure 7 gives a view of the spill deck and coverplate
arrangement. A portion of the nitrogen flood gas flow was introduced below
the coverplate at 0.01 m^/s (STP), a rate which gave an exit velocity
through the 25.4-mm diameter holes of 1.0 m/s (STP).

The conclusions from test F4 were that a covered sump was very effective
in controlling a large sodium spill when supplemented by a nitrogen purge
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introduced below the coverplate . The bulk of the sodium (97.6%) drained
rapidly into the sump, and only 1.3% of the sodium which entered the sump
was found to be reacted. The s teel l iner prevented a d i rec t concrete-sodium
react ion, but approximately 8.2 kg of water was released from the concrete
to the cell atmosphere. No H2 was formed because the coverplate prevented
entry of the water vapor to the sodium in the sump. All of the sodium
retained on the sp i l l deck and coverplate (~9 kg) was completely oxidized.
Smoke re lease from the cel l was even less than in t e s t F2, 0.02% of the
sp i l l mass.

Test F5--In t e s t F5(6) the cell used in previous t e s t s was reduced
1n size to a 3.0-m by 4.6-m floor area. A 30-cm thick reinforced basal t
concrete floor was poured and 0.61-m high concrete walls 23-cm thick were
poured on top of the concrete f loor . A free f loat ing steel catch pan (10.2
mz) was ins ta l led d i rec t ly on the concrete f loor , with 25-mm air gaps
between the pan and concrete wal ls . A splash shield was ins ta l led to guide
any sodium sprayed on the walls across the gap and into the pan, but the a i r
space in the gap was open to the cell atmosphere. Whereas in previous
t e s t s , the sodium was delivered to the catch pan surface to minimize splash-
ing, in t e s t F4 the sodium was released at an elevation 2 m above the pan.
Approximately 1100 l i t e r s of 600°C sodium was spi l led at a ra te of 0.02
nw/s. The nitrogen flood began 15 minutes after the sp i l l and continued
unt i l the pool temperature had decreased below 200°C.

The observations and conclusions drawn from t e s t F5 are as follows:

Space isola t ion with nitrogen flooding is an effect ive method for
control l ing large sodium f i r e s , as evidenced by the rapid cooling
of the sodium pool (a t freezing point 7 hours after s p i l l ) , the
small amount of smoke released from the cel l (<0.1% of sp i l l mass),
the lack of damage to the concrete or cel l s t ruc ture , and the safe
concentration levels of hydrogen and oxygen.

Approximately 6% of the sp i l l mass (60 kg) reacted. About 11 kg
reacted with the water released from the concrete, the balance with
O2 in the atmosphere.

Approximately 45 kg of water was released from the concrete i n t e r -
face. Approximately 200 g-mole of H2 was produced, giving 0.1
mole of H2 per mole of released water. The balance of the water
was swept from the cell by the N2 sweep gas or reacted with

to form NaOH.

The H2 concentration was essen t i a l ly zero during the i n i t i a l
10-minute period, while the O2 concentration exceeded 5%. I t
at tained a maximum value of 3.7 mole % one hour af ter the s p i l l ,
when the O2 concentration was 0.5%. When the N2 flood was
terminated, both the H2 and the O2 concentrations increased
s l i g h t l y , but at no time was a combustible mixture present .

The cell atmosphere temperature increased much more rapidly than
in previous t e s t s , due to the splashing tha t occurred during the

s p i l l . An average atmospheric temperature of 400°C was measured
at the end of the s p i l l . A calculated venting r a t e of 4.7 nw/s
(maximum) was at tained during the s p i l l . This was vented out the
0.6-m2 pressure r e l i e f vent which had been held open during the
s p i l l and closed immediately afterward. This points out tha t
enclosures where large sodium s p i l l s can occur should be e i ther
capable of withstanding high pressure or equipped with su i t ab le
pressure re lease devices.

After cooling to room temperature, the residual sodium was suc-
cessfully disposed of by pouring o i l over the surface and cut t ing
into approximately 2-kg chunks with pneumatic t o o l s . Figure 8
gives a view of the disposal operat ion. The oxide/hydroxide c r u s t
on the pool surface was p a r t i a l l y l iquid with NaOH solut ion , and
was not pyrophoric as in the dry atmosphere t e s t F2.

Test ABl(8)--The 4.4-m2 burn pan 1n t e s t AB1 was located near the
bottom of the 850-m3 CSTF containment vesse l . The 4.8-mm thick carbon
steel pan rested on insula t ing f i rebr ick and the sides of the pan were
insula ted . A hinged, gasketed l id was opened to the' ve r t i ca l posit ion
during the sodium combustion period and was lowered to stop the combustion
60 minutes after the sodium s p i l l . The sodium was spi l led through a heated
52-mm ID pipe. The I n i t i a l atmosphere was a i r with s l i g h t l y reduced oxygen
concentration (19.8%) and a K>oc dew point . Figure 9 shows a view of the
burn pan before the t e s t and Figure 10 shows the sodium burning in the pan
ten seconds after the s t a r t of the s p i l l . A dense plume of aerosol p a r t i -
cles formed immediately and swirled upward due to natural convection. A
thermopile type anemometer inserted near the vessel mid elevation gave a
maximum downward veloci ty of 1.0 + 0.3 m/s at a distance of 25-50 mm from
the wal l . The upward veloci ty over the burn pan was not measured but was
estimated to be approximately 1-2 m/s. The mean reaction r a t e during the
1-h burning period was 35.0 + 3.0 kg Na n r 2 h- l with the uncertainty due
to uncer ta in t ies in the chemical analysis of the residual sodium mater ia l .
Other r esu l t s are l i s t ed in Table I I .

Test AB2(8)—Test AB2 was e s sen t i a l l y a duplicate of t e s t AB1 except
tha t steam was injected to simulate the release of water vapor from hot con-
c r e t e . The steam was released at a r a t e of 0.019 kg/s s t a r t i ng 16 minutes
af ter the sodium s p i l l and was directed upward at 2 m from the containment
vessel wall and 5 m above the burn pan so tha t the steam mixed in the con-
tainment atmosphere before contacting the sodium pool. No hydrogen was
detected. Results of the t e s t are summarized 1n Table I I . A s l i g h t l y lower
burning ra te (33.2 + 3.0 kg Na m"2""1) was measured. I t is concluded
t h a t tne greater hunridity had no s igni f icant effect on the reaction r a t e .

2. Pool Fire Burning Rate

Several authors have suggested tha t the reaction r a t e of sodium burning
in a i r as a pool f i r e is limited by the mass t ransport of oxygen to the
burning zone.(7,9,10,31) *-The oxygen t ranspor t ra te can be approximated by
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where dm /dt rate of transfor of -1to Na surface, mole s
_i

k = mass transfer coefficient, cm s
2

A. * surface area of Na pool, cm
C M = concentration of 02 in bulk cell gas, mole cm"
Cs = concentration of O2 at the Na surface, mole cm"

3

If it is assumed that oxygen reacts in the burning zone to form
according the Equation (2),

4 Na + O2 •> (2)

i t can be seen that 4 moles of sodium are reacted per mole of oxygen,
sodium reaction rate is thus

The

dmNa _ dm.

~ar
= 4 = 4 (3)

where dmf)a/dt = sodium reaction rate, mole s"*. At sodium surface
temperatures in the range of interest for most sodium f i res (>250°C) i t is
reasonable to assume that Cs = 0. Since the oxygen concentration in the
bulk cel l gas and the pool surface area are usually known, i t only remains
to determine the magnitude of the mass transfer coeff ic ient, kc, to be
able to calculate a theoretical sodium burning rate. A method often used in
solving mass transfer problems is to apply heat-mass transfer analogy.
Natural convective heat transfer from upward facing square plates has been
well correlated and can be expressed (for turbulent conditions) a s : ^ * /

Nu = 0.14 (Gr •• P r ) ! / 3

where Nu = Nusselt number
Gr = Grashof number
Pr = Prandtl number.

Then, by analogy,

Sh = 0.14 (Gr • S c ) 1 / 3

(4)

(5)

where Sh
Sc

Sherwood number
Schmidt number.

