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Abstract

Experimental and theoretical studies have been performed to characterize the
behavior of airborne particulates (aerosols) expected to be produced by hypo-
thetical core disassembly accidents (HCDA's) in liquid metal fast breeder re-
actors (LMFBR1s). These aerosol studies include work on aerosol transport in
a 20-m high, 850-m^ closed vessel at moderate concentrations; aerosol trans-
port in a small vessel under conditions of high concentration (VI,000 g/m^),
high turbulence, and high temperature (^2000°C); and aerosol transport through
various leak paths. These studies have shown that little, if any, airborne
debris from LMFBR HCDA's would reach the atmosphere exterior to an intact
reactor containment building.

INTRODUCTION

" 'Studies are underway at Hanford Engineering Development Laboratory (HEDL)
and Energy Systems Group (ESG) to quantify the large attenuation factors which
occur during the transport of airborne debris produced by LMFBR HCDA's. Follow-
ing the HCDA, different parts*of the reactor system will be dominant in the aero-
sol attenuation process at var.ious times. In the early times following the ini-
tiation of the HCDA, parts of the core will vaporize and form a bubble which will
expand and cause the upper sodium pool to impact the reactor head and break the
seals. Various estimates of bubble interior conditions have suggested
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temperatures in the order of 4000°C, participate concentrations of 2-3 kg/m^, and
a high degree of turbulence during the rise and injection of the HCDA bubble(s)
into the cover gas region. This regime was simulated in the present studies by
the ESG HTCA experiments which utilized both the prompt burning of sodium drops
in an oxygen rich atmosphere, and the arc furnace vaporization of UO2 to produce
aerosols under conditions approaching those estimated for the HCDA bubble. The
HTCA aerosols were also fed to a multiple bend leak path which simulated the leak
path through displaced seals in the reactor head.

During the HCDA bubble expansion, sodium will be injected into the con-
tainment building, producing initially high local concentrations of aerosols
from burning sodium drops in the spray zone. This spray fire regime was
modeled by both the ESG HTCA experiments and the HEDL AB-3 test. 'HEDL AB-1
and AB-2 tests modeled the subsequent pool fires which would occur in the
containment building.

The HCDA aerosols in the'containment building are usually assumed to leak

as would a gas at 0.1 vol %/day through small leak paths in the containment

wall. This regime was studied at Rockwell's Energy Systems, Group by allowing

aerosols to leak through straight capillaries, and has led to the development

of a simple model of leak path plugging by buildup of aerosol deposits on the

walls of the leak path.

HTCA EXPERIMENTS

The ESG HTCA test series used sodium oxide aerosols to simulate the UO2-
PuO2~Na aerosols produced in an HCDA. Preheated sodium was sprayed into a
152-cm high, 430 liter pressure vessel, under high atomizing gas pressure and
burned rapidly in an oxygen-rich atmosphere to form a sodium peroxide aerosol.
Due to the rapid sodium burning, gas temperatures exceeding 2000°C and aerosol
concentrations approaching 1 x 103 g/m3 have been obtained. The first eight
HTCA tests have been reported pVeviously. .

A 183-cm high, 1,132 liter-dilution chamber was coupled to the pressure
vessel through a 1.2-cm diameter pipe fitted with a series-mounted ball and
sliding gate solenoid valve. At the completion of the HTCA sodium injection
period, indicated by a rapid drop in gas pressure in the pressure vessel, the
connecting valves were opened and ^6 to 10 liters of HTCA.gas was transferred
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from the pressure vessel to the dilution t amber. The aerosols transferred
to the dilution chamber were subsequently analyzed for concentration. Fall-
out slides placed on the floor of the dilution chamber provided a means of
determining the initial aerosol size. For all HTCA tests where the maximum
aerosol concentration exceeded 150 g/m3, large agglomerates ranging in size
from 100 to 400 ym diameter were observed on the dilution chamber fallout
slides. Figure 1 shows typical initial size aerosols collected in the
dilution chamber.

