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FOREWORD

This report summarizes progress under the Aerosol Release and
Transport Program [sponsored by the Division i Accident Evaluation,
Office of Nuclear Regulatory Research, Nuclear Regulatory Commission
(NRC)] for the period October 1983-March 1984,

Work on this program was initially reported as Volume III of a
four-volume series entitled Quarterly Pr.aw2es Report on Reaator Safety
Programe Sponsored by the NRC Divieion of Reactor Safety Research.
Prior reports of this series are

Report No. Period cuvered
ORNL/™-4655 April—June 1974
ORNL/M™™-4729 July—September 1574
ORNL/M™-4805 October—December 1974
ORNL/T™-4914 January—March 1975
ORNL/T™-5021 April—June 1975

Befinning with the report covering the period July—September 1975
through the report for the period July—September 1981, work under this
program was reported as LMFBR Aerosol Release and Transport Program
Quarterly Progrese Report. Prior reports under this title are

Report No.

Period covered

ORNL /NUREG/T-8
ORNL /NUREG /T™-9
ORNL/NUREG/T™M=-35
ORNL/NUREG /T™™~59
ORNL /NUREG/T™™-75
ORNL /NUREG /™-90
ORNL/NUREG/T™-113
ORNL/NUREG/T™-142
ORNL/NUREG/T™-173
ORNL/NUREG/T™™-193
ORNL/NUREG/T™™-213
ORNL/NUREG /™~244
ORNL/NUREG/T™~276
ORNL/NUREG/T™-318
ORNL/NUREG /TM-329
ORNL /NUREG /™~-354
ORNL/NUREG/M™~-376
ORNL/NUREG /T™~-391
ORNL/NUREG/T™M-416
ORNL/NUREG/T™~417
ORNL/T™-5806
ORNL/T™M-7884
ORNL/T™-7946
ORNL/M™M-7974

ORNL /TM~-8149

July—September 1975
October-December 1975
January-March 1976
April—June 1976
July—September 1976
October—December 1976
January—March 1977
April—June 1977
July—September 1977
October—December 1977
January-March 1978
April—June 1978
July-September 1978
October—December 1978
January-March 1979
April—June 1979
July—September 1979
October—December 1979
January—March 1980
April—June 1980
July—September 1980
October—December 1980
January-March 1981
April—June 1981
July—September 1981



Beginning with the report covering the period October-December 1981,
work under the program was reported as Aerosol Release and Transport
Program Quarterly Progress Report. Prior reports under this title are

Report No. Period covered
ORNL/TM-8307 October—December 1981
ORNL/TM-8397/V1 January-March 1982
ORNL/TM-8397/V2 April—June 1982
ORNL/TM-8397/V3 July—September 1982
ORNL/TM-8397 /V4 October—December 1982
ORNL/TM-8849/V1 January—March 1983
ORNL/TM~8849/V2 April—June 1983
ORNL/TM-8849/V3 July-September 1983

Beginning with the report covering the period October 1983—March 1984,
work under the program is now being reported as Aerosol Release and
Transport Program Semiannual Progress Report. Copies of all these
reports are available from the Technical Information Center, Oak Ridge,
Tennessee 37831.
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SUMMARY

M. L. Tobias

The Aerosol Release and Transport (ART) Program at Uak Ridge National
Laboratory (ORNL) is designed to investigate the release, transport, and
behavior of aerosols that may carry radionuclides originating from a se-
vere accident resulting in core melting. Aspects of the program apply to
both light-water reactors (LWRs) and liquid-metal fast breeder reactors
(LMFBRs). The experimental programs are being conducted in the Fuel Aero-
sol Simulant Test (FAST) Facility (which also iiucludes the CRI-III vessel),
the NSPP Facility, and the CRI-II Facility. The analytical efforts are
designed to support the experiments and to provide comparisons between
the experimental observations and the results of computer codes intended
to simulate aerosol behavior.

During this period, two important program changes have occurced.

The first was the decision to terminate the LMFBR aspects of the program

carried out in the FAST Facility. Studies are under way to determine the
possibilities of performing LWR-related studies in FAST and CRI-III. The
gecond is the decision to separate the core-melt aerosol release project

from the ART program in order to accommodate a change in objective and an
enlargement in scope. Futurz activities in this project will be reported
elsewhere,

In the program of experiments in the FAST/CRI-III Facilities, tests
FAST-108 through FAST-112 were conducted. In FAST-108, the sodium height
was 7.7 cm, argon cover-gas pressure was 120 kPa (abs), xenon pressure in
the fuel assembly was 340 kPa (abs), and sodium temperature was 813 K.
The energy input to the U02 fuel was 19.6 kJ over a period of 1.55 ms
before disassembly. This test was the last in a group of four (FAST-105
through FAST-108) in which sodium height was varied. FAST-109, FAST-110,
and FAST-112 were the first tests of a group at an argon pressure of
300 kPa. Sodium heights above the fuel sample were 9.5, 14, and 25 cm,
respectively, and xenon pressure and sodium temperature were the same as
in FAST-108.