Equation (5) is rewr i t t en as Equation (6) by i nse r t i ng the proper
dimensionless groups f o r Sh, Gr and Sc.

k c L

0.14 (6)

where L = characteristic dimension of heated surface, cm
Dv = molecular diffusivity of oxygen in nitrogen, em's-*

P = gas density, g cm"3

g = gravitational acceleration, cm s~2
/3 = thermal coeff icient of thermal expansion

Ts = temperature of sodium surface, °K
= temperature of gas far from surface, °K
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Toe -- T
= gas viscosity, g cm"is~i

An interesting observation shown by Equation (6) is that the mass trans-
fer coefficient is independent of size of the burning pool. Equation (6)
was solved as a function of sodium surface temperature (Ts) for the case
of sodium burning in normal air (C^ = 0.21 P/RT) by assuming reasonable
values for the bulk cell gas, T», and using average temperature for deter-
mining fluid properties. The diffusivity was calculated by the Chapman-
Enskog Equation.U2) The calculated burning rate is plotted as Curve A in
Figure 11. The limitations in this calculation include:

A uniform surface temperature is assumed, whereas oxide nodules
probably cause nonuniformity.

A turbulent boundary layer is assumed, whereas portions may be
laminar, especially at lower temperatures.

The assumption that the oxygen concentration at the sodium surface
is zero may not be true, especially at lower temperatures.

Walls of burn pans or cell structures may inhibit convective flow
of air to the region near the burning zone.

Oiffusiophoretic and thermophoretic effects are ignored. These are
not expected to be important.

Newman and Payne(^) used a similar calculational method and compared
it to their laboratory scale results and some larger scale results from the
literature. Their empirical curve is shown as Curve B 1n Figure 11. A
similar comparison is made 1n Figure 11 by plotting the HEDL large-scale
test results as a function of the mean pool temperature. The surface tem-
perature was not measured, but was probably 10-20°C higher than the bulk
temperature, which was measured. The experimental results fall considerably
below the theoretical curve, which is not surprising, since the oxygen con-
centration in the bulk cell gas in the HEDL tests was well below 21X. When
the HEOL results are adjusted to 21%, shown by the solid points in Figure
11, the agreement with theory is remarkably good. The conclusion is
reached, that the burning rate is indeed linearly proportional to the oxygen
concentration and independent of burning surface area.

3. Chemical Composition of Reaction Products

The chemical nature of the reaction products from each of the six large-
scale tests is shown in Table III. The composition of the material remain-
ing in the burn pan is listed in the upper portion of the table, while the
overall composition of the total reaction product, including released
aerosol, is shown in the lower portion of the table. The large variation



between tests is not surprising, considering the different conditions of the
tests. Only test Fl contained sodium silicate because that was the only
test in which the sodium was exposed directly to concrete. All of the tests
produced a significant fraction of sodium hydroxide, even those in a
nominally dry atmosphere (F2 and AB1).

An important piece of information shown by Table I I I is that for a large
sodium f i re burning in normal air without water addition from concrete
(tests Fl and AB1) the Na/0 mass ratio of the product was 2.15 +; 0.05
kg Na/kg 0 (1.45 g-atom Na/g-atom 0). This is one of the input parameters
needed for computer models.

4. Comparison with Computer Code

The SOFIRE-II Computer Code,(7) developed at Atomics International,
calculates sodium pool burning dynamics and the accompanying thermal tran-
sients in the pool and ce l l . One-cell and two-cell versions of the code are
available. The code calculates the sodium burning rate by a method similar
to that discussed
iv i ty is calculated
more exact Chapman-Enskog Kinetic Theory.

3ae calculates tne socnum ourmng race ay ct metnoa sinni«
in the previous section, except that the oxygen d i f fus-

jd by the Sutherland Equation'13) instead of using the
i-Enskog Kinetic Theory.(12 i

The SOFIRE-II code was run for the conditions of tests F2 and A81. A
comparison of the SOFIRE predictions with experimental results are given in
Table IV. Of the two tests , AB1 was modeled more exactly and some of the
results are plotted as a function of time in Figure 12. Some conclusions
are:

SOFIRE overpredicts the sodium pool temperature. The code does not
account for phase transit ions and in test AB1 predicted a maximum
pool temperature 57°C above the normal boi l ing point and a mean
temperature during the 1-h burn 170°C higher then actual.

SOFIRE overpredicted the cel l gas temperature by 20%.

SOFIRE underpredicted the sodium burning rate for test F2 by 20%
and overpredicted the rate in AB1 by 12%. This difference is
part ly due to the dif ferent assumptions used for the stoichiometric
Na/0 ra t io used. In F2 the combustion product was assumed to be

in AB2 i t was assumed to be 0

SOFIRE predicted 40% more oxygen would be consumed in test AB1 than
actual. This again probably was due to the assumption of 100%
Na202 combustion product. Chemical analyses of aerosol and
burn pan residue in AB1 showed that the mass rat io of the sodium to
oxygen in the reaction products was 2.22. Using this value in the
SOFIRE code would have brought the oxygen consumption to very
nearly the observed value and the lower heat of combustion would
have reduced the pool and cel l gas temperature to nearer the
observed values.

An improved f i t of SOFIRE-II with the experiment could be obtained by 37
further adjustment of code inputs and some ef for t is planned for t h i s .
However, i t is concluded that the code gave reasonable agreement with these
large-scale test results using the user manual reconmended input.

The CACECO Code,(14) developed at HEDL for use with FFTF containment
analyses, has the capabil i ty of including sodium chemical reactions (oxygen,
water, concrete) and can handle the result ing thermal transients in four
interconnected ce l l s . I t has not been ver i f ied for sodium f i r e use, however.

C Sodium Spray Fires

Two sodium spray tests were performed in the CSTF. The conditions are
l is ted in Table V. Test AB3 was a short duration spray (140s) while te.st
NT1 lasted 4.8 hr. The results are summarized in Table V I . The computer
code SPRAY(") was used to predict test AB3 and the SPRAY predictions are
also l is ted in Table V I . The spray drop size for the nozzle is claimed by
the manufacturer to be 670-Mm mass median diameter (MMD) with a geometric
standard deviation of 1.5, based on water tests.

The fol lowing conclusions are made from these two tests and the SPRAY
code predict ion:

Large, stable temperature gradients were established in the v e r t i -
cal dimension in both tests. This is contrary to the SPRAY code
assumption of a uniform temperature.

The spray was ent i re ly reacted during the 17-m f a l l . The aerosol
mass concentration was uniform throughout the vessel despite the
temperature gradient.

The SPRAY code overpredictd the containment pressure by 45%. The
code is sensitive to the assumed drop size. I f the drops were
1000-^m MMD, the observed pressure would havs been predicted.

Insuff ic ient temperature measurements (10 locations) were made for
an accurate determination of the temperature d is t r ibut ion under
these conditions.

A spray f i r e can be maintained for long periods of time (4.8 h)
without plugging the or i f i ce of the spray source.

Spray f i r e effects are less well understood and spray f i r e computer
models not as well developed and ver i f ied as for pool f i r es .

Other computer codes being developed for use with sodium spray f i r e
analyses are the SOMIX-1 Code,(16) developed by AI for low-oxygen gas
environments (0-2 vol%), SOMIX-2 for use in air atmosphere, and SP00LFIRE,(17)
developed by ANL to handle a combined spray and pool f i r e in an a i r
atmosphere.



IV. EXTINGUISHMENT OF SODIUM FIRES

Tests Fl, F2, F4, and F5 were performed to confirm the effectiveness of
the FFTF Secondary Sodium Fire Protection System(3»4>5»6) against large
sodium spills. Space isolation, Inert gas flooding, self-extinguishing
sump, or a combination of these methods were employed. The test conditions
are listed in Table I and a summary of results in Table II.

A. Space Isolation

The principle of extinguishment by space isolation is to prevent oxygen
entry Into the cell in which the sodium is burning and thus to allow the
oxygen concentration within the cell to decrease by the sodium oxygen reac-
tion to below the level required to sustain combustion. Obviously, this
approach is reasonable only for small cells. The quantity of sodium which
reacts depends on the cell volume, the initial oxygen concentration and
whether water is available to the sodium from heated concrete. Table VII
lists the empirically determined factors for extinguishment in two cases:
dry air and air with water released from concrete under a steel catch pan.
Space isolation may be a suitable extinguishment method for fires in cells
up to 1000 m 3 volume.

If space isolation is to be used as a sodium fire protection system, the
design features must be a part of the original plant design. Each cell must
be made appropriately small and suitably leak tight. It should be equipped
with automatic ventilation dampers, pressure relief vent, reasonably leak
tight penetrations, sodium leak and/or smoke detectors and catch pans. Con-
sideration should be given for adding an inert gas Injection system (see
Section IV-8) and a smoke control system.

