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place The slightly nonlinear correction function caused the
recorded temperatures to be reduced approximately 50°C. Some
additional heat loss may have occurred because of the longer path
length with the addition of the chute. The reduced melt mass of
the reacted thermite caused an increase in the surface area to
volume ratio that may have enhanced the losses within the melt
generator

Chamber Response
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placed it close to the delris source. Exposure of the sensing
element to elevated temperature material could cause ambiguous
response. Typically heat flux to the gauge face will cause a
greater indicated pressure than the actual value.

TABLE 3
Peak Gauge Pressure

Gauge Port Peak Change In Time

Location Pressure Temperature Constant
(MPa/psig) (*C) (s)
P-2 Bottom (S-1) 0.092/13.4 31
P-3 Bottom (S-1) 0.133/19.4 42
P-4 Middle (S5-3) 0.095/13.8 38
P-5 Middle (S-3) 0.100/14.6 38
P-6 Top (S5-5) 0.103/15.0 28
P-7 Top (8-5) 0.0098/14.2 32
T-1 Bottom (S-1) 60 100
T-2 Middle (8-3) 75 185
T-3 Top (8-5) 255 80

X, =X k(e't’/T) where: X is pressure or temperature,
t = tihe

- 1 : = : - o
e and 7 = time constant: at t = 7: X = xp,‘k(e )

The chamber atmosphere temperature histories recorded by the
three thermocouples are given in Figures 11-13. The vertical
axis gives the temperature increase above ambient while the time
axis was extended to 190 s to demonstrate the slow decay of the
temperature. The Bottom and Middle sensors recorded temperature
changes that were very low, while the Top device was
significantly higher. Likewise, the time constant for decay (to
1/e of the peak value) also varied considerably. The discrepancy
was probably caused by deposition of debris and aerosol in the

~15-
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vicinty of the exposed sensor. Hot debris would cause a greater
peak temperature to be recorded than the actual atmospheric
value. Aerosol deposited later could limit the heat transfer to
the sensor and reduce the effect on the gauge response.

D. Debris Characterization
The Surtsey chamber allowed collecting the debris that was

dispersed from the cavity. The total mass available for
dispersal is summarized in Table 4.

TABLE 4
Initial Melt Mass and Composition

Constituent Mass (kg)

Bulk Melt Fe and A120

Fe $1.000
A1203 9.000
Total 20.000
Fission Product Mocks
Mo 0.101
Ni 0.100
La, 0D 0.118
Baaas 0.161
Nb2 s 0.143
Total 0.623
Brass Fusible Plug
Cu 0.179
Zn 0.108
Pb 0.009
Total 0.292
Steel Eroded From Lower Flange
Fe 0.200
Total 0.200
Total Initial Melt Mass 21.1156

<38~



The list in Table 4 includes the expected form of the
fission product mocks after undergoing the thermite reaction.
The 200-g mass of steel eroded from the generator flange was
obtained by measuring the final aperture shape and calculating
the removed volume.

All relocated material was collected by vacuuming the inside
of the chamber. A fine particulate filter element on the unit
allowed all but the smallest material (<20 um diameter) to be
retained. Material was also collected from the surfaces within
the chamber that exhibited a crust layer, i.e., the underside of
the aerosol pipe devices and the upper head. The crust on the
underside of the top head was difficult to remove because it was
thin (~1 mm) and tightly bonded to the metallic surface.

The total mass collected from the chamber yielded the amount
of material dispersed from the cavity. Material retained within
the cavity and melt generator was also evaluated to yield an
overall mass balance. These results are summarized in Table 5.

TABLE 5

Recovered Debris Mass Balance

Location Mass
(kg)
Chamber walls and floor 10.168
Underside of top head 1.462
(a) Total Dispersed 11.630
Cavity and chute 7 .963
Floor of cavity at inclined tunnel 2377
Melt generator lower flange 0.507
(b)Total in Apparatus 9.647
Total Mass (a + b) 21.277

Bl



The material taken from the cavity and chute was in the form
of a crust layer, except for the single large mass found on the
floor of the cavity at the base of the inclined shaft. The crust
thickness averaged 2-3 mm where it was attached to the concrete

sidewalls or floor. It had the appearance of a very dense
material with little porosity. Some concrete adhered tc the
crust layer and could not be easily removed. The crust in the

steel chute was thinner (1-2 mm) and was also very dense, but
with some large embedded globules. The pattern of the crust in
the chute corresponded with the cavity’s angle of inclination
with very little detectable lateral spreading of the debris
stream. Close inspection indicated that the crust in both the
cavity and chute was made of fine particles tightly bonded
together.

