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1. ABSTRACT

This paper focuses on designs, analyses, and tests performed since the
last Sodium Fires Meeting of the IAEA International Working Group on Fast
Reactors in Hay 1982. Since the U.S. Liquid Metal Reactor (LMR) program is
focused on the two advanced LMRs, SAFR and PRISM, the paper relates this
work to these designs. First, the design philosophy and approach taken by
these advanced pool reactors are described. This includes methods of leak
detection, the design basis leaks, and passive accommodation of sodium
fires. Then the small- and large-scale sodium fire tests performed in sup-
port of the Clinch River Breeder Reactor Plant (CR8RP) program, including
post-accident cleanup, a.re presented and related to the advanced LMR de-
signs. Next, the assessment and behavior of, the aerosols generated are
discussed including generation rate, behavior within structures, release
arid dispersal, and deposition on safety-grade equipment. Finally, the
impact of these aerosols on the performance of safety-grade decay heat
removal heat exchange surfaces is discussed including some test results as
well as planned tests.

2. INTRODUCTION ; .

Since the Specialists' Meeting on Sodium Fires, Design, and Testing in
May 19&2, the United States program has focused first on supporting the
CRBRP program and subsequently on supporting the advanced LMR conceptual
designs, SAFR and PRISM. Two major sodium fire tests were completed in
support of CRBRP, and the basic approach to passive sodium fire protection
was established. In addition, sodium fire codes were improved, and the
major leak detection methods were identified and their acceptable perfor-
mance verified.

Subsequently, the remaining effort was focused on supporting the ad-
vanced reactors. Since the advanced reactor concepts adopted versions of
the proven CRBRP passive sodium fire system, this effort emphasized aerosol
behavior and the potential impact on heat transfer surfaces. The latter
represents the only safety grade equipment in the advanced LMRs that has
the potential of being degraded by sodium fire aerosol deposition. The
following sections discuss the progress made an.d planned in these areas.

3. SODIUM FIRE DESIGN BASIS

This section describes the passive sodium fire protection approach be-
ing used by U.S. designers of SAFR and PRISM as part of the U.S. Department
of Energy (DOE) advanced LMR program.

3.1 Design Approach

The design approach is to provide multiple and diverse detectors to
assure a high probability that leaks will h.e detected while still very
small. Upon receiving a leak signal, the operator would verify the leak
through detection by other sensors or visual inspection. The affected loop
would then be drained and the leak repaired. If the leak detection system
fails and the leak grows, the sodium systems are designed to passively
accommodate the leaks and terminate sodium burning with a limited releace
of sodium aerosols.

Both the SAFR and PRISM designs use a modification of the CRBRP sodium
fire suppression design. The inner pipe insulation steel jacket stands off
about 2.5 cm from the pipe wall as shown in Figure 3-1. Any leaking sodium
flows along the annulus between the pipe and the jacket until it conies to a
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drain line. For the SAFR design, this drain line enters a header where the
sodium is conducted to the Sodium Water Reaction Protection System (SWRPS)
vault. For large leaks, up to the design basis moderate energy fluid sys-
tem (MEFS) leak, some spillage, up to 5% of the leak, may occur at the pipe
hanger-insulation interfaces. This sodium spillage is assumed to burn as a
spray and later as a pool in the steel catch pan until it also is drained
into the SWRPS vault (see Figure 3-1). The SWRPS vault has limited air
access and sodium burning will be rapidly terminated. For the PRISM de-
sign, rather than collect)the sodium'from the drain lines in a header, the
sodium is dumped directly on a fire suppression deck located at the bottom
of the steam generator building (SG8) as shown in Figure 3-2. This fire
suppression deck is functionally the same as the CRBRP design whose perfor-
mance was demonstrated experimentally as discussed in Section 4.3.

3.2 Leak Detection

Because of the need in liquid metal fast breeder reactors (LMFBRs) for sen-
sitive, reliable leak detectors,.an extensive development program was
started in the early 1970s. The initial phase of this program was the
testing of candidate detection systems in a small test chamber. Based on
the results of these "screening" t'ests, the best performing systems were
tested in a -large "walk-in" enclosure using more prototypical pipe and de-
tector configurations over the range of expected LMFBR environments. With
the knowledge gained from these tests, a series of verification tests was
performed using expected CRBRP detector and pipe insulation configurations
and cell gas recirculation rates. Long-term endurance tests were also com-
pleted. In addition, photoelectric and ionization chamber detectors were
tested in the two large sodium fire tests, performed for CRBRP, discussed
in Sections 4.2 and 4.3.

3.2.1 Leak Detection Methods Tested

Overall, two conductivity-type detectors and three aerosol-type detec-
tors were evaluated.

The principle of operation of the conductivity detectors is well
known. An illustration of the probe-type detector tested is shown in Fig-
ure 3-3a. For these tests, in addition to glass braid insulated cable, a
configuration as shown in Figure 3-3b was tested. This type detector
employs metal-sheathed, magnesium-oxide-insulated, two-conductor cable.
The sheath is milled out in selected locations to expose the conductors.
Leaking liquid metal forms an electrical bridge between the conductors and
the sheath at these locations.

Three typ,es of aerosol detectors were tested. These'sense the aerosol
generated by the reaction of sodium vapor with oxygen in the presence of at
least small quantities of moisture. The plugging filter aerosol detector
(PFAD), Figure 3-3c, embodies a differential pressure sensor connected
across' a filter. Gas from the leak site is drawn through the filter. Upon
a liquid metal leak, the sodium aerosol carried by the gas collects on the
filter and the pressure drop increases. This pressure drop is then moni-
tored and provides an alarm when it approaches a preset limit. In addi-
tion, chemical analysis of the residue on the filter provides confirmation
of the liquid metal release. ,

A second type of aerosol detector, referred to as a sodium ionization
detector (SID), Figure 3-3d, uses a heated filcment to ionize particles in
the gas that flows through it. The particles are collected by an electrode
to provide a measure of ion current. By operation-of the filament at the
proper temperature, only sodium, or a species.with a lower ionization
potential, will become charged with the resultant ions collected.
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The third aerosol-type detector was a photoelectric (PE) chamber
detector that operates on the light-scattering Tyndall principle. An
infrared, light-emitting diode (LED) and a light-sensing photodiode are
precisely positioned within a vented sensing chamber such that when the air
is clear, the photodiode receives very little light from the LED. When
smoke enters the chamber, the particles reflect the LED light into the pho-
todiode and its output voltage increases. Under normal circumstances, the
LEO is pulsed once every 10 s. When the photodiode's amplified output ex-
ceeds a preset calibrated set point v.oltage (indicating smoke in the cham-
ber), the LED is shifted to a 1.25-s period.