The four F-series tests all used the space isolation method. In test Fl
this was the only method, while in the other three tests space isolation was
augmented by nitrogen injection. Two factors in test Fl prevented any con-
clusion as to whether space isolation by itself would have been effective.
The Fl results were compounded by an extensive reaction with concrete (even
after all the cell oxygen was consumed) and by a damaged pressure relief
vent which allowed more air inleakage than intended.

B. Inert Gas Injection

Inert gas Injection was used as a supplement to space isolation in tests
F2, F4 and F5. In these tests nitrogen gas was injected at a low rate for
the purpose of keeping the cell at a slight positive pressure (10-20 Pa)
during cooling to prevent inflow of oxygen. The nitrogen flow rate required
to produce 10-20 Pa differential pressure depends on the leak tightness of
the cell under f i re conditions. For these tests, the leakiness of the test
cell was adjusted so that 25 Pa differential pressure was produced by a
nitrogen flow of one cell volume per hour. Us)

A hazard of an Inert gas Injection system is the potential for personnel
harm due to an oxygen deficient atmosphere. For this reason the FFTF nitro-
gen injection system is purposely designed for manual startup by connection

with a flexible hose. In the F-series tests, the injection started 15
minutes after the sodium was spilled and continued until the sodium pool
temperature had decreased below 200°C.

The nitrogen injection system was successful in limiting the quantity of
sodium reacted as intended. However, an undesirable effect of this method
is a larger release of smoke from the cell than i f no gas were injected.
The decision whether to provide a nitrogen injection system should consider
this adverse effect.

C. Self Extinguishing Sump

In test F4, 350 kg was spilled on a f la t steel deck which drained
through a perforated steel cover into a steel-lined concrete sump. Normal
burning occurred while the sodium was being spilled and while i t was on the
f lat deck. Once the sodium entered the sump, however, the supply of oxygen
was limited to diffusion and convection through the 25-mm diameter holes in
the cover (1% total open area). The oxygen concentration in the gas space
above the sodium and below the cover was <0.1 vol% 4 minutes after the start
of the sodium sp i l l . Fifteen minutes after the spil l the oxygen concentra-
tion was 0.05%, at which time nitrogen injection was started to the gas
space in the sump.

The sodium pool temperature decreased rapidly even during the 15-minute
period prior to the start of nitrogen injection. I t is believed that the
sodium would have continued to cool and freeze even without the nitrogen
injection, but this was not studied.

The self-extinguishing sump method is an effective sodium f i re control
technique. In the FFTF it is used where existing pipe tranches enable i t to
be implemented inexpensively.

D. Powders

Fire extinguishing tests with powders have not been performed at HEOL.
Small, inadvertent fires are routinely controlled by Met-L-X or NaX (scoop
or hand extinguishers). In 1974 conversion was made at HEDL and most U.S.
facilities to the use of NaX in order to minimize chloride corrosion
potential. NaX is a proprietary sodium carbonate base powder with<0.03%
chloride content.

V. SODIUM COMBUSTION AEROSOLS

A. Rate of Generation of Aerosol from Burning Sodium

Table VIII lists some information regarding the release of particulate
material during the six large scale tests. The data in Table VIII are
expressed in terms of the sodium content, not as total chemical compound.
The sodium-concrete reaction during test Fl caused this test to give anoma-
lous results. Aerosol release from the sodium pool during test F4 (with the
perforated cover) was not determined, but release from the cell was the
lowest of all tests. In test F5 the burn pan covered nearly the entire cell
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floor area. Most of the aerosol which was released during the fire settled
back into the pool and thus no measurement could be made of the total aero-
sol mass release. The three other tests (F2, AB1, A32) gave valid informa-
tion on the specific aerosol release ra,tes, averaging 8.1 + 0.9 kg Na m"zh-1.
The mass fractions of reacted sodium released from the burn pan as smoke in
these same tests were remarkably similar, averaging 0.265 +_ 0.004.

Newman and Payne(^) suggest that the rate of smoke production is
proportional to the vapor pressure of the sodium at the temperture of the
pool surface. However, they found empirically, using small sodium surfaces
(0.008-0.038 m 2) that the smoke release fraction remained constant at 0.12
up to 600°C and then increased rapidly with increasing temperature to 0.34
at 750°C. They suggested a value of 13.5 kg Na nr'h"1 for the specific
release rate. This is significantly larger than the value of 8.1 kg Na
nr2h-l found in the HEDL tests. The reason for the difference between
the Newman and Payne^O) conclusions and the HEDL test results is not
clear, but probably relates to the vast difference in scale. For large
plant fire analysis purposes, the HEDL results are probably more appropriate,
whereas the Newman and Payne results apply to small fires.

Comparison of tests AB1 and AB2 show that the presence of high humidity
in the cell atmosphere had no significant effect on the burning rate or
aerosol release rate.

8. Chemical Nature of Aerosol

Samples of the suspended aerosol were taken on Teflon membrane filters
and protected from laboratory air until analyzed for chemical composition by
a combination of x-ray diffractometry, infrared spectroscopy and wet chem-
istry. The chemical form of the aerosol in test A81 is listed in Tabla IX
for several times during the test and for the composite floor deposit. The
chemical composition changed continually during the test as reactions
occurred with the O2, H2O and CO2 in the atmosphere. Shortly after
the sodium spill the aerosol was predominantly NaOH, formed by -eaction of
sodium oxide aerosol particles with the ambient humidity in the atmosphere.
The initial 10°C dew point atmosphere in test AB1 contained 9.0 kg of
water vapor, sufficient to convert half of the released sodium to NaOH. In
test A32 the aerosol was completely converted to NaOH with excess water of
hydration and solution. This, of course, was due to the steam injected tj
the containment atmosphere to simulate water release from heated concrete.
The average composition of the AB2 aerosol was equivalent to a 60 wtX solu-
tion of NaOH.

It is concluded that the chemical nature of the aerosol emitted from
sodium fires will consist of variable ratios of NaOH, Na202, Na20, and
Na?C03, with the ratios dependent on sodium spill size, cell volume,
cell oxygen concentration humidity and COj availability. Small fires will
produce largely NaOH particles, while large fires will produce mostly 0
in oxygen-rich atmospheres.

C. Physical Nature of Aerosol

The physical nature of the sodium combustion product aerosol was studied
in tests ABl and A82.(8) It is hypothesized that the aerosol particles
were formed by reaction of sodium vapor with oxygen within a few centimeters
of the sodium pool surface,.rapid nucleation to form a high concentration of
primary particles in the high temperature plume, and rapid agglomeration to
form aggregate particles during the plume rise and dispersal throughout the
vessel. Essentially uniform suspended mass concentration was accomplished
very quickly, but the few seconds in the high concentration plume caused the
particles to grow to diameters of the order of one micrometer by the time
they were dispersed. The aerosol particles were probably formed primarily
as Na20 in the high temperature burning zone, but reacted rapidly with
oxygen to form Na202 in the plume rising above the pool. As these
particles were dispersed throughout the vessel atmosphere, they reacted very
rapidly with the water vapor present in the normal air test. Sufficient
water vapor was present to convert approximately half of the total released
aerosol to NaOH. Within a few minutes the aerosol was in the form of sodium
hydroxide solution particles. As more Na202 particles were generated,
they agglomerated with the sodium hydroxide particles. Some of the water of
dilution in the sodium hydroxide solution particles diffused to the co-
agglomerate Na202 to react to NaOH and release oxygen gas. The released
gas caused a volume increase, with corresponding reduction 1n the effective
densityof the particle. Some reaction with the CO2 occurred, but the
supply of CO2 was limited. In the test where additional water vapor was
added as steam, sufficient water was available to convert all the .aerosol to
NaOH with excess water of solution. The overall result in both tests was an
aerosol that varied with time 1n chemical composition, density and shape.

Cascade impactor samples showed that the size distribution of the sus-
pended particles was approximately log-normal. The aerodynamic mass median
diameter (AMMO) measured by two types of cascade Impactors are plotted in
Figure 13 for the "dry" aerosol (A81) and the "wet" aerosol (AB2). The
geometric standard deviation, <rg, 1s also plotted. Figure 13 shows that
the particle size remained fairly constant during the fire period at 5-6 *»m
AMMO. Immediately after the fire was extinguished the size increased to
7-3 ̂ m because the source of small particles was removed. The larger
particles settled more rapidly than the smaller and the agglomeration rate
showed as the concentration decreased, with a resultant slow decrease in
particle size until the AMMO was 1.5 /»m after two days.