Some areas within the cavity (primarily on the floor) showed
a second crust layer atop the first. This second layer was much
more porous than the underlying material and had a smooth upper
surface. The large mass at the base of the shaft was also of
this form. This material has been identified as melt that was
not entrained by the gas blowdown. Because the melt could not
undergo several interactions and still escape under its own
momentum, the large mass at the base of the inclined tunnel was
probably from a film of material that was not carried out of the
cavity. The large pores were developed as the heat from the
debris decomposed the underlying concrete (chemically bound water
was released but concrete melting did not occur), causing gas to
escape up through the solidifying mass.

The total mass of debris collected (21.277 kg) compares
favorably with the entire melt mass available (21.115 kg);
however, there were several uncertainties in the mass balance
analysis.

(1) Debris recovered from the cavity included an
unknown amount of adhered concrete.

(2) The debris recovery process may have been
incomplete.

(3) The mass removed from the chamber may have
included residual material from the vessel
construction that was dislodged during the test.

(4) The debris recovered from the chamber included an
unknown mass of oxygen that chemically combined
with the metallic constituent of the melt.

Bounding calculations on the mass of melt initially in the
chamber were done based on the limits of oxygen uptake. Assuming
that the mass fraction of iron was constant at 53%, then the




11.630 kg of debris recovered represented 6.18 kg of iron if no
oxidation occurred. If all of the iron were oxidized to Fe 0,4,
then 5.02 kg of iron were discharged into the chamber. Tgeae
figures represent a range of 46% to 56% dispersion of the initial
melt mass into the chamber. These results are summarized in
Table 6.

TABLE 6
Estimated Oxidation Range of Debris

Discharged Into The Chamber

Debris Oxidation Oxygen Uptake Al 0, Mass Total Mass
State and Mass (kg) (kg) (gg) (kg)
Fe - 6.16 0.0 5.47 11.63
Fezo3 - 5.02 2.16 4.45 11.63

The oxygen concentration measurements attempted in the
experiment did not have sufficient accuracy to resolve the
uncertainty in the extent of oxygen that reacted with the iron in
the debris. Chemical analysis of the debris has shown all oxide
forms within the samples tested. The complexity of this
procedure prevents analyzing the entire mass of collected debris
to obtain a quantification of the individual oxide states.

After the debris was collected and weighed, the material was
mechanically sieved to determine particle size distribution. A
Rotap 60 Automatic Sifter was employed with seven separate mesh
sizes. The material collected on each sieve was then weighed to
determine the mass fraction of the total material represented by
that size range. The results of the sieving are given in Table
7. The material removed from the underside of the top head was
not in particulate form and therefore was not included in the
sieve analysis. The aerosol in the sampling devices was not
included in the sieving because it was a very small mass compared
to the material collected from the chamber and it was mainly in a
size range less than 0.05 mm.

The results given in Table 7 have been plotted in Figure 14
along with the data from the prexious SPIT-18 and SPIT-19 (System
Pressure Injection) experiments. The figure shows that the DCH-
1 debris size distribution is lognormal and intermediate between

-




the two previous data sets. The calculated mass mean size is
0.55 mm with a geometric standard deviation of 4.2

TABLE 7
Debris Sieve Analysis

Sieve Size Debris Mass
(mm) (kg) (%)
> 2.38 1.504 156.2
1.60-2.38 0.823 8.3
0.85-1.60 1.5569 5.7
0.417-0.85 1.989 20.1
0.105-0.417 2.973 30.0
0.075-0.105 0.397 4.0
0.0563-0.075 0.2156 2.2
< 0.063 0.446 4.5
Total 9.906 100.0

The material recovered from the chamber was studied at high
magnification to determine the geometric character of the debris.
Photographs of four different size groupings are given in Figure
15 along with a brief qualitative description in Table 8. Some
agglomerates were in the sieved samples collected from the
chamber s~ that the estimated mass mean size (DGM = 0.55 mm) may
be slight., larger than the airborne material.