3.2.2 Summary and Conclusions

Liquid metal-to-gas leak detection testing has indicated that conduc-
tivity type leak detectors (probe and cable) have a usefulness limited to
large leaks or leaks in a confined space. Annulus-type aerosol sampling,
utilizing either SIDs or PFADs, provides a sensitive method of detecting
leaks in both air and nitrogen down to the range of several g/h, with en-
hanced sensitivity response time when the liquid temperature is above
500°F. Response time will vary depending upon liquid metal temperature,
leak rate, etc. Aerosol sampling of cells is an effective method of leak
detection for moderate-sized cells even with relatively high recirculation
rates such as.lOVmin. Relatively Targe leaks (200 kg/h) can be detected
by aerosol sampling of annuli of small cells in minutes. Long-term endur-
ance testing has shown both SIDs and PFADs to be relatively insensitive to
typical reactor environmental pollutants and otherwise quite reliable. The
PE detectors met requirements for response time and sensitivity and had a
low cost relative to the SIDs.

4. SODIUM FIRE TESTS

Since the last meeting, three major sodium fire tests.have been per-
formed in the United States. The smallest of these was SA-1 in the Con-
tainment Systems Test Facility (CSTF) at the Hanford Engineering Develop-
ment Laboratory (HEDL). This test became the basis for a comparison of
five sodium fire codes as discussed in 5.1.2. The second test was per-
formed at Rockwell International's Large Scale Sodium Fire Test Facility
(LSSFTF). This test simulated a large spray fire in a CRBRP steam genera-
tor building and became the basis for changing the CRBRP design to preclude
large sodium sprays. For.the final test, also in the LSSFTF, the test con-
figuration was changed to simulate the revised CRBRP fire suppression sys-
tem. Each of these tests is described brieflyvin the following sections.

4.1 The SA-1 Sodium Fire Test

This test was carried out in the Containment Systems Test Facility
(CSTF) at HanfocdiEngineering Development Laboratory (HEDL).[1] The test
arrangement is shown in Figure 4-1. The nozzle delivered a total of 650 kg
of -tSiodium in 40 minutes, when the oxygen content of'the atmosphere was
depleted. The sodium spj-ay mass median drop diameter was estimated at yt
0.555 ± 0.020 cm, the size distribution hav>ng a logarithmic standard [
deviation of 1.6 ± 0.1. These drops are nearly twice as large as those
in any other known sodium fire test—a unique feature of SA-1. Plans for
elaborately improved drop size estimation had to be cancelled, leaving this
one of the major uncertainties in the test results.
Test measurements continuously monitored included:

• Atmospheric temperature (average of 24 carefully located
thermocouples)

• Wall temperature (average of 6 thermocouples each on inside
and outside surfaces)
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Figure 4-1. Schematic View of CSTF Containment Vessel
Arrangement for Test SA-1

• Atmospheric pressure

• Atmospheric oxygen (7 sampling locations).

Test measurements made periodically included;

• Atmospheric moisture

• Aerosol characteristics (suspended mas? concentration, par-
ticle size distribution, chemical composition)

• Atmospheric velocity vertical component (2 pitometers).

4.2 Large-Scale Sodium Spray Fire Test

The initial CRBRP fire suppression approach was to accommodate a HEFS
leak assuming the leak could issue as a jet unimpeded by the pipe insula-
tion. Correspondingly, it was assumed that the resultant jet might impinge
on a nearby structure or pipe converting the jet into a spray. A series of
tests were run with water simulating several leak shapes and impingement
target configurations to determine the design basis configuration; and how
best to simulate the leak in a large-scale test. It was concluded that the
best approach would be to simulate the worst resultant spray with 12 spray
nozzles that would produce the same sodium drop size distribution.

The final test configuration is shown in Figure 4-2 where 1t can be
seen that the sodium is sprayed into a full-scale model of the CRBRP fire
suppression deck. A more detailed picture of the fire suppression deck is
shown in Figure 4-3. Only about 700 kg of sodium was sprayed Into the cell
when the test was inadvertently aborted. However, sufficient data were
obtained to conclude that the CRBRP design should be modified to prevent
exceeding structural temperatures.
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Figure 4-2. Large-scale Sodium Spray Fire Test
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4.3 Large-Scale Passive Fire Suppression Test

The redesigned piping insulation for CRBRP consists of an inner steel
jacket that surrounds the pipe and is supported from the pipe. Thermal
insulation surrounds the inner jacket and is covered by an outer steel
jacket. The design approach to mitigate spray formation in the event of a
piping leak was to contain the leaked sodium in the annulus (nominally
2.5 cm) between the pipe and the insulation inner jacketing and to channel
the sodium out of the annulus through a drain pipe connected to the inner
jacket. The. concept is shown in Figure 4-4. Key features of the concept
include:



- 202 -

Inner Jacket
Pipe Clamp Seal Insulation Pipe Clamp

Pipe /Inner / /Outer ft and Hanger
• 'Jacket I f JacketY 8

Pipe Leak

Leakage Drain-*"!1! U a k a 9 e

" Pipe Liquid
Stream

Figure 4-4. Mitigated HEFS Leak Concept
. . . \

• An inner jacket capable of withstanding sodium jet impingement
y. Toads from the sodium leaks.
• A mechanical seal between the inner jacket and penetrations, such
4 astpipe clamps and heater leads, to minimize sodium leakage into

||fl cell environment.

• - A 20-cm-diameter drain connection to the annulus between tfie pipe
and the inner jacket, sized to channel sodium into a liquid
stream with minimum buildup of back pressure in the annulus.