The bulk density of the aerosol material recovered from the cell floor
after test A31 was 0.33 + 0.03 g/cm3. After vibrating by tapping 100
times in a graduated cylTnder, the density of the powder increased to 0.60 +
0.10 g/cm3. The material density of the settled powder in test AB3 was
determined to be 2.3 +0.3 g/cm3 by immersion in acetone.

Electron microscope grids were exposed to the containment atmosphere at
various times during tests ABl, AB2 and AB3. Photomicrographs showed the
particles were approximately spheres with diameters increasing with time
until the fire was extinguished, then decreasing with time. Particles of
30 Mm diameter, containing what appears to be gas bubbles, were common near
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the end of the f i r e . At long times the particles appeared as crystal l ine
dendrites.

The electr ic charge on the particles were measured by a jM-aTijl plate
charge analyzer.W The "dry" aerosol in test AB1 had a higher charge
then the "wet" aerosol in test AB2, but the net charge was close to zero in
both tests.

D. Aerosol Behavior During Sodium Fires

In the F-series tests, metered volumes of the cell atmosphere containing
suspended aerosol (smoke) particles-were drawn through tubes leading to ex-
vessel f i l t e r s . The f i l t e r was analyzed for sodium and the concentration
calculated in terms of sodium mass. The results are plotted in Figure 14 in
terms of sodium content. Actual mass was approximately a factor of two
larger due to the oxygen and water content of the aerosol. Some line loss
probably occurred, but Figure 14 shows that the maximum concentration was
similar in the three open cell tests (F l , F2, F5), peaking at~12 g Na/m3
20-30 minutes after the s p i l l . The benefit of the perforated cover over the
sump 1n test F4 is evident by the lower maximum and much faster decrease in
concentration. The shorter half l i f e in test F2 compared to Fl is due to
the nitrogen injection in F2. The more rapid decrease in test F5 compared
to F2 is probably caused by the water vapor released from the concrete in
test F5. Comparison of tests F2 and F5 also shows that thermophoresus was
not an important effect on aerosol setting rates. Seventeen percent of the
floor area was covered by burning sodium in test F2; 80% i'n test F5. The
"soaring" effect caused by the hot floor had no signif icant effect on
set t l ing .

In the sealed vessel tests (AB1, AB2, AB3) the aerosol was sampled by
more sophisticated methods. Samples were taken simultaneously at 14
locations throughout the 850-m3 containment volume by in-vessal samplers.
A detailed report of the aerosol sampling methods and the aerosol properties
and behavior during pool f i r e tests AB1 and AB2 has been issued.(8)

The suspended aerosol mass concentration is plotted in Figures 15 and 16
for tests AB1 and AB2, respectively. Each experimental point represents the
mean of the 14 sampling locations. The standard deviation from the mean
averaged 20% of the mean, showing that the atmosphere was well mixed. The
three curves in Figures 15 and 16 are the output of the HAA-38U9) aerosol
behavior computer code. One of the input parameters required for the code
is the aerosol density modification factor, •», which must be determined
empirically. A value of 0.25 is recommended in the User Manual, based on
tests in a 60-m3 vessel.(19) A value of 0.2 gave the best overall f i t
for test AB1 and AB2. In both tests the code overpredicted the maximum
concentration and tended to underpredict at times long after the aerosol
source was terminated. The HAA-3B code is not presently capable of handling
water absorption and desorption, which probably explains the noted discrep-
ancies. The general agreement is considered to be good, however.

E. V is ib i l i t y

The v i s i b i l i t y within the CSTF vessel was estimated by observations of
visual range made through two viewing windows. The results, shown in Figure
17, are in good agreement with those reported by Reist and Hindsv'O) f o r
sodium burning in a 90-m3 ce l l . The visual range in Figure 6 is probably
conservative, i e . , better v i s i b i l i t y may be possible with better l ight ing.

VI. AIR CLEANING SYSTEMS FOR SOOIUM AEROSOLS

A. Evaluation of Various Systems

Conventional a i r cleaning systems of the type used extensively in
existing nuclear f a c i l i t i e s are probably not suitable for handling the
effluent from cel ls or reactor containment buildings in which a large sodium
f i r e 'is in progress. This is due to the very high aerosol mass
concentration in the cel l atmosphere, as discussed in the previous section
of this report. An evaluation was made(21) of nineteen di f ferent air
cleaning concepts for possible use as accident mit igat ing systems in
sodium-cooled nuclear plants.The conclusion was reached that ef fect ive,
rel iable systems are feasible, but that a development e f for t is required
before application can be made with confidence. Some systems found to have
good potential for use in sodium f a c i l i t i e s were sand and gravel beds, large
HEPA f i l t e r banks, cyclones, and aqueous scrubbers. Acoustic agglomeration,
either in-vessel or in the vent i lat ion duct, was at t ract ive from a size and
cost standpoint, but was least well developed technologically.

Two of the systems are being studied experimentally at HEDL: f i l t e r s
(HEPA and low eff iciency pre f i l te rs ) and aqueous scrubbers.

B. F i l te r Holding Capacity for Sodium Smoke

The mass loading capacity of several commercial p re f i l t e rs and h.igh
eff iciency part iculate air (HEPA) f i l t e r s for sodium oxide/hydroxide/
carbonate aerosol was measured at various flow rates and aerosol aging
times.(22) A schematic diagram of the f i l t e r loading loop is given In
Figure 18. The procedure was to establish the desired atmosphere in the
smoke room (temperature, oxygen concentration, humidity, CO2 concentration)
and then to star t a sodium pool f i r e in a 0.62-m2 e lec t r i ca l l y heated burn
pan. In most tests, flow through the loop was not started for 10-20 minutes
to allow the aerosol to agglomerate and come to equilibrium with the atmo-
sphere. In several tests steam or CO2 was injected during the test . Six
f i l t e r s were tested during each f i r e by use of a quick-release clamping fea-
ture on the f i l t e r housing. The flow rats was kspt constant during each
f i l t e r loading and the pressure d i f fe ren t ia l acros; the f i l t e r measured as
a function of time. The test was terminated when the to ta l pressure drop
reached 5-6 kPa and the f i l t e r was removed and weighed.

-The test f i l t e r s are described b r ie f l y in Table X and the results are
summarized in Table XI . Steam was injected to the smoke room in tests FL2,
FL4 and FL6. CO2 was injected during test FL6 to maintain 2% CO2. High
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removal efficiencies were noted in all the tests, even in cases where the
filter was ruptured at high pressure drop. In one test a loaded fil.ter was
left in the loop for 30 days with clean 60°C air flowing through it at
~0.4 m3/s. The pressure drop decreased slightly during this period and
the OOP* efficiency(23) remained at 99.97%, showing that any chemical
damage done to the glassfiber media had no significant effect on the filter
performance. Other conclusions are:

holding capacity at 5 kPa pressure drop ranged from 0.6 to 3.9 kg
for a nominal 0.47 m3/s HEPA,

holding capacity is not strongly affected by gas flow rate,

none of the prefilters were effective in increasing the combined
prefilter-HEPA holding capacity over a HEPA only,

moist aerosol caused the lowest loading capacity,

CO2 addition increased the loading capacity, and

the pressure drop increased rapidly near the end of each test.
Loadings at half the terminal AP were were nearly as high as at
the 5 kPa terminal point.

C. Aqueous Scrubbers

Figure 19 is a schematic flow diagram of an aqueous scrubber system
recently installed for testing at the CSTF. The loop is sized for 0.47 m3/s
nominal gas flow rate, approximately 0.1 scale of a large plant system. The
system consists of three scrubbers in series: a simple spray (quench) cham-
ber for cooling the hot gas intake, a jet venturi scrubber for removing the
bulk of the aerosol mass, and an irrigated fiber bed scrubber for removing
small particles which penetrate the upstream scrubbers. The nominal particle
removal efficiency for sodium oxide smoke on an entering mass basis is 30%
for the quench chamber, 90% for the venturi and 99% for the fiber bed. The
high efficiency for the fiber bed is due to removal of small particles by
diffusion in the 75-nrn thick, 5-m2 annular fiber bed. The gas flow rate
through the bed will vary from 0.01 to 0.1 m/s. Each scrubber has a water
storage and recirculation system. Instrumentation at each scrubber includes
flow rate (gas and liquid), pressure drop, temperature, concentration (gas
and liquid), and aerosol characterization.