Examination of initial bubble oscillation period for the series
FAST-105 through FAST-107 showed a decrease with decrease in sodium
height. 1In FAST-108 and FAST-109, however, bubble oscillation patterns
are much less clear. Oscilloscope pressure traces of the runs at 300 kPa
cover-gas pressure show much shorter bubble oscillation periods than those
obtained for 120 kPa.

Aerosol sampling results for FAST-104 through FAST-112 are reported.
Very strong attenuation of the aerosol by the sodium was noted in all
cases; less than 10”3 of the fuel vapor was found in the cover gas. No
increase of aerosol concentration in the cover gas with decreasing sodium
level was noted. As a check, the FAST-111 test was run with the sample
completely above the sodium, and the results demonstrated the adequacy of
aerosol sampling methods, agreeing well with earlier argon atmosphere
tests.,
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In the program of NSPP experiments, tests 613 and 631 were performed.
Experiment 613 involved simultaneous generation of U304 and Fe,0; aerosols
in steam with a target ratio of 10 to 1 (Fey03 to U30g). The vessel atmo-
sphere was at 0,178 MPa (abs) and 381 K during aerosol injection, rising
to 0,220 MPa and 386 K in the subsequent 6 h of steam injection. The ratio
actually achieved was 9.6 to 1, corresponding to concentrations of 6.8 and
0.71 ug/cm3 for Fe,0; and U304, respectively. In test 631, the U304 and
Fe,03; mixture was generated in a dry environment (relative humidity less
than 20%) at ambient pressure and temperature. The U30g4 to Fe,0; mass
ratio achieved was about 1.2 to 1. The aerosol appeared to remain airborne
longer than aerosol mixtures generated in steam atmosphere. The aerosol
was in the form of chain agglomerates rather than spherical clumps, and
coagglomcration appears to have occurred.

Support work for the DEMONA (West Germany) and Marviken (Sweden) proj-
ects continues. Primary efforts during this period have been in the area
of aerosol generator development. A small Lovelace Aerosol Particle Sepa-
rator is being refitted to adapt it to the 250-V 50-cycle Swedish elec-
trical power system. In addition, a variable-speed option will be pro-
vided to improve the size discrimination range for larger particles.

In the program of LWR core-melt studies, final results of test CM-37
show that only 1.03% of the boron carbide escaped as boric oxide from the
melt under the hydrolysis-oxidation conditions of this experiment. In
experiment CM-38, the relative volatility of B,0; when mixed with U0, was
studied. The bo.on release was only about one-half that in M-37. 1In a
similar experiment, CM-39, the boric oxide was mixed with powdered Zr0,,
and about 0,97 of the boric oxide was released. The final boric oxide
test was CM-40, in which the boric oxide was added to the feedwater used
to generate steam in the experiment. About 10%Z of the boron was vaporized
as oxide during the lower temperature heating steps, but as temperature
was increased, the release appeared to have stopped.

The 250-kW radio-frequency induction furnace was successfully oper-
ated in a test in which a simulated large fuel bundle was heated almost
to the melting point (~1450°C,. At full power, this took 30 s; at one-
half power, about 45 s was needed. Modifications in the power supply
systems have been made to ircrease heating efficienc .

In NSPP-related analytical program work, results from the NAUA code
were compared with various NSPP experiments involving steam and iron ox-
ide or uranium oxide aerosols. Effects of assumed diffusional boundary
layer thickness, initial particle size, source rate, diffusiophoresis,
and numerical procedures are discussed.

In analytical work connected with the FAST program, work continued
on improvements in the UVABUBL-II code. Changes were made to account for
xenon gas content in the fuel sample more accurately. Differences in re-
sults obtained on the University of Virginia's computer and the IBM-3033
at ORNL have been noted and the causes are being investigated.
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GLOSSARY OF ACRONYMS

Aerosol Behavior Code Validation and Evaluation
aerodynamic mass median diameter

aerosol release and transport

Aerosol Transport Test

Battelle-Columbus Laboratories

core-disruptive accident

capacitor discharge vaporization

Clinch River Breeder Reactor

name of a facility for conducting basic aerosol experiments
(originally, Containment Research Installation)

Containment Systems Test Facility

name of an aerosol experimental facility at Battelle-Frankfurt
(Demonstration Nuklearen Aerosolverhaltens)