To verify the performance of the catch pan fire suppression deck sys-
tem under realistic thermal loadings and to obtain experimental evidence of
the effectiveness of reducing the spray discharge, a sodium test was per-
formed using the test configuration shown in Figure 4-5. The discharge
nozzle was designed to simulate'the discharge from a 61-cm-diameter pipe
insulation annulus drain. Over 18,000 I of 590°C sodium were discharged
for a 13-min interval onto a large (9 m by 6 m) prototype catch pan fire
suppression deck system. The sodium discharge rate was varied between
760 l/m and 2650 l/m in order to assure the "worst'case" thermal impact
on the fire suppression deck and support structure. The nozzle exit was
positioned approximately 1.9 m above the walkway grating.

In addition to the catch pan fire suppression deck test article, the
test cell contained various candidate sodium aerosol detectors and repre-
sentative pipe hangers and snubbers. The test articles, building struc-
tures, and cell environment were fully instrumented to measure temperature;
pressure; and oxygen, hydrogen, and aerosol concentrations. Two video cam-
eras were used to view the cell interior. The measured temperatures and
pressures were compared with predicted values calculated with the SPCA-II
code.

The test results demonstrated that the consequences of a sodium leak
are greatly reduced by mitigating spray formation and that the catch pan
fire suppression deck system is very effective in suppressing pool burn-
ing. In comparison to the previous large-scale sodium test, using a spray
discharge, the cell gas and structural temperatures in this test were sig-
nificantly reduced. Figure 4-6 shows the cell gas average temperature ver-
sus time. Except for local hot-spot temperatures in the immediate vicinity
of the sodium stream, the peak gas temperatures in the cell were less than
370°C. During the earlier spray test, cell peak gas tenperatures were in
excess of 700*C over a significant volume of the cell.

The temperature of the sodium pool in the catch pan is shown in Fig-
ure 4-7. The sodium temperature reached a peak of 590°C (the discharge
sodium temperature) and then decreased continuously to freezing. The trend
indicates that significant burning was terminated when the oxygen beneath
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the suppression deck was exhausted. The overall effectiveness of the sys-
tem is demonstrated by the total quantity of sodium consumed. Of the
15,140 kg of sodium discharged, it has been estimated that less than 225 kg
of sodium burned in the cell and only 35 kg burned underneath the fire sup-
pression deck.

The fire suppression deck and support structure steel temperatures
were observed to be as high as 760°C when wetted, with sodium. Temperatures
of steel exposed only to hot gases were below 315°C. The maximum movement
of steel structures due to these temperatures was measured to be approxi-
mately 3.8 cm, which was judged to be acceptable since the fire suppression
deck performed admirably and there was no structural damage which would
allow significant oxygen to enter below the fire suppression deck.

The pipe hangers and snubbers showed no,significant change in perfor-
mance, based on measurements before and after the test. All five photo-
electric aerosol detectors responded to the sodium aerosols and transmitted
an alarm prior to being functionally impaired by the fire environment.

4.4 Post-Accident Cleanup

4.4.1 Post-Accident Cleanup Objectives

Cleanup of the sodium combustion products and residual sodium, which
resulted from the large-scale Passive Fire Suppression Test, was. conducted
using current safety technology. An objective accomplished during these
cleanup efforts was to develop new techniques, that would make the cleanup
effort more efficient and provide a safer working environment.

4.4.2 Facility Configuration - Post Accident

Table J lists the configuration of the test cell and test article com-
ponents immediately following the Passive Fire Suppression Test.

4.4.3 Cleanup Methodology

Following the sodium fire, the initial cleanup methodology for the
first and following entries into the test cell was to remove combustion
product residues Ina safe and expeditious manner. First, sodium oxide
fallout on the floors and other horizontal surfaces was removed. These
surfaces were rendered clean to a damp sponge and mop. Second, overhead
surfaces, such as the ceiling, pipe structures, railings, walls, etc., were
cleaned to prevent caustic residues from falling onto cleanup personnel.
The cleaning involved removing the sodium oxides from all the surfaces and
performing a damp sponge or rag wipe of the surfaces. Third, the surfaces
of the Q-deck fire suppression assembly were cleaned. Chisels and scrapers
were used to remove the crusted sodium, sodium oxides, and other debris
from the surfaces of the Q-deck assemblies. These surfaces were also
cleaned with a damp sponge or rag. (The frozen sodium in the catch pan was
maintained under an inert nitrogen gas atmosphere during the above cleanup
stages. This was accomplished by sealing each of the Q-deck drain pipes
and supplying a purge of dry nitrogen gas t<i the free volume in the catch
pan.) Fourth, the sodium in the catch pan was re-melted and transferred to
a sodium holdup tank and the catch pan cleaned. Chisels and scrapers were
used to remove the unreacted sodium from the floor and walls of the catch
pan. Fifth, after the above cleanup phases, the entire test cell, test
article, and all support hardware were completely misted with water to
remove any traces of sodium combustion products.

jr.-,'
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Table I. facility Configuration Following Passive Fire Suppression Test

Test Cell Condition

Atmosphere • Normal air with 21% oxygen
Ceiling Light coating of sodium oxides
Walls Light coating of sodium axides
Floor Heavy coating of sodium oxides

Test Article

Berm surface Heavy coating of sodium oxides
Q-deck (overall) Heavy coating of sodium oxides

. Q-deck (in immediate fire area) Heavy coal'.g of sodium mixed with sodium oxides
Q-deck drain pipes Filled with sodium with exposed surface covered with sodium oxides
Catch pan ' Filled with sodium maintained under an inert atmosphere

4857-11

Ouring each of these five cleanup stages, all sodium combustion pro-
duct residues were carefully packaged and disposed of as hazardous corro-
sive waste. All rinse waters were disposed of as hazardous corrosive waste.

4.'4.4 Natural Reactions Causing Severe SafetY Hazards During Cleanup

As indicated in Table I, the surfaces of the Q-deck and-the catch pan
contained both sodium and sodium oxides. Prolonged exposure of these
materials to-normal humid air atmospheres results in hydrolization of the
sodium oxides to form sodium hydroxide, HaOH, and the solid hydrates of
sodium hydroxide, NaOH.2H2O to 12.H2O. Further hydrolization of the
latter results in the formation of liquid sodium hydroxide. When the
hydrated hydroxide is in the presence of sodium, the excess water reacts
directly, releasing significant quantities of hydrogen gas. This reaction
is shown below. ' • .. • .