Both concentration and size measurements were also made of aerosols col-
lected from sampling ports on the bottom of the pressure vessel. Anderson
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Figure 1. Aerosol Collected At t0 From HTCA Test 13

jimpactors were con-
•• hected- to these

lower sampling ports
and were activated
at the end of the

spray period (where
i

maximum aerosol con-
centration occurred)
and at 2 s and 5 s
after the end of the
spray. The results
are shown in Table 1.

In addition,
incremental floor
fallout and wall
plateout sampling
devices were in-
stalled in the pres-
sure vessel. These

" "devices exposed
metal strips to the

- vessel atmosphere
at predetermined
times after the end
of the spray. At



TABLE 1
RESULTS OF AEROSOL CONCENTRATION TESTS

: t (s) at end of spray
i
Mass >6.8 ym AMMD

Mass >4.7 pm AMMD

Mass <4.7 ym AMMD

0

49%

2

75%

25%

5

10%

90%

30

02

100%

MASS BALANCE OF HTCA
(100 g SODIUM SPRAYED AT 540<>C)

FLOOR FALLOUT

the completion of the test, the sample strips were removed and analyzed for
sodium. This analysis has shown that 95% of the wall plateout occurred with-
in 6 to 12 s, and 90% of the floor fallout occurred within 24 s of the end
of the spray. A typical mass balance is shown in Figure 2. The data obtained
from the tests are summarized in Table 2.

Similar results were obtained when UOg was vaporized in an arc melting
furnace to form condensation aerosols. A turntable was used to determine

I fallout as a function of time.
101 ' i ' ' ' The collector is a horizontal

wheel which carries 12 glass
slides, which are exposed to
the furnace atmosphere one by
one at 3-s intervals. The
mass collected is measured by
weighing the slides before
and after exposure.

The furnace was operated
at 0.5 atm pressure of argon
with a slow flow of argon in-
to the furnace. The current
was increased to 3000 A at
40 V, and the usual dense
cloud of particulates com-
pletely obscured the arc. The
current was then turned off,
and the argon flow into the
furnace was valved off.

O.2 0.4 0.6
TIME (min)

0.8 1.0
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Figure 2. Typical HTCA Mass Balance



TABLE 2
SUMMARY OF HTCA TEST DATA

TeBt
No.

1

2

3

4

5

6
7

8

9
10

11

12

13

14

15

16

18

19

20

Sodium
Sprayed

(g)

35

36

67

68

163

215

199

194

259

246

177

30

30

100

100

101

102

100

190

Preheat
Temperature

\ ^ J

540
537
543

545

540

540

547

555

54 5
543

540

540

540

540

540

540

540

540

540

Maximum
Aerosol

Concentration
(g/m3)

150

152

283

287

690
908
841

820

1094
1040

748

73

73

. 245
245

247

250

245

465

Maximum
Gas

Temperature
<°C)

460

400

1000
1160

>1200
950

900 .
500

400

1050

1520
>2000

1800
1900

>2000

Peak
Pressure

/bar)

0.48
0.48
0.62

0.69

0.82
1.06
1.00

1.58
i.51
2.07
0.24
0.72
1.17
1.17
0.65
0.71
0.62
0.51

Maximum
Aerosol

Size
(fan)

270

170

200

400

230

150

240

Aged Aerosol
(nm, AMMD)

(~30 s
after spray)

2.2

2.2

2.2

2.7-2.9
2.2-3.9

1.0-1.6
1.1-3.8
1.4-2.7

2.7-4.8

At the same time, the wheel was started in order to collect fallout.
Figure 3 gives the results. The concentration of aerosol within the tank at
the instant the arc was turned off may be est?mated from Figure 3 by inte-
grating under the curve. The integrated mass of material collected was 61 mg,
and the collection volume above each slide was 3.1 x 10"^ n A This gives an
initial concentration of 0.2 kg/m3.