The shrink holes seen in the particles were formed during
the time the liquid drops cooled in the atmosphere. Heat
transfer from the drcp in the atmosphere caused a solid outer
surface to form. Subseqguently, the center of the drop lost heat
and a large contraction occurred. The ensuing compressive stress
in the outer shell was relieved by the initiation of a fissure.
The irregular shapes were attributed to mechanical fracturing by
cracking of large solid particles.

-27 ~
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(a) > 2.38 mm

Figure 15.

(b) 1,60 ~ 2.38 mm

Photographs of Colliected Debris from the
DCH-1 Experiment (1-mm Scale Marking)
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TABLE 8
Qualitative Appearance of Collected Debris

Size (mm) Description

>2.38 Mostly large agglomerates (>1 mm) with rough
exterior appearance with some shrink holes,
other very irregular shapes and some smooth

spheres.

1.80-2.38 Irregular agglomerates (~1 mm) of smaller
particles, some irregular shapes with smooth
external surfaces, some spheres with shrink
holes and some with small particles attached.

0.85-1.60 Similar to above except more spheres present,
spheres differ in diameter throughout the size
range .

0.417-0.85 Almost totally spheres and small irregular
(angular) shapes, shrink holes obvious in many
spheres.

E. Chamber Gas Composition

The composition of the chamber atmosphere was sampled before
and after debris dispersal to determine the oxygen consumed by
the oxidation of the metallic melt particles. Each sample bottle
withdrew 50 ml from the chamber. Cycling time was determined by
the valve actuation interval, or approximately 3-5 s per sample.
Gas chromatography was then used to determine the chemical
species of the sample. Figure 18 shows the oxygen concentration
on a volume percent basis versus the time the sample was
obtained. The results have not been corrected to account for the
effect of the nitrogen gas ejected into the chamber from the melt
generator or the difference in the chamber pressure for the
samples taken shortly after debris dispersal. Both of these
effects were estimated to be small contributors to the overall
uncertainty of the method.

The results given in Figure 16 clearly show that oxygen
consumption occurred. The first samples following debris
dispersal indicate that the consumption did not occur
immediately, but over a period of a few minutes. This behavior

B
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was caused by the '"dead volume" of gas within the sampling line.
It was estimated that 5-8 samples were required before the gas
was representative of that in the atmosphere after debris
ejection. The initial value of approximately 20 v/o was
disturbingly inconusistent considering that it was only
atmospheric composition. The cause of the inconsistency was not
obvious although residual oils and other contaminants in the
lines may have contributed to the observed variation.

At approximately 12 min, the data became more consistent at
about 16 v/o. The chamber remained at this level until after 40
min when the oxygen appeared to increase. The limited volume of
the individual collection bottles made them particularly
sensitive to the presence of contaminants in the sample. This
may have been the cause of the scatter in the data prior to the
test before the sample line was cleared.

F. Aerosol Measurements

Aerosol samples were taken in the Surtsey chamber during the
first 40 min following the ejection of debiis. The sampling time
intervals, locations, and calculated concentrations are ziven in
Table 8. The locations correspond to those defined in Table 1.

TABLE ©
Aerosol Measurements

Device Location Sample Collected Avg Chamber Sanpled Calculated
Temp Press

Time Mass (m Gas Volgme Concentrgtion
(s) w/oPS" Total (K) (MPa) (1) (g/n")
Impactor

A E-2 15-45 558 863 455 0.13 11.35 49-76

B E-2 15-45 500 707 455 0.13 7.8 84-91

E E-4 15-45 28.3 532.2 455 0.13 11.35 2.1-4.6

F E-4 15-45 16.0 26.9 455 0.13 7.8 2.1-3.5

C E-2 315-345 68.4 98.8 300 0.08 7.5 4.6-6.6

(Continued)

=33



TABLE 9 (Continued)

Device Location Sample

Collected

Avg Chamber
Temp Press

Sampled

Calculated

Time Mass (nii Gas Volume Concentrgtion
(s) w/o otal (K) (MPa) (1) (g/m")