Na + H20 -» NaOH + 1/2 H2

v •' ' '

; When sufficient quantities of hydrogen gas accumulate in air, a spon-
taneous explosion occurs. Ouring the explosion, quantities of burning
sodium, sodium oxide, and sodium hydroxide are "dispersed throughout the
area. When these localized explosions occurred during cleanup, all opera-
tions were terminated until the reactions ceased due to the extreme safety
hazards. . . . . . .

4.4.5 Natural Reactions that Minimized Safety Hazards During Cleanup

A natural chemical reaction, which is favored over the reactions noted
in Section 4.4,4, converts the sodium oxide to the stable end products sod-
ium carbonate. This is accomplished by adding carbon dioxide directly to
the sodium oxide. The carbon dioxide also reacts with the sodium hydroxide
to form sodium bicarbonate. These reactions are shown below.

CO2 •* Na2CC"3
NaOH + CO2 •» NaH(C03)

Thus, during the cleanup of sodium fire residues, using dry ice applied
directly to the affected areas precludes the formation of hydrogen gas.

Rocketdyne personnel in sodium operating facilities and the fire de-
partment have adopted the use of dry ice to aid in combating a sodium fire
or in the cleanup resulting from a fire.

5. SODIUM FIRE AEROSOL BEHAVIOR

The primary interest in sodium fire aerosol behavior is the potential
for degradation in performance of safety-grade equipment. This degradation
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could result from several causes including cooling air blockage, impedance
to heat transfer, .or chemical attack. The direct effects of sodium fire
reaction product aerosols on the health of the public must also be evalu-
ated; However, in general, it is of secondary interest because studies in
the past have shown the public risk is negligible when atmospheric disper-
sion and conversion to the less harmful sodium carbonate are considered.

.5.1 Sodium Fire/Aerosol Source Term Code Validation •

Sodium fire codes for pool, spray, and combined fires along with aero-
sol behavior codes -are required to define the aerosol source term that
could impact safety-grade equipment. This section covers the advances in
code development and validation since 1981.

5.1.1 Sodium fire Code Development Since 1981

Tp the-sodium pool fire code SOFIRE-II, the spray fire codes SPRAY-3
and NACOM, and the spray fire code SOHIX with two-dimensional spray and gas
motion, which were all available by early 1982, have been added the com-
bined pool-spray fire codes SPCA-Il[2] and SOFIA.[3] SOFIA also in-
cludes an aerosol capability, modified from the HAA-3 aerosol code but also
including, the effect on radiative heat transfer, while .SPCA-II output in-
cludes input information' for aerosol code calculations. Moreover, SOMIX
has been Upgraded to S0MIX-2CH] with a compressible gas circulation
mctdel and venting capability. This code also provides for aerosol genera-
tion and radiative heat transfer through the aerosol. The level and detail
of mode-ling of heat transfer to and within walls and internal structures
hav« al-so been improved in the new and upgraded codes.

Table II indicates the capabilities provided by the available codes.
The considerable variations in combust'on modeling are too complex for
inclusion in a simple table. .Spray motion is determined in some cases by a
trajectory* calculation based on an ordinary differential equation, but in
others by a Lagrangian or Eulerian flow calculation using a partial differ-
ential equation.

5.1.2 Sodium Fire Code Validation

Two small-scale sodium fire tests, as well as the ..large-scale Spray
Fire Test and Passive Fire Suppression Test that were described previously,
have been used for validation of the new SPCA-II code. The two small-scale
tests have also been used for the improved code S0MIX-2C. The most ambi-
tious effort in code validation was the SOFICOV blind post-test code com-
parison programD] using the SA-1 spray fire test for the codes SPRAY-3,
NACOM, SOFIA; SPCA-II. and S0M1X-2C. The results were \

• The S0MIX-2C and SPCA-II codes agreed well during the 4 minutes
that the elaborate S0MIX-2C could afford to follow events

• Different operators using their own versions of the same code in
their own ways got somewhat different results

• The only calculation that included the pool fire for the sodium
that survived the spray, SPCA-II, showed (by comparison with a
calculation using the same code that omitted the pool fire) that
this fire contributed substantially to heat and aerosol generation

• Calculations without a pool fire by SPCA-II and NACOM agreed
roughly in oxygen consumption and gas temperature and pressure,
with SPRAY-3 distinctly lower and SOFIA distinctly higher, but
with NACOM dropping down to join SPRAY-3 for wall temperature
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Table It. Recent Additions to Sodium Fire Code Capability3

Code

SOFIRE-II

SPRAV-3

NACOM

SOFIA

SPCA-II

SOMIX-2C

Status

Old

Old

Old

New

New

Improved

Pool
Fire

Yes

No

No

Yes

Yes

No

Spray
Fire

No

Yes

Yes

Yes

Yes

Yes

Aerosols

No

No

No

Yes

Interface

Partial

Spray
Motion

Drop Size

-

1-D
Trajectory

Single

1-D
Trajectory
Multiple

1-D
Lagrange
Multiple

1-D
Euler
Single

2-D
Euler

Multiple

Gas Flow by Zone

Spray

-

1-D
Euler

No Spray

-

1-Node

One common node

1-D
Lagrange

1-D
Euier

2-D
Euler

1-Node

1-D
Euler

2-D
Euler

Structure
Model

-

1-Node

1-Node

1-D

1-D

1-D

aCorcbustiort models, which also vary widely, defy simple characterization tor thfs tabte. 4857-12

• The suspended aerosol mass concentration did not give a very
informative comparison because S0MIX-2C has only local values for
a short time and SPCA-II-has only total generation for use as a
source in aerosol agglomeration and deposition calculations,
leaving only SOFIA able to compare with the test values of sus-
pended mass concentration

• Hojt strikingly, all codes substantially underprebicted oxygen
(and associated sodium) consumption and, consequently,
temperature and pressure rises and (by implication) aerosol
concentrations.