The U02 particles sometimes form long chain agglomerates. One of the
long chain particles collected on one of the slides was ^300 ym in projected
diameter. As expected, larger*particles fall out earlier. The particles
collected on the first fallout slide were ^40 ym in average projected diam-
eter while on Slide No. 8, the particles are ^15 pm in average projected
diameter.
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TANK ID = 105.4 cm
TANK LENGTH = 123.8 cm
TANK VOLUME = 1.08 m3
SLIDE AREA = 4.9 cm2

VERTICAL DISTANCE OF SLIDE
TO TANK TOP = 63.5 cm

0.23 kg/m3

Such giant ag-
glomerates will form
in both the rising
HCDA bubble and cover
gas space, as well as
in the sodium spray
fire occurring in the
containment building.
The giant agglomerates
(containing a large
part of the available
aerosol mass) will
fall out rapidly and
sweep out additional
aerosol material by
gravitational ag-
glomeration.

'AEROSOL LEAKAGE
THROUGH MULTIPLE BEND
LEAK PATHS

A multiple bend
leak path was con-
structed to simulate
the type of leak path
that may exist in a

reactor head following an LMFBR HCDA. The multiple bend leak path, shown in
Figure 4, was composed of four multiple bends plus connecting pipes and rep-
resents the leak path at the edge of a rotating plug.

An aerosol mixture with a. concentration of 15 to 20 yg/cc (sodium con-
tent) was generated for the first test. The multiple bend-leak plugged in
i>5 min while passing ^217 liters of gas containing 3 to 4 grams of sodium
(in the form of NagOx + Na2C03). A pressure differential.of 0.068 atm was
maintained during the test. When the leak path was disassembled, complete
plugging at the first two seals and the pipe between was observed. The
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TIME (s)

24 30
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Figure 3. Fallout vs Time



0.125 cm
x 1.8 cin

UPPER-
MARGIN

SEAL
0.635 cm
x 1.8 cm

DYNAMIC
SEAL 9092-32B

>inlet pipe was nearl, plugged.
Very l i t t l e aerosol was col-
lected beyond the second seal.

For the second test, the
multiple bend leak path was
connected directly to the HTCA
pressure vessel. One hundred
grams of sodium was injected
into the pressure vessel in

Figure 4. Multiple Band Leak Path 4.5 during which time HTCA gas

- - - - - - - - . . _ . . . . . _ . _ and airborne particles (̂ 500
g/nr) were allowed to vent directly through the multiple bend leak path to
the outside atmosphere. The leak path plugged within 6 s, and the "plug with-
stood 2.8 atm differential pressure. Post-test analysis of the deposited so-
dium oxide aerosol showed that the mass of Na (in the form of Na20x) found in
each succeeding section of the leak path was 6.37, 0.57, 0.027, and 0.018 g,
respectively. Approximately 95% of the 0.003 g mass exiting the leak path
was >6.8 urn (AED).

i

In an additional series of testsf an arc-melting furnace was used to
produce high concentration UO2 aerosols which were fed into the first three
sections of the multiple bend leak path. At 900 g/m^ concentration, the leak
path plugged in 1.5 min after a total flow of 12 liters (STP), 10.3 g of U0 2

were collected in the leak path and 0.45 g passed through. At 230 g/m^ con-
centration, the leak path plugged in 5 nrin after a total flow of 13 liters
(STP). In this last test, 3 g of U02 were collected in the leak path and
0.015 g passed through.