D E-2 315-345 54.6 98, 300 0.08 5.15 5.3-8.7

G E-4 315-345 15.9 38. 300 0.08 7.6 1.1-2.2

H E-4 315-345 156.4 24. 300 0.08 5.15 1.5-2.4

Cyclone
1 E-4 15-2463 - 1327. 300 0.08 620.0 8.1
Filter

A E-2 15-30 - 2. 485 0.14 1.8 1.6

G E-4 15-30 - - 485 0.14 1.8 -

B E-2 30-45 - 37. 424 0.12 1.6 24.0

H E-4 30-45 - 10. 424 0.12 1.6 6.7

C E-2 165-195 - 27, 310 0.09 2.3 12.0

1 E-4 165-185 - 46. 310 0.09 2.3 21.0

D E-2 315-345 - - 300 0.08 2.2 -
J E-4 315-345 - 16. 300 0.08 2.2 7.3
E E-2 1344-1404 - 8. 300 0.08 4.4 2.0
K E-4 1344-1404 - 15. 300 0.08 4.4 3.4
F E-2 15-2463 - 390. 300 0.08 181.9 2.1
L E-4 2403-2463 - i1 300 0.08 4.4 2.7

PS - preseparator
Actual volume of gas sampled at the chamber condition

~3l=



The measured aerosol concentration varied widely over time
and between sampling location. This indicated a considerable
inhomogeneity in aerosol concentration in the chamber. Tle
number of samples was increased (and the sampling statistics
improved) by grouping together the samples taken for the first
195 s of the test. This procedure was justified by a simple
analysis of stirred settling in the Surtsey chamber.

F = exp[-kAAt/V]

where:
F = fraction of initial concentration (0.90)
k = particle deposition velocity
A = horizontal area of chamber (12.5 ma)
At = elapsed time (195 s)
V = chamber volume (103 ma)
thus:
k = 4.45 m/s

The calculated value of k is the settling velocity
corresponding to a 12-um aerodynamic diameter particle. This
calculation indicates that at the end of 195 s, 90% of the 12-um
diameter and smaller particles were still airborne.

Table 10 contains the measured sample concentrations, their
means and standard deviations, and the 95% confidence intervals
obtained from the standard deviation and Student-t statistics.
The impactor samples were used neglecting the larger material
collected in the preseparators (vaiues of concentration including
the preseparator material are indicated in parentheses). The
sampler is identifiecd with a letter designation and the sampling
interval is given relative to the time of ejection. The cascade
impactors samples A and B were anomalously high and have not been
included in these results. Examination of the concentration
measurements at 1343 and 2403 s and the 15 to 2463-s interval
suggests that the initial concentration may have been greater
than 2 g/m°. If this is used as a lower bound, the initial
aerosol conceintration in tge chamber can be reasonably assumed to
lie between 2 and 18.6 g/m

35~




TABLE 10

Aerosol Concentration

Sampler Mean Standard Range of 95%
) : ~ . - e 4 . .
and Time Concentration Value Deviation Interyal
\ X '

/ / 3

(s) (g/n (g/m™) (%) (g/m™)

'A 15-30

'B 30-45
15-45
165-195
315-345
1343-1404
2403-2463

2403-2463
15-2463
15-2463

| ] T 2 o . M o
‘1lter l=1mpactor, C=cyclone
in parentheses include mass in pre-separator

obtained from
gas that passed




through the sampling device. The total suspended mass was
obtained from the product of the chamber volume and tge
concentration. Because the chamber volume was nominally 103 m",
the calculated aerosolized mass was in the range of 0.2 to 1.9
kg. These values represent 1.7 to 16% of the mass of debris
recovered from outside the cavity.

Figure 17 shows the suspended aerosol mass in the chamber as
a function of time. The data points at 23 and 40 min are plotted
individually because there were too few to yield statistically
significant averages or confidence intervals.

The cascade cyclone and filter F gave a 40-min sample
average. The close agreement between the results from these
devices suggested reasonable accuracy. Thesesdata indicated an
initially high aerosol concentration (~10 g/m”), which fell off
very rapidly at first and then slowed. This was consistent with
the bimodal source term where the large mode concentration
dominates the early time behavior. The large particles rapidly
fall out of suspension and take gome of the smaller particles by
interception and settling. The remaining small-mode
concentration then decayed more slowly.