Since the large sodium drops used in this test were only partially
consumed by combustion before reaching the catch pan, the exact amount of
sodium and oxygen consumed was controlled by the burning rate, which is
sensitive to drop size. It is possible that the underprediction of oxygen
consumption common to all the codes is due to inaccuracy in the uncertain
drop size information common to all calculations. Because of the underpre-
diction, the code (SOFIA) that burned the most sodium came closer to the
test than the other codes did, but this appearance of superiority is not
very convincing as long as understanding of the general underprediction
remains doubtful.

Calculation with S0MIX-2C of the sodium fire u.sed to gener'ate aerosol
for Sodium Oxide Test 106 in the Nuclear Safety Pilot Plant (NSPP)[5]
showed that this two-dimensional code is able to predict the stratification
that modified the gas circulation in that t'est. Stratification was found
also in the AB-3 and AB-6 sodium aerosol tests in the Containment Systems
Test Facility (CSTF) (for which S0MIX-2C calculations have not been made).
Such prediction is not possible with one-dimensional circulation codes,
which require that circulation information be included in input.

5.1.3 Code Validation - Aerosol Behavior Within Enclosures

Three large-scale sodium fire tests have been completed under the
ABCOVE program to provide a data base for computercode validation.
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The purpose of the ABCOVE program was. to provide a basis for judging
the adequacy of existing aerosol behavior computer codes to describe inher-
ent aerosol attenuation in containment buildings during postulated acci-
dents. The program involved both analytical calculations by code develop-
ers and users and large-scale confirmatory tests in the 850-m3 contain-
ment vessel of the Containment Systems Test Facility (CSTF) at Westinghouse
Hanford Company in Richland, Washington. A key element of both programs
was that all code calculations were made without knowledge of the experi-
mental result and thus gave a true measure of the code capabilities without
benefit of post-test fitting. . .

Each test was carried out in four stages: planning and pretest compu-
ter code predictions, test performance and analysis, blind post-test compu-
ter code calculations based on actual test conditions, and comparison of
code predictions with the experimental measurements. During the planning
stage, the test conditions (containment geometry, thermal conditions, and
aerosol source information) were specified as completely as possible to
eliminate as many sources of discrepancies in the code calculations as pos-
sible. However, code input parameters regarding aerosol behavior were not
specified, and each participant was free to exercise his own judgment as to
the proper values for such parameters as shape factors, collision effi-
ciency, and boundary layer thickness for diffusional deposition. Most par-
ticipants selected values for these parameters which gave good agreement
with available test data.

Pretest and blind posttest computer code predictions were made by
ABCOVE program participants." The codes used were HAA-3, HAA-4, HAARH-3,
SOFIA, QUICK, MSPEC, QUICKM, HAEROS, and CONTAIN. Three of the codes were
used by more than one user so that the effect of user-selected input data
could be assessed.

A simjle-species aerosol was used in the first ABCOVE t^st
with the aerosol being generated by spraying sodium-at a high rate into an
air atmosphere in the CSTF containment vessel. In contrast to the SA-1
arrangement of Figure 4-1, the spray was located not far above the catch
pan to prevent a stratified circulation pattern from developing. The con-
ditions for test AB5 were conducive to high agglomeration and settling
rates, a condition applicable for severe LMFBR accidents. The results of
test A85 and the associated computer code calculations were encouraging in
that important aspects of1 aerosol behavior, such as total leaked mass and
suspended concentration during the aerosol source period, were predicted
reasonably well. However, there were significant discrepancies among the
codes for some of the aerosol parameters, notably the suspended concentra-
tion after source cutoff and the plated mass on vertical surfaces.

The primary purpose of the second test (AB6)P] in the ABCOVE series
was to demonstrate coaggiomeration behavior of two different aerosol spe-
cies with overlapping source periods, and to determine the capabilities of
existing aerosol codes to predict the behavior of each species. The exper-
imental conditions simulated an accident environment in which a fission
product, Nal, was released in the presence of a sodium spray fire. Test
AB6 provided useful information and insight into Nal behavior during a sev-
ere sodium fire accident condition, but conclusions regarding the codes'
capabilities to predict the Nal behavior were clouded by the possible pre-
sence of unmodeled phenomena such as resuspension of deposited aerosol and
decomposition of Nal.

All seven code cases resulted in predictions of leaked mass that were
within a factor of 2.4 of the experimental value for NaOx and within a
factor of 1.2 for Nal. Leaked mass is an important parameter because it
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relates to the release of radionuclides and thus to offsite radiological
consequences for accident cases where the containment building integrity is
maintained. By this measure,, all of the code cases were reasonably realis-
tic and usable for accident analyses. This conclusion is similar to that
reached for the ABCOVE test AB5 exercise (for NaOx) and is an encouraging
finding.

The third and final test in the ABCOVE series, test AB7,[83 was sim-
ilar to test AB6, but the thermal .conditions were much milder, thereby re-
ducing resuspension and decomposition processes to negligible effects. As
for tests AB5 and AB6, code results were reasonable and useful.

Sedimentation was by far the dominant aerosol depletion process for
both NaOH and NaI species. Settled mass was 11 times greater than plated-
mass for NaOH; 45 times greater for Nal, even though the plating area was
8.5 times greater than the upward facing horizontal surface area. All of
the codes predicted that sedimentation was dominant, but significant varia-
tions for code predictions of plated mass were noted.

Aerosol species were deposited on interior vertical surfaces (no heat
sink) to essentially the same or greater extent as on the outer vessel ver-
tical walls (heat sink). This is a similar finding to that obtained in :
previous ABCOVE tests and shows that thermophoresis was not the dominant
process for deposition onto vertical surfaces. The experimental results
suggest that impaction and interception may be the important mechanisms for
wall deposition. These processes were not modeled in any of the codes
involved in the ABCOVE program*

5.2 Prediction of Sodium.Fire Aerosol Release

By late 1981 or early 1982 the available computer codes for predicting
sodium oxide aerosol behavior in and escape from containment—HAA4,
HAARM-3, QUICK, and MAEROS—had achieved considerable maturity. (Of these
codes, the first two reduce computing costs by assuming the particle size
distribution to be lognormal, while the last two generate a new discretized
size distribution at each time step.) Effort was already being devoted to
incorporation of aerosol capability into comprehensive containment codes
such as CONTAIN and CONACS. Progress since then, whether in development of
new codes or of new modeling for old codes, has been little motivated by
the needs of sodium fire aerosol calculations. Rather, continued matura-
tion and the needs of comprehensive aerosol transport or containment codes,
especially for light water reactors (LWRs), have produced improvement in
the following features:

• Behavior of multispecies aerosols

• Aerosol particle size increase (or decrease) by condensation (or
evaporation)

• Education of code users in the art of selecting values of adjust-
able parameters for various circumstances

• Code validation

• Modeling of deposition mechanisms whose importance is enhanced by
the newly interesting conditions (IWRs, comprehensiveness).