The test aerosol will be generated in the CSTF containment vessel by
spraying sodium continuously for 50 hr. The aerosol mass concentration will
range from 1 to 30 g/m3, particle size from 1 to 6 urn AMMD, and its chemi-
cal composition will be predominately sodium oxide, sodium hydroxide or
sodium carbonate, depending on steam and CO2 injection in three different
tests. Particle size and concentration will be varied in a fourth test.
The removal efficiency of each scrubber will be measured as a function of
gas flow rate, liquid to gas ratio, and liquid concentration during each
50-hr test .
*DOP is dioctyle phthalate

The system w i l l be operated in three modes;

Vent mode, where the pressure in the cel l or containment vessel
drives the gas through the scrubber system.

Jet-eductor mode, where the motive power for gas flow is induced by
the je t ventur i . This is expected to be l imited to low flow rates
due to the re lat ive ly high pressure drop through the f iber bed
scrubber (3.7 kPa at 0.47 m3/s).

Blower operated mode, where gas flow in induced by a blower located
downstream of the scrubbers. The blower capacity is 0.47 nn/s at
10 kPa.

One of the potential uses for the a i r cleaning system is to remove
radioactive materials from gaseous ef f luents. I t is commonly believed that
radioactive part icles cannot exist separately in the presence of sodium
oxide aerosol, but would rapidly co-agglomerate. Thus, the removal of
radioactive part icles would be identical to that of the sodium oxide -(or
hydroxide/carbonate) par t ic les. Radioactive tracers are not currently
planned for the CSTF ai r cleaning tests, but stable elemental iodine may
be released along with the sodium combustion products in some tests.

V I I . EFFECTS OF SODIUM SPILLS ON STRUCTURES

A. Steel Liners

Cell l iners may be used in breeder reactor sodium pipeways, sodium
cel ls , and the reactor cavity to provide a leak-t ight cel l and to protect
the concrete from sodium in the unl ikely event of a sodium s p i l l . The
objectives of the HEOL l iner ver i f i ca t ion test program are to evaluate l iner
concepts under postulated accident conditions and to develop the experi-
mental data base which w i l l demonstrate that l iners w i l l maintain in tegr i t y .
Two specif ic tests are reported;(24) a high-temperature l iner feature
test , and a large-scale l iner sodium s p i l l tes t . In both tests no fa i lu re
of the l iners or tendencies toward fa i lu re were detected. The discussed
liner designs appeared to be conservative, and the l iner strength appeared
to be more than adequate.

In l iner feature test FT-3, a 1.22 m x 1.22 m carbon steel plate 6.3 mm
thick, curved to form a segment of a 4.9-meter radius cyl inder, was re-
strained on a l l four edges by welding to I-beams embedded in concrete.
Tungsten filament quartz heaters were used to heat the plate to 593°C within
30 minutes while the plate displacement was measured by linear potentiome-
ters. Nitrogen gas was injected between the plate and the concrete base to
simulate the pressure caused by water released from concrete. The pro f i le
of the plate at various times is shown in Figure 20. As expected, heating
caused the plate to buckle away from the concrete early in the test . The
maximum center deflection reached 6 cm at 593°C. Upon cooling, the plate
contracted to nearly a plane surface. No indication of plate or weld f a i l -
ure could be found.
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Test LT-1 was a large-scale sodium spi l l on several types of liners. The
elevation cross-section of the test article Is shown in Figure 21. 1590 kg
of sodium at 593OC was spilled against one of the vertical walls. Electri-
cal heaters then Increased the sodium pool temperature to a maximum of 3S0°C.
Heating was continued for six days. Four days later, with the temperature
at 260°C, the sodium was drained. Visual, magnetic particle and ultra-
sonic examination of plate and welds showed no failure and very l i t t l e dis-
tortion. No sodium contacted the concrete. Vent pipes carried the steam
released from the concrete to condensers with essentially no pressure
developed at the liners. Approximately 1360 kg of water was collected,
representing 90% of the total water content of the concrete. The maximum
rate of water release was 4.2 kg m-'h*1 at 23 minutes after the sp i l l . The
concrete was fractured at several locations, but the rasidual compressive
strength was high.

The results of the tests at such severe conditions of temperature, ther-
mal shock, and time at temperature give considerable credibil i ty to the
claim that the integrity of properly designed, constructed and vented steel
liners would not be jeopardized by a one-cycle large sodium sp i l l .

B. Water Release From Concrete

Structural concrete contains 120-200 kg/m^ of water. Approximately
one-third of this is "evaporable," existing as gel or capillary water. The
balance is chemically bound as hydrated compounds formed by reaction of mix-
ing water with Portland cement. Aggregate materials normally contain only a
small quantity of water. Both the evaporable and bound water can be released
i f the concrete is heated as, for example, by a sodium sp i l l . Even with an
Intact liner which prevents direct contact between sodium and concrete, the
concrete can be heated by conduction to significant depths. An experimental
and analytical effort at HEOL is designed to improve understanding of the
release of water and gases from heated concrete.

Two analytical models have been developed. The CACECO Code(l*) assumes
non-medianistically that water is released at the heated face in proportion
to the temperature attained by the concrete. The proportionality factor
between temperature and water content of the concrete was determined from
HEOL autoclave tests with 154-mm diameter by 300-mm long concrete cylinders.
The test data are shown in Figure 22.

The WATRE Code(25) uses a mechanistic approach which assumes water
migrates by both diffusion and pressure differences within the concrete.
For temperatures above 90°C pressure driven flow dominates. Four model
verification tests have been performed on 60-cm diameter by 30-cm thick
cylinders poured in a steel can. An electrically heated plate was pressed
against one face and maintained at a constant temperature. The rate of
water release from the heated and unheated surfaces was measured. Thermo-
couples and pressure sensors embedded in the concrete provided information
on thermal conductivity and pore pressure. A typical result is shown in
Figure 23 for test WRD-1, with magnetite aggregate concrete heated to 625°C
on one face. The unheated face was maintained at room temperature. Improve-
ments in the WATRE Code are continuing, and larger scale tests are planned.

C. Sodium-Concrete Reactions

An extensive experimental program has been underway at HEDL for several
years with the objective of obtaining quantitative measurements on the
kinetics of sodium-concrete reactions, the depth of penetration of concrete
by sodium, and the heat of reaction between sodium and several types of con-
crete. (26-29) Tests have been performed with concrete containing basalt,
magnetite, and limestone aggregate. The size scale has ranged from gram
quantities for laboratory tests to 100-kg cylinders for kinetic tests. All
concrete samples used Portland type I or I I cement and were cured from 30
days to three years at the time of testing. Most of the testing was done
with 30-100 day old specimens.

Laboratory tests at Westinghouse Research Laboratory (WRL) using differ-
ential thermal analysis (DTA) techniques, determined the characteristic
temperature at which the exothermic reaction between sodium and solid con-
stituents of concrete becomes significant and the heat of reaction. (29> A
summary of the OTA results is given in Table XII . The considerable scatter
In the DTA data is believed caused by the heterogeneity of concrete. Table
XII shows that strong exothermic reactions begin at a temperature of approx-
imately 475OC for magnetite, 510OC for basalt, and 575°C for limestone
concrete.

The chemical composition of unreacted and sodium-reacted concrete was
determined by WRL using x-ray diffraction (XRO) analyses.(29) The XRD
results are given in Table XI I I .

The 110-mn thick reinforced basalt concrete floor of the burn pan used
in f i re extinguishment test Fl (see Section III-B of this report) was com-
pletely reacted except for a small area at one end of the pan approximately
300 mm thick.(3) Thermocouples embedded in the concrete attained tempera-
ture ~200°C higher than that of the sodium pool, showing that an exother-
mic reaction was occurring at a depth several centimeters below the original
interface. Analysis of the reaction product showed that a major product of
the reaction was a soluble silicate believed to be sodium sil icate.

A series of tests was performed with basalt and magnetite cylinders
110-mm and 250-mm diameter and 110-mm or 300 mm long.(") In these tests,
the sodium pool was heated electrically to simulate fission product decay
heat. These tests were too small for definite conclusions to be made
regarding reaction rates, since in most of the tests all of the sodium
reacted. However, they did show that penetration of the concrete occurred
relatively slowly under the conditions used unless cracking occurred to
expose fresh surface. I t was hypothesized that a protective layer of reac-
tion product formed which limited the transport of sodium to the concrete.

A second series of kinetic tests was performed using larger concrete
samples and excess sodium which was decanted at the end of the heating
period to f ix the reaction t ime. '2 8 ' Magnetite and limestone aggregate
concrete cylinders 350-mm diameter by 300-mm long and 23 kg quantities of
sodium were used. Table XIV l ists the test conditions and gives the depth
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of sodium penetration for tests SC1-SC12. I t should be noted that depth of
penetration does not necessarily mean that the concrete within the pene-
trated zone was entirely reacted, but that the concrete had lost al l
strength and original appearance. Figure 24 shows a typical post-test view
of an exposed magnitite concrete cylinder after cooling and sawing along the
longitudinal axis of the sample from test SC7.