POOL FIRE TESTS AB-1 AND AB-2

In both HEDL Tests AB-1 and AB-2, sodium was spilled rapidly into the
burn pan located at the bottom of the 20-m high Containment Systems Test Fa-
cility (CSTF) containment vessel.(see Figure 5). The sodium burned vigorous-
ly in the air atmosphere, releasing ^25% of the oxidized sodium as aerosol
particles. Convection currents induced by the heat of combustion caused
rapid mixing in both tests, as evidenced by the uniformity of aerosol mass ;
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, and oxygen concentration in
the gas phase at various ele-
vations. After the sodium had

;burned for 1 h, the reaction
was terminated by closing the
,lid on the burn pan. In Test
AB-1, no additional moisture
was added to the atmosphere;
however, in Test AB-2, steam
.was injected during the burn-
ing period near the center of
the containment vessel at a
ratio of 1.0 kg H2O per kg of
aerosol. Initial test condi-
tions are listed in Table 3.

' Predictions made with the
(2)icomputer code HAA-3BV ' agreed

'reasonably well with the ex-
periments, when the average

experimentally determined source rate was used. The code predicted that 6.2%
of the total release would be plated on the walls and 93.8% settled on hori-
zontal surfaces. This compares with 7.3% and 92.7%, respectively, for the
experiments. ' The aerodynamic mass median diameter (AMMD) measured by cas-
cade impactors was essentially the same in both tests, with a maximum AMMD of
6ym. '

SPRAY FIRE TEST AB-3

In HEDL Test AB-3, sodium was released as a spray of droplets (670 ym,
MMD; ag = 1.5) near the top of the 20 m high CSTF containment vessel into a
normal air atmosphere. Two commercial spray nozzles were used to create the
spray. The test conditions aire listed in Table 3.

Motion pictures and thermocouple data showed that the sodium spray drops

burned to completion before falling very far below the downward directed

spray nozzles. It is believed that upv/ard convection currents in the vicinity

of the nozzles caused all the heat and aerosol release to occur in the top

•Figure 5. Schematic of Experimental
Equipment for CSTF



TABLE 3

INITIAL CONDITIONS FOR SODIUM FIRE TESTS AB-1, AB-2, AND AB-3

Containment Vessel

Volume (m3)
Horizontal section (m2)
Total horizontal surface (m2)
Shell surface (tn2)
Total internal surface (m2)

Vessel steel mass (kg)
Leakage rate (27day P 0.7 atm
differential pressure)

Aerosol Source

Type
Na burn pan surface (m2)
Source duration (min)

Aerosol release fraction {%)
Aerosol mass as Na2C>2 (kg)

Sodium Spill
Mass Na spilled (kg)

Spill duration (min)

Temperature of Na (°C)
Spray drop size (ym, MMD)

Initial Containment Atmosphere

Oxygen (vol %)
Dew point (°C)
Temperature (°C)

Pressure, MPa (absolute)

Steam Addition

Time steam started (min after t0)
Time steam stopped (min after t0)

Total steam injected (kg)
Final Aerosol Composition
Na202 %
NaOH %

Mater %
NaC03 %

AB-1

850
45.6

88
520
1,000

103,000

2.0

Na Pool Fire
4.4
62

26.3
68

410

1.3
600

-

19.8

10.0
26.5

0.123

-

-

0

27

67

5 .

1

AB-2

850
45.6
88
520
1,000

103,000
2.6

.*

Na Pool Fire

4.4
62 .

26.6
68

472

1.3

600
-

20.9

7.6
20.5

0.128

16
76

68

0

60

39

1

AB-3

850
45.6

88
520

1,000

103,000

1.1

Na Spray Fire
-

2.33 .

100

81

48
2.33

600
670

20.9

5.6
19

0.125

-
-

0

46

41
7
6

20% of the containment volume.- The vessel thermocouples showed clearly that
large temperature gradients existed in the containment atmosphere in the ver-
tical direction; however, the aerosols were well mixed at 4 minutes after the
spray.
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The aerosol mass concentration is shown as a semi-log plot in Figure 6.
The first sample was obtained M min after the spray ended and, as a result,
early fallout of large agglomerates was not directly observed (as in ESG-
HTCA tests). However, the concentration dropped a factor of 5 in the first
4 minutes.