A development that transcends codes specifically for aerosols is the
increasing significance of feedbacks from aerosol behavior to thermohy-
draulic behavior. These effects cannot be treated properly by aerosol
codes that can only accept thermohydraulic conditions from other codes.
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Such effects are heating (or cooling) by the latent heat of condensation
(or evaporation), heating by decay heat of radioactive aerosol deposits, or
insulation of heat-transfer surfaces by aerosol deposits.

Response to these various new interests has produced the new codes
HSPEC[9] and QUICKM that have successively upgraded QUICK by incorporat-
ing a multispecies capability. MAEROS, which is a multispecies version of
the older AEROS, has been incorporated in CONTAINPO] and is no longer
being developed as a stand-alone code. Development of C0NACS,[11] which
also aimed to incorporate MAEROS, has been deferred indefinitely, leaving
it marginally operational in an incomplete skeletal form with no aerosol
capability. HAARM-3 seems to be stagnating while development effort is
diverted to QUICKM. HAA4P2J development has continued along the lines
listed above, including adaptation to systems application by more flexible
input and enlarged output for user convenience in interfacing with other
codes or other parts of the system.

As aerosol code validation is discussed elsewhere and other develop-
ments are not very relevant to sodium fire aerosols in containment, further
details of aerosol code development are omitted, with one exception. This
is the pioneering application[13,14] of correlation methods based on
dimensionless scaling parameters to aerosol calculation problems. This
novelty has been implemented only in the Modular Accident Analysis Rrbgram
(MAAP), which is a comprehensive code for'LWR accidents, and as an option
in HAA4. Despite the LWR motivation, it has relied for validation largely
on sodium aerosol tests because of their availability. It is not yet as
mature as other methods and is still troubled by problems in interpolating
between conditions for which the needed correlations have been obtained
from solutions generated by discretized codes such as QUICKM or MAEROS.
Nevertheless, it is an interesting alternative to the lognormal approxima-
tion as a method of reducing computing costs.

5.3 Atmospheric Oispersion

When aerosols generated by sodium fires are released to the atmo-
sphere, they are of concern in two primary areas. First, these aerosols
may adversely impact the health of persons exposed to them. Second,
safety-grade equipment such as air-cooled decay heat removal systems may
suffer substantial performance degradation when exposed to high aerosol
concentrations. There have been studies related to both of these areas.

5.3.1 Atmospheric Dispersion for Health Impact Assessments

The Gaussian plume atmospheric dispersion model[15] is the most
widely used approach for modeling the atmospheric concentration and deposi-
tion of aerosols for health impact assessments. Predictions made from one
implementation of this model[16] have been compared with actual measured
-air and ground concentrations for sodium aerosols released to the atmo-
sphere. [17] The observed values used in this study come from seven
atmospheric sodium release tests conducted at the Idaho National Engineer-
ing Laboratory (INEL) during 1978 and 19J9.D8.19]

One deficiency of the INEL data base is the lack of information on the
particle size distribution associated with the sodium aerosol at the re-
lease point and within the plume during travel. In the absence of such
data, predictions were made assuming different particle sizes for comparing
predicted concentrations with measured values. The results of a comparison
between observed and predicted values for Tests 3 and 4 from the INEL data
set are given in Table III. Test 3 was a spray release of sodium from a
height of 30 mt while Test 4 was a 60-minute release of sodium from ground
level as a result of the burning of a pool of sodium. Both tests were con-
ducted under unstable atmospheric conditions. Maximum observed ground-



- 211 -

Table III. Comparisons of Observed'and Predicted Sodium Aerosol Air Concentration
and Ground Deposition for Test 3 and 4 of the INEL Data Set

Assumed
Particle

Diameter,
pm

5

20

60

5

20

60

Deposition
and Fall
Velocity,

m/s

: Downwind
Distance, •

m

Ratio of
Predicted

' to Observed
Air

Concentration
Test 3 (elevated [30-m] spray release)

0.001-

0.05

*
0.4

50
.100

. - 200
400
800 ,

• 50

100
200
400 .
.800

50
100
200
400
800 •

0.00024
0.44
4.1
1.9
1.6 *
0.00035
0.51
4.3
1.9

, 1 . 5 ' •
" 0.0039

1.3
4.5 .
0.65 '
0.25 :

Test 4 (ground-level pool lire release)
0.001

0,05

0.4

.50
100

• 200
400
800 "
•50:,
100
200
400

• 50.' ;

100
200
400
BOO

13 ;
0.19
0.47.

*
0.007

12 .
1.7'

. O.4.:

0.006
6
0.74
0.15

*
0.002

Ratio ot
Predicted

to Observed
Ground.

Deposition

0.000005 .
0 067
1.2
0.77 •
0.12-

•" 0.00034 •
3.9

'61
37
• 5 . 5 •

0.03
• ' so ..:

530 '
100

7.6

' "0.04
0.1O
0.06

• 0:08
0.05
2

. 5.2
2.7
3.5
2
8.4

1 6 •
8.

" 9.7
20'

*No observed air concentration was reported at this distance. 4857-13

level air concentration and aerial deposition at each downwind distance are
compared with predicted ground-level centerline values of the same quanti-
ties. Three different particle sizes were assumed (5, 20, and 60 micro-
meters), and the corresponding dry deposition.and gravitational fall velo-
cities were set equal to each other injthe code simulations.