These larger scale tests(28) confirmed in general the conclusion from
the small-scale test series(27) that a semi-protective layer of reaction
product limited the penetration into the concrete. Other conclusions are:

Vertical surfaces were penetrated approximately 2.5 times greater
than horizontal surfaces,

Limestone concrete was penetrated to greater depth than magnetite
at similar conditions,

No CO2 or CO was released from the sodium pool. Free carbon was
identified in only one test (SC-12),. and

Hydrogen was released from the sodium pool at an average rate of
0.5 kg m"2h'1 for the f i rs t 8 h and rapidly decreased to zero
thereafter.

Two tests were performed with a defected steel Hper plate separating
the sodium from a vertical magnetite concrete wall.v26^ These tests
showed that defected liners (6-mm diameter holes) provided some protection
against sodium reaction, but that small defects were enlarged by corrosion.
Later tests were performed with a 63-rtm thick layer of insulating firebrick,
a 63-mm layer of alumina-silica firebrick, and a steel liner plate with a
50-mm diameter hole separating the horizontal concrete surface from 680°C
sodium above the plate. After 100 h at temperature, the sodium had reacted
with the top layer of firebrick, but had not penetrated into the insulating
firebrick. No sodium reached the concrete. These tests clearly demon-
strated the protective value of firebrick and defected liners in preventing
reaction of sodium with structural concrete.

The overall conclusion is that the rate of reaction of sodium with bare
concrete is time dependent. Insufficient data exist to determine rate con-
stants accurately. The type of concrete and orientation of the interface
are important parameters. Firebrick and defected steel liner plate afford
significant protection. Additional studies are underway to provide a better
understanding of the reaction.

0. Hydrogen Formation and Recombination

1. Hydrogen Formation

Hydrogen has been detected in the test cell atmospheres of many of the
HEDL sodium spill tests which involved concrete. For example, Figure 25
shows the hydrogen concentration in the test cell atmosphere during test
Fl. The hydrogen was undoubtedly formed by sodium reacting with water

driven from the heated concrete (see Section VII-B of this report) according 43
to one or both of the following equations:

Na + H2O -> NaOH + 1/2 H2

2 Na + H20 -> Na20 + H2

(7)

(8)

The proportion of hydrogen formed by each of the equations is probably
dependent on temperature. The HEDL test results suggest that reaction (3)
dominates at the high temperatures involved in the tests. It may be that
reaction (7) 1s more important at temperatures below the melting point of
NaOH (320OC). More definitive information on this point is needed, since
twice the quantity of hydrogen is formed per unit of water if reaction (8)
is correct.

The HEDL large-scale tests provide information regarding four modes of
bringing water in contact with sodium:

Concrete protected by an intact liner (test LT1).
detected in the cover gas over the sodium pool.

No hydrogen was

Steam released to an oxygen-rich test cell atmosphere in which a
burning sodium pool f i re existed (test AB2). No hydrogen was
detected in the test cell atmosphere.

Water vapor released from concrete under an intact steel catch pan
to the test cell atmosphere directly at the edge of the burning
sodium pool (test F5). Hydrogen was formed to the extent of 23
gmoles/m2, with a maximum concentration of 3.7 vol£.

Water vapor released directly into liquid sodium (test Fl and Na-
concrete reaction tests). Hydrogen was not released to the test
cell atmosphere as long as the oxygen concentration was >5 vol%
(test Fl). At oxygen concentrations <5 volX, H2 was released
rapidly to the cell atmosphere. The sodium-concrete testsl2 8 '
showed that the release averaged 0.5 kg m"2h"1 for 8 h.

2. Recombination

During test Fl i t was noted that flames were produced during venting of
the test cell gas into a normal air atmosphere,(3) even though the cell
gas temperature was far below the handbook valua for spontaneous ignition
(585OC). This phenomenon was attributed to the presence of sodium aerosol
particles which acted as an ignition source. An experimental study was made
to determine the limits of the self-Ignition phenomenon.I30) The tests
were performed with both laminar and turbulent jets of H2-N2 mixture
containing various concentrations of sodium aerosol or sodium vapor at
various temperatures. Nozzle diameters were 2.8 and 11.0 mm diameter. The
02 concentration in the gas into which the jet vented was also varied.
The test results are shown in Figure 26.

From the Ignition data, conservative limits indicate that a hydrogen jet
discharged into air can be expected to ignite, i f i t is above 260°C



and contains more than 6 grams of sodium per cubic meter of hydrogen. Jet
igni t ion can occur at lower je t temperatures and lower sodium concentrations
i f large (greater than 100 *rn diameter) sodium particles are entrained in
the j e t flow and released to the air atmosphere. When the temperature of a
hydrogen je t exceeds 800°C no ignit ion source is needed and jets of a l l
hydrogen percentages burn in a i r . Once the je t is igni ted, i t
burns continuously and completely for a wide range of conditions. These
conditions include je t sodium concentrations from 0 to greater than 400
gNa/m3H2, atmospheric water vapor concentrations from 0 to 25%, je t
velocit ies from low laminar conditions up to the highly turbulent "blow-off"
veloci t ies, j e t temperatures from room temperature to 882°C, and hydrogen
je t nitrogen concentrations from 0 to 25%. The blow-off velocity occurs
when the j e t velocity is greater than the downward flame propagation
velocity causing the flame to l i f t off of the nozzle.

The burning efficiency of a hydrogen je t decreases exponentially as a
function of the supplied oxygen concentration. Under the test conditions
l is ted above, the burning eff iciency of a hydrogen je t discharged into air
is 1.0, but drops off rapidly when the supplied oxygen concentration
decreases to the range of 5 to 14%. Sodium concentration in the je t and
water vapor concentration in the atmosphere have the greatest effects on the
burning eff ic iency. Jet temperature and je t velocity have small effects.
When no sodium or water va_por is supplied, oxygen concentrations of about 5%
wi l l support burning eff iciencies of 0.90 and better. Increasing the atmo-
spheric water vapor content appears to have a l inearly detrimental effect on
the burning eff ic iency. For instance, the oxygen concentration needed for a
burning eff iciency of 0.90 increases by about 2% oxygen when going from 0 to
25% supplied water vapor concentration.

The overall effect of j e t sodium concentration from 0 to over 400
gNa/m3H2 is that i t is s l igh t ly detrimental to the burning eff iciency.
Adding small amounts of sodium, approximately 20 gNa/m3H2, is the most
detrimental, but greater amounts of sodium reverses the trend and aids the
burning eff iciency independent of the water vapor concentration. Above 200
gNa/m3H2 a hydrogen je t can have a burning eff iciency of 0.90 or better
in 8% oxygen atmospheres.

V I I I . PROTECTIVE CLOTHING

A sodium f i r e protective suit has been developed to protect workers from
contact by hot alkal i metals during emergency situations. The materials of
construction and configuration underwent many changes during the development
period, based on tests in which 540°C sodium was sprayed direct ly on
various areas of the su i t . The current model has been tested successfully
by spraying 0.2 kg of 540°C sodium on i t with an instrumented manikin
inside. I t has not yet been tested with sodium while being worn by a
person. I ts weight, including a self-contained breathing apparatus, is
approximately 25 kg. Although bulky, personnel can perform emergency
functions while clad in the sui t . Suits have been procurred for use in
various USDOE laboratories.
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TABLE I
INITIAL TEST CONDITIONS FOR HEDL SODIUM POOL FIRE TESTS

Test No.
Na Mass Spilled, kg
Na Spill Temp., °C
Spill Duration, s
Surface of Pool, m2

Pool Depth, cm

Cell Volume, m3

Cell Oxygen, %
Cell Dew Point, °C

Burn Pan Material

Burn Pan Support

Unique Feature

Fl
322
582
20
2.9
13.7

95
20.9
-9

Concrete(a)

30-cm Concrete

Concrete Pan
Space Isolation

F2
350
593
20
2.9
14.9

95
20.9
7.2

Carbon
Steel

Insulating
Firebrick

Space Isola-
tion, N2
Flood

F4~m~
604
20
1.0

43.2

93
20.9
2.2

Carbon(b)
Steel

30-cm
Concrete

Perforated
Cover, N2
Flood

F5
1045
593
66
10.2
12.6

71
20.9
4.4

Carbon
Steel

30-cm
Concrete

Open
Catch Pan,
N? Flood

ABl
410
600
78
4.4
11.5

850
19.8
10.0

Carbon
Steel

Insulating
Firebrick

Lid Closed
After 1 hr

AB2

600
90
4.4
13.2

850
20.9
7.6

Carbon
Steel

Insulating
Firebrick

Steam Added,
Lid Closed
After 1 hr

Facility LSFF LSFF LSFF LSFF CSTF CSTF

(a) Basalt concrete floor, 10.2-cm thick, with carbon steel sides.
(b) With perforated cover, IX open area.