Fuel Aerosol Simulant Test

geometric standard deviation

hypothetical core-disruptive accident

inductively coupled plasma (spectrometric method)
Inhalation Toxicology Research Institute
Kernforschungszentrum Karlsruhe

Los Alamos National Laboratory

liquid-metal fast breeder reactor

light-water reactor

Nuclear Regulatory Commission

name of a facility in which secondary containment aerosol ex-
periments are conducted (originally, Nuclear Safety Pilot
Plant )

Oak Ridge National Laboratory
polystyrene latex

plasma torch
pressurized-water reactor
radio frequency

name of a core-melt experiment facility at KfK (§ghne1qulage
fuer Proben mit Schwacher Aktivitaet)

wall run-off sampler



AEROSOL RELEASE AND TRANSPORT PROGRAM SEMIANNUAL
PROGRESS REPORT FOR OCTOBER 1983—MARCH 1984

R. E. Adams M. L. Tobias

ABSTRACT

This report summarizes prigrers for the Aerosol Release
and Transport Program sponsored by the Nuclear Regiiatory
Commission, Office of Nuclear Regulatory Research, Division
of Accident Evaluation, for the period October 1983—March
1984. Topics discussed include (1) the experimental program
in the Fuel Aerosol Simulant Test (FAST) Facility, (2) NSPP
experiments involving mixtures of aerosols of iron oxide and
uranium oxide in steam and dry atmospheres, (3) support work
for the DEMONA (West Germany) and Marviken (Sweden) projects,
(4) analysis of core-melt experiments involving boric oxide
volatility, (5) initial operation of the new 250-kW induction
generator, (6) comparisons of NAUA results with experiments,
and (7) tests and improvements in the UVABUBL-II code.

1. INTRODUCTION

The Aerosol Release and Transport (ART) Program at Oak Ridge National
Laboratory (ORNL), sponsored by the Nuclear Regulatory Commission, Office
of Nuclear Regulatory Research, Division of Accident Evaluation, is a
safety program concerned with aerosol release and transport. The program
scope includes aerosol release from fuel, transport to and release from
primary containment boundaries, and behavior within containments. The
overall goal of the program is to provide the analytical methods and ex-
perimental data necessary to assess the quantity and transient behavior
of radioactive aerosols released from reactor cores as a result of postu-
lated events of varying severity up to and including accidents resulting
in core melting.

The program is divided into several related experimental and analyti-
cal activities:

l. development of apparatus to {nvestigate the characteristics and trans-
port behavior of materials vaporized from molten fuel;

2. study of the characteristics and behavior of fuel-simulant aerosols
In several small vessels;

3. production and study of aerosols in the NSPP for the validation of
models, with particular emphasis on the behavior of mixtures of nu-
clear aerosol species relevant to light-water reactor (LWR) systems.

4. studies related to liguid-metal fast breeder reactor hypothetical
core~disruptive accidents (HCDAs) that {involve fuel interactions,



5.

expansion, and thermal behavior within the sodium pool as the re-
sultant fuel vapor bubble is produced and transported through the

sodium to the cover-gas region.
comparison of the results of experiments with calculations using ex-

isting aerosol computer codes or with specifically developed analyti-
cal procedures.



2. EXPERIMENTAL PROGRAM

2.1 Source-Term Experiments in FAST/CRI-III (B0476)

A. W. Longest W. A Bird*
J. C. Petrykowski J. M. Rochelle!
C. V. Hardin

2.1.1 Introduction

The Fuel Aerosol Simulant Tests (FAST) and the Containment Research
Installation-III (CRI-III) tests are performed by using the capacitor
discharge vaporization (CDV) technique to place U0, fuel samples into the
high-energy states that could be produced in LMFBR HCDAs. The primary
goal of the FAST/CRI-III test program is to use the experimental results
as a data pase for developing analytical models that could be used to
predict fuel transport through the coolant in severe accidents.

During this report period, the fifth through the ninth tests (FAST-108
through FAST-112) of a planned series of ten undersodium U0, fuel vapor-
ization experiments were performed in accordance with the test schedule
and test plan shown in Fig. 1 and Table 1, respectively. These experi-
ments are designed to study fuel bubble behavior and fuel aerosol trans-
port to the cover gas as a function of sodium height above the fuel sample
assembly, cover-gas pressure, and xenon gas pressure in the fuel sample
assembly (to simulate fission gas in reactor fuel). FAST-108 was the
last of a subset of four experiments in which the sodium height above the
fuel assembly was varied while holding the argon cover gas and xenon pres-
sures constant; FAST-109, FAST-110, and FAST-112 were the first three
tests of a second similar subset at a higher cover-gas pressure (see
Table 1). The FAST-111 test represents a revision in the original test
plan;! it was conducted to determine aerosol behavior over sodium at 540°C
and to verify the aerosol sampling techniques being used. Pressure mea-
surements were made in the sodium at a distance of 23 cm from the test
sample and in the cover gas above the sodium. Aerosol samples were ob-
tained from the cover-gas region in each test, A schematic of the FAST
test vessel showing the locations of the two pressure transducers, the
eight-stage mass sampler used in obtaining the aerosol samples, and other
equipment is given in Fig. 2. Details of the test sample assembly (va-
porizer unit in Fig. 2) are shown in Fig. 3.