The aerosol particle size
determined by a Sierra cascade
impactor is shown in Table 4.
The'particles from AB-3 attained
a larger aerodynamic size than
in the.pool ..fire tests, which is
consistent with the higher local
concentrations attained during
the spray fire.

LEAKAGE FROM A CONTAINMENT
BUILDING

MEAN OF A LOCATIONS
STANDARD DEVIATION

O 10 20 30 40 50 60 70

TIME. MINUTES AFTER START OF SODIUM SPRAY

Figure 6. Suspended Concentration At
Early Times During Sodium Spray

Test AB-3.

For the purposes of safety
analysis, the gas (and aerosol)
leakage from a steel shell con-
tainment building of an LMFBR is

usually assumed to be ̂ 0.1 vol % leakage/day at the design pressure of 0.67
atm. Assuming further that the total leak path is a single hole, the leak
path can be represented by a capillary M mm in diameter.

Recent ESG experiments* ' on the leakage of aerosols through straight

capillaries have indicated that complete, partial, or incipient plugging of

I
TABLE 4

AEROS.OL PARTICLE SIZE

Time (min)
(after end

AMMD, ym

I a

of spray) 10

15
3

64

7
2.2

200

3.7
1.82

400

3.4
1.85

2000

1.95
1.75

10



the flow path by deposits of aerosol materio. can both reduce the amount of

escaping particulate matter and increase the size of the escaping particles.

The deposits observed in the capillaries were highly irregular in gen-

eral configuration and dendritic in detailed structure. ' This complexity

has been previously encountered in the problem of aerosol agglomeration
where irregular dendritic agglomerates were replaced by structureless spheres

(2)

with considerable success. ' This modeling was adapted to the present prob-
lem by assigning a mean density, p, to the porous deposit while simplifying
the geometry to a single growing annular plug that retains a fixed shape
having rotational symmetry about the axis of a "cylindrical duct. A single
plug was used to reflect the tendency for a larger plug to grow more rapidly
than a smaller plug by intercepting more of the flow. ••

t

With these assumptions, it can be shown^ ' that the total particulate

mass, m, transported past the plug before its growth blocks further passage

of particulates is given by:"

m-= KR3

where the constant K is ^10 g/cm3. K is independent of the aerosol concen-

tration, the flow rate, and the size of the particulate.

The experimental data which permitted a preliminary evaluation of K is
shown in Figure 7. The lower five points were obtained from experiments^ '
on sodium carbonate aerosols passing through smooth capillaries. The upper
point represents an "inadvertent experiment" in which investigation of a
cover gas system was interrupted by blockage in the duct. The intermediate
point was obtained during the multiple bend leak path tests.v '

SUMMARY

Several important mechanisms which reduce the consequences of LMFBR
HCDA's have been investigated. Tests with both UO2 and'sodium oxide aero-
sols have shown that turbulent, high concentration aerosols quickly form very
large agglomerates. In addition, leak paths through displaced reactor head
seals would be rapidly plugged (following a HCDA) by the aerosol debris
attempting to pass through. Further, most of the mass of those aerosols
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do pass through would be
agglomerated into very large-size
particles which would fall out in
the intact reactor containment
building.

Sodium spray fires which pro-
duce high local concentrations of
aerosols in a large containment
building will promote the rapid
growth of giant agglomerates
which will sweep out additional
aerosols-by gravitational agglom-
eration and thus further reduce
the mass of aerosol available for
leakage to the environment.

Aerosols attempting to es-
cape through capillary leak paths
;in the wall of an intact steel
containment building will block
the paths and limit the released

_ _ _ _ ._ _. — — __ .._. -aerosol to a small fraction of the

mass which enters the capillaries. Thus, the aerosols actually released to

the atmosphere will be a very small fraction of the mass usually assumed to

leak under the assumption that no plugging of leak paths by aerosols occurs.
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