TABLE II

SUMMARY OF RESULTS - HEDL SODIUM POOL FIRE TESTS

Test No. Fl F2 F4 F5 ABl AB2

Reaction time, h 1.1 + 0 .2 ( a '
Mean pool temp,

during reaction, C 650 + 30

Final cel l 02> % 0

Mean O~ cone,
during reaction, % 13

Final cel l dew
point, °C (b)

Na mass reacted, kg

Mean reaction,rate,
kg Na m~V

Fraction of spi l led
Na reacted

Fraction of reacted Na
released from pool
as smoke 0.17

0.6 + 0.1

540 + 30

0

13

(b)
322 + 2 ( a * 45.5 + 2.0

100 + 20(c*

1.0

2 6 + 6

0.13

(c)

(b)

500 + 30

0

(b)

(b)

0.25 + 0.05

510 + 30
0

13

(b)

(a)

10.9 + 1.0 60 .5+2 .5

(b) 2 4 + 5

0.031 0.057

1.0 + 0.02

710 + 30
14.7

17.2

1.0 + 0.02

730 + 30
16.7

18.8

-40
154

35.0

0

+ 10

+ 3.0

.373

-1.5
146 + 10

33.2 + 3.0

0.309

0.27 0.12 (b) 0.261 0.266

(a) Determined from temperature and oxygen data.

(b) Not determined.

(c) Combined air and concrete reaction.
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TABLE III

CHEMICAL COMPOSITION OF SOOIUM POOL
FIRE REACTION PRODUCTS

Na Pool
Na Metal
Na?0
NaoO?
NaOH
Na2C03
H2O (hydration)
NaoSiO-s

Fl

0
52
4
8
2
0
34

F2

87.3
12.7
0
0
0
0
0

Weight
F4

(a)
98.7
1.3
0
0
0
0
0

Percent(c)
F5

93.5
1.5
0
3.5
0.3
1.2
0

AB1

71.8
26.7
1.3
0
0.2
0
0

AB2

65.0
25.8
5.9
2.5
0.8
0
0

Total 100

Total Reaction Produc

22
NaOH
Na?C03
H2O (hydra t ion)
N S i O

Tota l

Na/0 Mass Rat io

52
4
8
2
0

34

100

1.82

100.0

59
11
29
1
0
0

100

2.12

100.0

22
9.

56
0

13
0

100

100.0 100.0

100

1.47

100.0

2.22

U)Mater1a1 entering sump.
(b)lncludes burn pan residue and aerosol released from pan.
(OAfter cooling to room temperature.

100.0

11
0
46
15
28
0

65
12
20
1.
1.
0

5
5

45
10
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0
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TABLE V

SOOIUM SPRAY TEST CONDITIONS

Test AB3 Test NT1

Vessel (sealed
Cell Volume, m3

Initial Oxygen Concentration, vol%
Initial Dew Point, °C
Initial Pressure, MPa

Number of Spray Nozzles
Type of Nozzle

Nozzle Distance Above Floor, m
Nozzle Pressure Drop, MPa
Spray Direction
Spray Drop Size, Mm MMD
Drop Geometric Std. Deviation, o-g

Total Sodium Released, kg
Sodium Spray Rate, g/s

Spray Duration, s
Temperature of Sodium, °C

CSTF
850
20.6
4.8
0.125

Spraying Systems Co.
Model 3/8 BA15
17
0.276

Downward
670

1.5

48
343

140
600

CSTF
850
20.9
10.1
0.124

Spraying Systems Co.
Model 1/4 81
17

0.068/0.276
Downward
320/380

1.5

82
3.41 for 1.05xl0*s
6.84 for 6.72xlO3s
1.72x10^
545

TABLE VI

RESULTS OF SODIUM SPRAY TESTS

Assumed drop MMD, cm

Maximum Temperature Increase, °C
Zone l ( a )
Zone 2
Zone 3
Zone 4
Zone 5
Mean CV Volume

Maximum Pressure Increase, MPa

AS3
SPRAY Code

670

148
148
148
148
148
148

AB3
Experiment

570

458
249
39
31
20

160 + 25

NT1
Experiment

350

97
65
33
20
6.2

44 + 9

0.0586 0.0407 0.0052

TABLE V I I

FACTORS FOR SODIUM REACTION IN SEMI-SEALED CELLS

48

kg Na Reacted per
of Cell Volume

Test Basis

All Steel,
No Concrete

0.48

F2

Steel Catch
Pan, Water

from Concrete

0.85

F5

TABLE V I I I

SOOIUM FIRE AEROSOL GENERATION(d)

kg Na Spilled
kg Na Reacted

Aerosol Released from
Pan, kg as Na

Aerosol Released from
Cel l , kg as Na

Mass Fraction of Reacted
Na Released from Pan
kg Na n r ' h - 1

Mass Fraction of Reacted
Na Released from Cell

Mass Fraction of Spil led
Na Released from Cell

3 2 2 , i322 (a)

54

3.8

0.168
17

F2

350
45.5

12.2

1.8

0.268
7.0

F4

350
10.9

1.35

0.065

0.124
(c)

F5

1045
60.5

(c)

0.53

(c)
(O

AB1

410
153

40.0

(b)

0.261
9.0

0.012 0.040 0.006 0.009 (b)

0.012 0.0051 0.0002 0.0005 (b)

U)The containment volume is divided into 5 equal volume zones, with Zone 1
at the top, Zone 5 at the bottom.

(a)Comb1ned reaction with cell oxygen and concrete floor of burn pan.
(b)Not detected-leak tight pressure vessel.
(c)Not determined
(d)Refer to Table I for test conditions

A82

472
146

38.8

(b)

0.266
8.7

(b)

(b)



(a)

Na202
Na2C03
NaH
NaOM
H20

Total

Total Na
Total H
Total C
Total 0

TABLE IX
AEROSOL CHEMICAL ANALYSIS - TEST AB1

Mass.Fraction
Suspended Aerosol^0'

Sample SI
t=16 min

0.150
0.029
0.0001
0.821
0.0

i.oooo
0.573
0.0205
0.0033
0.4032

Sample S2
t=46 min

0.560
0.004
0.007
0.429
0.0
1.0000

0.585
0.011
0.0005
0.4035

Sample S3
t=190 min

0.430
0.018
0.0011
0.479
0.072
1.0000

0.538
0.020
0.0021
0.4399

Sample S4
t=610 min

0.350
0.061
0.011
0.421
0.097
1.0000

0.519
0.023
0.0069
0.4511

Composite^
Sample S5

t=5d

0.273
0.009
0.0008
0.670
0.047
1.0000

0.551
0.022
0.0011
0.4259

2 2 , Na2C03, NaH and Total Na analyzed by wet chemistry and
infrared spectroscopy. NaOH and H2O calculated. NagO not detected by
x-ray d i f f rac t ion.

(b)Material collected on membrane f i l t e r at stated time.

(c)Floor deposit obtained at end of test .

Test
Filter

Designator

1

2

3

4

5

6

7

Type

HEPA

HEPA

HEPA

HEPA

HEPA

TABLE X

DESCRIPTION OF TEST FILTERS^)

Rated
Efficiency

%

99.97

99.97

99.97

99.97

90

99.97

60

Media
Surface

Characteristics

Glass media, Al separator

Glass media, no separator

Glass media, non-metal sep.

Glass media, mini Al sep.

Glass media, no separator

Glass media, Al separator

Glass media, Al separator

20

21

22

23

24

25

26

Pref liter

Prefilter

Prefilter

Prefilter

Prefilter

Prefilter

Prefilter

30

50

Knitted SS/glass 13 cm thick

Crimped metal screen, 10 cm thick

Progressive density metal mesh

Crimped metal screen, pocket

Cotton, nonwoven

Glass mat, folded

Crimped Al mesh, 3 layers

(a) All filters 60 x 60 cm face dimension.



s?

TABLE X I

SUMMARY OF FILTER LOADING AND PRESSURE DROP RESULTS

T e s t
Ho.