The results displayed in Table III indicate that air concentration
within 100 to 800 m downwind from a 30-m release of sodium, and ground con-
centration from a ground-level release of sodium, may be predicted within
an order of magnitude under unstable atmospheric conditions. However, pre-
dictions of air concentration for the ground-level release examined and
predictions of ground concentration for the elevated release are less accu-
rate. A better understanding of the physical and^chemical processes af-
fecting the sodium aerosol during plume release and travel is needed to
improve predictions of this kind. Until this information becomes avail
able, the potential errors in predictions'of sodium aerosol concentration
reported here must be considered when the potential health impact on off-
site populations from sodium fires is considered.

5.3.2 Air Concentrations at Intake Ports

An important consideration when evaluating the possible consequences
of a sodium fire is the sodium aerosol concentration at the air intake
ports that are used for reactor cooling, and which may suffer restricted
flow and/or cause reductions in heat transfer rates under high aerosol con-
centrations. A methodology hcis been devised and applied for estimating the
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concentration of aerosols released vertically and horizontally from build-
ing surfaces and monitored at other building surface points.[20,21,22]
This methodology was used to make calculations that indicate the time de-
velopment of aerosol buildup, and the maximum aerosol concentrations, at
air intake ports. Building wake effectst23], momentum-driven plume
rise[24}f and density-driven plume rise[25] are included in this meth-
odology, which is based on a version of the same 22.5-deg sector-averaged
Gaussian plume atmospheric dispersion model considered aboveP6].

This methodology has been applied to the Sodium Advanced Fast Reactor
(SAFR) design[26] (Figure 5-1). Potential aerosol concentrations were
predicted at air intake ports from calculated emissions following an
assumed Moderate Energy Fluid System (MEFS) sodium leak. Representative
wind velocities were used in these calculations.

A set of tables was prepared to show sodium aerosol concentrations at
five air intake ports for emissions at three representative exhaust ports.
Table IV, one of these tables, demonstrates the influence of stack diameter
and exhaust parameters on aerosol concentration at intake ports.

Uncertainties in the methodology and in the input parameters must be
considered to effectively interpret model results. Also, it would.be
useful to consider the effects of sodium aerosol particle growth and
agglomeration.[17]

It is concluded that, when allowances are made for uncertainties,
this methodology can be used to effectively predict the concentration of
aerosols at external air inlets leading to safety-grade equipment.

C4657-9

Figure 5-1. Generalized Architectural Configuration for SAFR Power Pak
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Table IV. Sodium Aerosol Concentrations (kg/m3) for High-Speed Aerosol Releases of
• ... . 97 kg/sec with an Exhaust Velocity of 21.9 m/sec •

(Exhaust Port Diameter = 1,86m) ' • : • ' . • - • « -

Exhaust Port

E1

E2 .

E3

Input Pott

11

12

11

12

11 ;.

12

Plume
'Dynamics*

a
b
c
a
b
c
d

. e
d
e
d
e
d
e

2

.79E+01

.003+00
77E-20
.l ic+01
.16E-35
.20E-03
.O0E+O0
.46E-13
.94E-38
.12E-25
.27E-30
.19E-07
OOE+00
.29E-25

Wind Speed (m/t
4

.40E+01
OOE+00.
.39E-20
56E+0Q
.11E-15 '
.10E-03
.OOE+00
.30E-04
.63E-10 .
.26E-09
.46E-O6
.84E-02
58E-19
.66E-08

6

.32E-01

.OOE+00

.26E-20

.17E+00 •

.49E-11

.67E44
.61E-19
^1E-02
.68E-05'
.8SE-06
.19E-02
.96E-O1
.22E-KK
.20E-04

.33E-04

.OOE+00 "

.19E-20 "•
, .39E-01

56E-O9
50E-04
.40E-H

, .11E-01 .
.34E-03
.20E-04

. .17E-01
.21£+00
.68E-53
.36E-03

10

.12E-06
• .OOE-00

.156-20

.12E-01
' .64E-O6

:40E-04
• .156-07

;23E-0J:
..1SE-02
•10E-03
.33E-01
,30E+00
•iiE-01'
r6E-02

'Notes:
a Aerosol plume is assumed directed vertically downward by rain deflection cap on stack. Stack height recalculated and set equal

to 29.2-3DW/U meters. : _ : •
b Aerosol plume is assumed directed vertically upward by rain deflection cap on stack. Stack height recalculated and set equal

to 29.2+3DW/U meters. 7
c Aerosol plume is assumed emitted horizontally from stack. Stack height set equal to 29.2 meters. .
d Aerosol pjume is assumed to intersect the downwind roof edge that is closest to the aerosol emission point. • • , ,
e Aerosol plume is assumed to intersect the downwind roof edge that is beyond that edge closes) to the aerosol emission point.

. • .' . ' . ' • ' , ' , . ' • ' : • ' • 4 8 6 7 - 1 4

5.4 Impact of Aerosols on Safety-Grade Equipment .

In current U.S. advanced liquid metal reactors (LMR's), the primary
safety-grade equipment subject to performance degradation by aerosol de-
position are the reactor decay heat removal systems. The previous sectipns
discussed methods for predicting the aerosol source generation and disper-
sion to the safety-grade equipment. This section addresses the methods
and/or tests for predicting the aerosol deposition and its impact on heat1
transfer performance. .

5.4.1 Prediction of Sodium Fire Aerosol Deposition

Aerosol codes for sodium fires were originally developed for applica-
tion to the reactor containment building (RCB) where sodium and radioactive
core material were first exposed to air after a core disruptive accident.
However, these codes are .also applicable to the steam generator building
(SGB) where substantial quantities of sodium smoke can be generated and .
subsequently transported to the public and safety-grade equipment. Thus,
the work on transport and deposition of aerosols, motivated by the promi-
nence of these processes in LWRs (in which a primary system consisting oflV

vessels of moderate size connected by ducts intervenes between the core and
the containment),' is applicable to sodjum fire aerosols that enter inlet
ducts to LMR decay heat removal systems.

• * .
An important new deposition mechanism is inertia! projection of parti-

cles onto duct walls toy momentum acquired from participation in the turbu-
lence of the flowing air ("turbulent wall .deposition"), this is now mod-
eled in the aerosol code HAA4,[12] the thermohydraulic and aerosol trans-
port code TRAP-MELT 2.2f273 for LWR accident analysis (which incorporates
QUICKM aerosol capability); and̂^ the LWR aerosol code RAFf[28] (Reactor
Aerosol Formation and Transport). Another new deposition mechanism modeled
by these codes is inertia! impaction during traversal of bends in the ducts.