The aerosol mass distribution was measured at two times in
the chamber (15-45 and 315-345 s). A simultaneous sample was
taken at both the upper and lower locations. Each sample
consisted of two impactors, one with a flow rate c¢f 15 1/min and
the other at 10 1/min. This gave staggered cutpoints and the
algebraic combination of the results from the two impactors
yielded a distribution with greater resolution than either
impactor separately. The results from impactors E and F (15-45 s
at lower location), C and D (315-345 s, lower), and G and H (315-
345 s, upper) are plotted in Figures 18, 19, and 20,
respectively. In these figures D is the equivalent aerodynamic
diameter, DGM is the geometric mabs mean diameter, and o_ is the
geometric standard deviation. Impactors A and B were ovérloaded
with material so that the individual stage weights could not be
determined.

The 15-45 s distribution data measured by impactors E and F
(Figure 18) was distinctly bimodal with peaks at 1 and >10-um
aerodynamic equivalent diameter. A third mode at 5 um may also
be present. Approximately one-half of the total mass was less
than 10-um diameter. The smaller mode consisted primarily of
floculated material and was described well by a lognormal
distribution with a geometric mass median aerodynamic diameter of
1 ym and a geometric standard deviation between 1.7 and 1.9.

The distributions obtained from samples taken five minutes
later (C & D - Figure 19, G & H - Figure 20) indicated a mode at
less than 10 um. These data were affected by overloading of the
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sampler. The overloading was attributed to the physical bulk of
the collected material. The aerosol had a high void fraction
that resulted in large collection volumes at each stage that
appeared to interfere with the normal flow patterns through the
devices.

Data were not obtained from the transmissometer (photometer)
because the internal light source failed shortly after melt
ejection.

A steel box of approximatel; one cubic meter volume was used
to dilute the aeroscl samples drawn from the chamber for the APS.
A cascade impactor was also used to provide a mass distribution
along with the number distribution of the APS. The simultaneous
measurement of these distributions and the material density yield
the aerodynamic shape factor. The dynamic shape factor relates
aerodynamic equivalent diameter and the mass equivalent diameter.
For a particle of given mass, a larger shape factor means that it
will fall slower. Large shape factors mean a larger or heavier
particle to be suspended longer.

Preliminary examination of the data from 4 hr after melt
ejection indicated a bimodal mass distribution with modes at
about 1 and 6-um aerodynamic diameter. Figures 21 and 22 are the
mass and number distributions, respectively, from the impactor
and APS. The dynamic shape factor (y) has not yet beeun
determined pending further development of the analysis technique.

Deposition of aerosol on the walls of the chamber was
estimated by vacuuming six separated areas and collecting the
material on a filter. Table 11 gives the results of this
process. The mean surface concentration was 0.183 20.029 mg/cm
Based on the total vertical surface area, it was estimated that
128 to 180 g of aerosol was deposited on the walls of the vessel.

TABLE 11
Aerosol Wall Deposition

Filter 5 Collected Wall Area Surface Concgntration
Location Mass (mg) (em®) (mg/cm®)

70/2 41.03 231 0.178

140/2 33.41 169 0.198

(Continued)

38
l“J



TABLE 11 (Continued)

T Filter ~ Collected AWallggrea _gur?iceAaahcsntration
cm”)

Location®™ Mass (mg) (mg/cm™)
190/5 40.34 216 0.187
280/56 30.08 132 0.228

0/4 22.356 150 0.149
130/4 20 .49 132 0.15656
Mean 0.183

« Location is given by compass degrees from due North (first
number) and level (second number) as given on Figure 1.

The filter samples H, I, and F were analyzed by ICP
(Inductively Coupled Plasma) emission spectroscopy to give
elemental composition of the collected aerosol. The results are
given in Table 12.

The ICP results show excellent similarity between the three
samples. This similarity suggests that the aerosol was formed
from the same processes and materials. While concentration in
the chamber appeared to be heterogeneous, the composition was
quite homogeneous. The ratio of Fe to Al in the aerosol was
several times higher than that of the bulk melt. This suggests
that most of the collected aerosol mass came from vapor
condensation and little from melt fragmentation. The mass
distribution measured at 15 to 45 s (Figure 18) showed a
distinctly bimodal character with the smaller vapor condensation
mode at about 1 ym. The larger melt fragmentation aerosol was
greater than 10 ym mean diameter, a size not efficiently
collected by the filters.