FL1 A
B

0
D
E
P

FL2 A
B
0
0
£
P

FL3 A*
B
C
D
E
P
0

FL4 A»
B
C
D
F
a

FL5 A
a
c
D
E
F
Q

FL6 A
3
C
D
S

Filter
P.P.
None
Hone

Hone
Hone
Hone
Hone

Hone
Hone
Hone
Hone
Hone
Hone

None
None
None
None
None
None
Man*

20
21

23/ <3 \
2 4 ( 2 )

25

20
21
2 2 , , ,
23,Cf
a5U>
24
26

21
25

Type
HEPA

1
1

2
2
2
1'

1
1
2
2
2
1

3
3
4
5
g
7
3

3
3
3
3
3
3

3
3
3
3
3
3
3

3

3
3
3

,Flow
raVsec

0.45
0.23

0.23
0.45
0.09
0.09

0.47
0.24
0.24
0.46
0.09
0.09

0.45
0.46
0.46
0.46
0.46
0.46
0 46

0.46
0.47
0.48
0.48
0.48
0.43

0.47
0.47
0.47
0.47
0.47
0.47
0.47

0.47
0.47
0.47
0.47
0.47

Mass
P.P.
None
None

None
Hone
Hone
Hone

None
Hone
Hone
Hone
Hone
None

Hone
Hone
Hone
Hone
None
Hone
None

0.39
1 . 1
0.58
0.51
0.79
1.6

0.51
0.31
0.15
0.89
1.5
2.0
3.6

3.3
1.4

on filter
HSPA I

2 .8
2 . 6

3.7
3 . 0
2 . 5
Z.T

0.63
0.79
2.5
3.9
1.8
1.8

0.62
1.1
2 .0
2 .2
1.7
1.7
2.0

1 .2
2 .2
2 .0
1.5
1.9
0.52

0.44
0.36
0.53
0.31
0.73
0.64
0.21

4.7
5.1
1.5
0.17
4 .0

. kg
ratal

2 . 1
3.3
2 .5
2 .0
1.9
2 .2

0.95
o.6a
0.63
1.7
2 . 3
2 . 6
3.8

_
4 . 3
1.5

AP,
P.P.
None
Hone

None
Hone
None
None

None
None
None
None
None
None

None
None
None
None
None
None
None

0 . 2
0.05
0.02
0.02
1.6
3.5

UK
0.02
0.02
5 .0
5 . 1
3.5
5.3

-
0 .8
5.1

tc?a
Total
4.8
4 . 6

4.8
4 .8
4 .6
4.7

5.0
5.0
4 .5
4.5
U . 5 - . .
4 . 5 ^ '

4 .5
4 . 5
4 .6
4 .6
4.5
3.7
4 .6

4 .9
4 . 7
5.0
4 . 3 , , )

3.9

-"•5
6 .0
6.5
6 . 2
6.1( i , )
4 .4
5.8

5 .0
4.9
5.8
5-6
5 .0

Aerosol ,
Cor.c., s/nr

9 . 0
7.2

9 . 2
9 . 4
7.7
6.5

10.7
12.4
16.5
8 .4
10 .4
4 .6

1.3
5.9
5.0
6 .4
4 .9
2 . 3
6.3

3-5
6.9
6 . 1
7.0
8 .2
4 .4

5-7
4.0
4 . 3
4 .2
6.4
4 .4
6 . 1

6.3
4.9
5.4
7.6
4 .3

•Flow started before sodium fire
(1)' Ruptured a; 2.5 KPa AP flow continued
(2) Two f i l t e r s used In series
(3) Huptursd at 2.2 icPa
(4) Hu?tured at 4.5 *Pa

TABLE X I I

DTA RESULTS FOR REACTION OF SODIUM WITH" THREE TYPES OF CONCRETE

Sample
Ident i f ica t ion

Basalt Aggregate:
CON-Bl

C0N-B2

Magnetite
Aggregate: CON-MI

Exotherm
oc

Run # I Run #2

400w
545s

410w
520s

400w
471s

520s

420w
496s

320w
435s

Heat Evolution
- H, cal/gram

Run #1 Run #2

+277

+188

+237

+222

+152

+341

Limestone
Aggregate: CON-LI 570s 585s +271 +291

w » weak
s • strong



Zn

TABLE XIII

X-RAY DIFFRACTION ANALYSIS OF CONCRETE ANO
SODIUM-CONCRETE REACTION PRODUCT

Magnetite Concrete

Major

Intermediate

Minor

Trace

3asalt Concrete

Major

Intermediate

Minor

Trace

As Received

Fe3°4

Ca3Si05

SiO2

Labradorite

—

Ca3Si05

SiO2, Fe3O4

Fe2O3, Fe(alpha)

800OC with Na

NaOH

Na2O
—

Ca3SiO5, Fe(alpha)

Na

Na2Ca2Si04

Na2SiO3

NaOH

Na2O

Fe(alpha)

Na, Si, Ca3SfO5

Limestone Concrete

Major

Intermediate

Minor

Trace

CaCo,

—
CaMg(C03)2

MgO, s>02

Ca2Si04

Ca(0H)2

—
MgO, SiO2 Al-0

Fe304, Ca2Si04

Na-CO,, NaOH

TABLE XIV

SUMMARY OF CONCRETE PENETRATION

Test

SCI

SC2

SC3

SC4

SC5

SCti

SC7

SC8

SC9

SCiO

SC11

SC12

Concrete
TypeU)

M
M
M
L
L
L
M
L
M
i_

M
L

Interface
Orientation

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

Horizontal

Vertical

Vertical

Vertical

Vertical

Na Temp.
OC

677
871

871

677

871

871

871

871

871

871

871

871

Time(b)
h

8

2
8

8

2

3

24

24
8

8

24
24

Penetration
Max.

3.8

4.1

4.8

8.4

4.3

4.8

6.9

5.3

14.7

13.0

12.4

14.0

, cm
Avg.

1.9

1.6

3.4

6.1

2.5

3.8

4.5

4.4

7.7

8.9

8.6

9.2

(a)M » magnetite, L = limestone

(°)Time after spill that excess sodium was decanted.
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FIGURE 1. Plan View of Large Sodium Fire Fac i l i ty .

o

UJ
(X.



7712438-34
FIGURE 3. View of LSFF Air Cleaning Room Showing Sodium Smoke Generator.
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7712595-1

FIGURE 4. Elevation View of the CSTF.
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769333-17 774243-15

FIGURE 5. View of Top Half of CSTF Containment Vessel. FIGURE 6. View of CSTF Vessel I n t e r i o r Looking Down.
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FIGURE 8. View Showing Disposal of Residual Sodium with Pneumatic Tools - Test F5.
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FIGURE 9. Pretest View of Burn Pan With Lid Open - Test AB1.
779348-0

HEOL 7807-036.26

HEDL 7807-036.26
FIGURE 10. View of Sodium Spilling Into Burn Pan Ten Seconds After Start of Spill - AB1.
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FIGURE 13. Aerosol Part icle Size Measured by Cascade Impactor.
FIGURE 14. Aerosol Mass Concentration in Test Cell ATmosphere During Sodium

Fire Extinguishment Tests.



HAA-3B CODE VS ABl EXPERIMENT

1
ia io°

3 10*

10,-3

10*4

0 ABl EXPERIMENT

HAA-3B. a «0.2
HAA-38,a - 0 . 1
HAA-3B, a • 0.05

ALL £ • L0, RHO • 2.4
*50 • L0,<7g • 2.0
SO • 1.53 x 105

10* 10*
TIME, SECONOS

FIGURE 15. Aerosol Mass Concentration During Test ABl Compared with HAA-3B
Predict ions.

AEROSOL MASS CONCENTRATION DURING
TEST AB2 COMPARED WITH
HAA-3B PREDICTIONS
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102 104

TIME - SECONDS
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HEOL 7810-104.4

FIGURE 16. Aerosol Mass Concentration Ouring Test AB2 Compared with HAA-3B
Predictions.
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FIGURE 19. Schematic Diagram of CSTF Aqueous Scrubber Air Cleaning System.
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FIGURE 25. Hydrogen Formation During Test Fl.

HEDL 7305-79.1
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Figure 26.a. Test Vessel Details
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Figure 26.b. Ignition Character-
i s t i c s of a Hydrogen-Sodium
Vapor/Aerosol Jet

HYDROGEN AUTO-IGNITION TEST, H-48
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Figure 26.C. Typical Burning Efficiency vs.
Oxygen Concentration Data Curve

Figure 26. Hydrogen Recombination in Presence of Sodium Aerosol.