. . . • • •. • t o • • • • .
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Validation of the new deposition models is at an early stage. There
is as yet no serious evidence of difficulty with turbulent wall deposition
which, moreover, is thought to have a sound (if somewhat narrow) semi-
empirical basis. Bend deposition modeling is relatively new and sometimes,
perfunctory, and is expected to be improved in response to recent indica-
tions of its present unreliability and its importance.

Flow through short pipe segments at high velocities forces short time
steps and long running times on aerosol (and other) codes, since numerical
instabilities arise if fluid traverses a control volume in less than a time
step. The HAA4 code avoids this difficulty by analytic integration of cum-
ulative deposition along the pipe segment, though at the expense of sup-
pressing aerosol agglomeration in the pipe. Moreover, HAA4 also encounters
a stability problem because its pipe flow capability is appended to a con-
tainment code and the fictitious containment required for a pure pipe flow
problem will falsify the gas and aerosol flow rates and compositions if too
large or produce*either numerical instabilities or short time steps if too
small.

These modeling and numerical problems reflect the immaturity of aero-
sol transport codes relative to aerosol codes for containment.

The pipe deposition modeling in HAA4 has been exploited in estimating
deposits both of sodium fire aerosols and of natural environmental aerosols
(less intense but constantly available throughout the reactor lifetime) in
the Reactor Air Cooling System (RACS) of the Sodium Advanced Fast Reactor
(SAFR). Predicted deposition is encouragingly small, having negligible
effect on the performance of the heat transfer surfaces. It is unlikely
that this result would be greatly changed by improved modeling of deposi-
tion in bends. Modeling of itmospheric transport to the RACS intakes is
probably a more significant source of uncertainty.

5.4.2 Finned Tube Heat exchanger Tests

Scoping aerosol deposition tests were performed at Rockwell Interna-
tional^] on a sector of a full-scale sodium-to-air heat exchanger. The
test section was made up of 16 tubes arranged in the pattern shown in Fig-
ure 5-2. The tubes had 9 fins per inch and were electrically heated to
simulate operating conditions as shown in Figure 5-3. The tests showed
only a small deposition on the first, third, and fourth rows with the major
deposition occurring on the second row of tubes (Row 3 in the figure) as
indicated in Figure 5-2. The results were consistent with plugging predic-
tions using the data of Reference[30], it was also founa, extrapolating
the results to the SAFR plant, that no plugging of the SAFR natural draft
heat exchanger would occur following a MEFS leak.

5.4.3 Planned Reactor Air Cooling System Tests

The Reactor Air Cooling System (RACS) and the Reactor Vessel Air Cool-
ing System (RVACS) are the safety-grade decay heat removal system for the
U.S. advanced liquid metal reactors, SAFR and PRISM, respectively. There-
fore, there is a need to demonstrate the insensitivity of these systems to
ingested sodium aerosols resulting primarily from a sodium leak in the sec-
ondary heat transport loop and an extensive sodium fire in the SGB. The
RACS decay heat removal system for SAFR is shown in Figure 5-4 and consists
basically of a naturally convecting, atmospheric-air chimney that cools the
containment (guard) vessel. The General Electric PRISM decay heat removal
system, RVACS, is similar in design and performance. The decay power is
transmitted from the reactor vessel to the containment vessel by thermal
radiation. The energy is removed from the containment vessel by convective
heat transfer and by thermal radiation to the collector cylinder which is
also convectively cooled by the naturally circulating air. In the RACS
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ROW 2

ROW 3

ROW 4

AIR FLOW

v
jf FIW-TO-FIN

•7 PLUGGING

^ AIR PASSAGE
PLUGGING

-AREAS OF AEROSOL DEPOSITS

Figure 5-2. AerosoV Plugging in NDHX test Article

Figure 5-3. Aerosol Plugging in Row 1
(tubes 11, 12, 13, and 14)

Figure 5-4. RACS/Cavity Cooling Configuration
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design, a small air flow goes up the back side of the collector cylinder.
The exterior surface of the containment vessel will likely be smooth with
collector cylinder likely having fins or roughness on the surface. The
RVACS design 1s shown In Figures 5-5 and 5-6. the potential impact of
sodium aerosols depositing on the surface of the containment vessel and
collector cylinder would be to form thermal insulating layers.

AIR OUTLET (4 ( \ X
W SCREENS |*£J<

X AIR INLET (4)
W/SCREENS

OUTUET
PLENUM
INLET
PLENUM

EM PUMP
VESSEL LINER
COLLECTOR CYLINDER
CONTAINMCIMT

PRIMARY SODIUM
FLOW PATH

THERMAL
INSULATION

Figure 5-5. Reactor Assembly and RVACS C4857-18

Sodium aerosol in general has a high emissivity and calculations have
indicated that a considerable aerosol thickness will not significantly
affect performance. Because RACS/RVACS is the safety-grade decay heat
removal system the tolerance of the RACS system to sodium aerosol must be
demonstrated. A prototypic segment of the RACS/RVACSwill be fabricated
(see Figure 5-7) of sufficient length to eliminate entrance effects with
the test section based on the same design used in the fjill-scale perfor-
mance tests of RACS:F.313 Electrical heaters applied to the simulated
containment vessel are used to simulate the thermal radiation from the
reactor vessel to the containment vessel. The system will be operated in
the forced convection mode but with velocities prototypic of RACS/RVACS
natural convection operation. A sodium aerosol injector will be used simi-
lar to the injectors used at HEDL in the LACE aerosol behavior tests [32]
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Fig»pe 5-7- M C S Prototype Segnent

awl t>y Rmrkweli Internatitma? in aerosol leakage tests^ The test matrix
will consist of tawo parts: (1) perforraance benchmark tests with electrical
power but without sodium aerosol and (2) repeat of previous performance
tests but with sodium aerosol. The aerosols will be injected into the air
stream and deposited on the test section surf ace while the system is at
nominal operating temperatures.
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