Release fractions were estimated from the filter samples by
assuming that the devices contained mostly sub-10 um aerosol
particles and that the collected material reflects the
composition of the entire chamber. Given these assumptions and
the total mass of the vapor condensation aerosol, the release
fractions of the melt constituents were calculated using the
known composition of the brass fusible plug.
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TABLE 12
Aerosol Composition Analysis

Sample

Element H~ Ten b O
(Elemental Weight Percent)

Fe 38.8 36.7 36.1
Al 7.45 3.5 3.1
Zn 8.7 12.2 12.6
Cu 4.3 5.9 6.1
Pb 0.70 1.0 1.0
Si 3.0 2.8 4.15
K 0.32 0.75 0.80
Ca 0.34 0.10 0.08
Mo 0.85 1.3 1.156
Ni 0.50 0.50 0.51
Nb 0.18 0.07 0.06
Ba 0.14 0.11 0.10
La 0.04 0.03 0.03

=~ Sampler H @ 30-45 s
= Sampler 1 @ 165-195 s
Sampler F @ 15-2463 s

The brass used to make the fusible plug consisted of 62 w/o
Cu, 35 w/o Zn, and 3 w/o Pb. The ratio of Zn to Pb was the same
in the aerosol as in the raw material while the ratio of Zn to Cu
was not. Both Zn and Pb have boiling points below the
temperature of the thermite reaction products while the Cu
boiling temperature is higher. If it is assumed that all of the
Zn and Pb were vaporized and available for aerosol formestion,
then the assumption of compositional homogeneity would allow
determining the total vaporization aerosol.

Considering that the brass plug contained 0.103 g of Zn, then
the 8.7 w/o of Zn in sampler H indicates 1.18 kg of vapor
condensation aeroscl, sampler 1 - 0.84 kg, and sampler F - 0.82
kg. The average of these three calculations is 0.95 kg, which is
in remarkable agreement with the 0.99-kg mean initial aerosol
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concentration (Figure 17). The 95% confidence interval for these
three compositions is 0.556 kg to 1.45 kg of suspended vapor
condensation aerosol or 0.95 kg *53%.

Release fractions were calculated for the relocated debris as
the mass released by vaporization divided by the mass in the
initial melt for the element of interest. The relocated melt
debris was calculated to be between 46% to 56% of the original
mass of 21.115 kg. Table 13 presents the calculated release
fractions for the principal elements of the aerosol.

TABLE 13
Elemental Aerosol Release Fractions

Element Mass In . Mass In Release
Relocated Debris Aerosol Fraction
(&) () (%)

Fe 5610 353 6.3
Al 2430 44 1.81
Mo 1.6 9.8 19.0
Ni 51.0 4.8 9.4
Nb 51.0 0.98 1.82
Ba 73.7 1.31% 1.561
La 51.3 0.35 0.68
1Uncertainty in relocated mass = *#10%
Uncertainty in aerosol mass = 253%
Resulting uncertainty in release fraction = 254%

The large uncertainty in the calculated release fractions
(¢54%) arises primarily from the uncertainty in the aerosolized
mass that was caused by the limited number of filters analyzed.
Additional but unquantified uncertainty may be from vaporization
release from ejected debris that was retained in the cavity and
from mechanically produced melt fragmentation particles collected
on the filters.
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VI. CONCLUSIONS

The results from the DCH-1 experiment provided well
characterized data to support the development of models needed to
quantify high pressure melt ejection, radionuclide release, and
direct heating of the containment atmosphere. Data included
chamber pressure rise, debris and aerosol characteristics and
release of radionuclide mocks from the relocated melt debris.

Recorded pressure in the chamber was on the order of 0.1 MPa
(15 psig), from 11.6 kg of dispersed debris. The debris was in
the form of small particles with a broad lognormal distributior
and a mass mean size of 0.556 mm. The debris size matched the
material collected from previous 1:20 scale cavity experiments.
Aerosol measurements indicated that a substantial portion of the
discharged mass (1.7% to 16%) was less than 10-um diameter.
Release fractions from relocated melt debris were determined from
the measured data. The calculated aerosol concentration varied
significantly in time and with sampler location, although the
composition of the aerosol appears to have been homogeneous.
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