Test specimen data, test conditions, and electrical input data for
all the tests conducted to date are presented in Tables 2-4 for conve-
nient reference. Also included for comparison are data from FAST-103,
the last test that was conducted prior to a l-year shutdown of the facili-
ties.? Only one other undersodium fuel vaporization test (FAST-101 at a
much lower high-preheat level of 1100 W) and one undersodium preheat-only
test (FAST-102) were performed previously.® The preheat stage of the
two-stage electrical process for the fuel vaporization is designed to

.Inltru-entation and Controls Division.

TConsultant from University of Tennessee.



ORNL--DWG 83-5962A ETD

FY 1983 FY 1984

FEB MARIAPR MAYIJUN JUL JAUG | SEP | OCT | NOV|DEC | JAN | FEB [MAR | APR | MAY | JUN | JUL |AUG | SEP

CRI-111 FAST
FACILITY PREPARATION — v
(INCLUDING A SODIUM FiLL AND B
DRAIN CYCLE CHECK)

2 CRI--111 ARGON TESTS USING 26110
CRI-11l VAPORIZER ASSEMBLY —w-
{COV-108 AND COV-109)

2 CRI- 11l UNDERWATER TESTS e
USING FAST VAPORIZER ASSEMBLY
({COV-110 AND COV-111)

10 FAST UNDERSODIUM TESTS s Pttt s
(FAST-104 THROUGH FAST-113)

®REPEAT OF FAST-103 TEST

Fig. 1. Schedule for FAST/CRI-III tests.
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Table 1. PAST single-pin undersodium test plan?
Pressure ln-hulb sodium

FAST [kPa (abs)] height above

test fuel specimen Objective

No. Argon Xenon ceanterline

cover gas fuel sample (cm)

104 120 135 107 Repeat of PAST 103
Ccmpare with previous results

105 120 340 107 Determine effect of changing
xenon pressure

106 120 340 20 Determine effect of changing
sodium height

107 120 340 10 Same as 106

108 120 %0 Same as 106

109 300 340 5 Determine effect of changing
sodium height at & second
cover-gas pressure level

110 300 340 10 Same as 109

111 120 340 -30 Determine aerosol behavior
over sodium at 540°C
Verify aerosol sampling
technique

112 300 340 20 Same as 109

113 300 340 107 Same as 109

%n al)l tests, the pressure vesse! and sodium temperature will be 540°C.
Psee Table 3 for actual sodium heights.

Table 2.

Test specimen data

vo;

Quartz tube
dimension
Test P
N:. ellet stack Microsphere (mm)
Mass Length nes
(

(g) (mm) (&) - -
cov-108 17,35 90,2 32.05 9.72 17.15
cov=-109 17.35 90.2 32.77 9.70 17.15
Chv-110 17.27 89,7 30.66 9.70 17.15
cov=111 17.41 90.4 32.69 9.72 17:19
FAST-10T  17.36 90,4 32.93 9,70 17,15
FAST-104 17.58 91.7 32.39 9.70 17.15
FAST-105 17.49 91.2 32.06 9.70 17,18
FAST-106 17.59 91.4 31.97 9.70 17.15
FAST-107 17.50 9.1 31.48 9.70 17.15
FAST-108 17.36 90.3 31.68 9,70 17,193
FAST-109 17.66 91.9 31.86 9.70 17.15
FAST~110 17.63 91.5 32.08 9.70 17.15
FAST~111 17.57 91.5 31.99 9.73 17.15
FAST-112 17,44 90,7 31.84 9.73 17.15

%Included for comparison.
on December 15,
factlittles.

FAST-103 was performed
1981, prior to a l-year shutiown of the



Table 3. Test conditions

Argon cover gas :::i.:::p:: Liquid
::?t e Tel?f;;ture Volume Pressure lstart of Volume Sekght. whove: fuel
(m3) [kPa (abs)] ow preheat (m3) specimen centerline
[kPa (abs)] (cm)
CDhvV-108 Argon Room 0.56 120 120 0
CDV-109 Argon Room 0.56 120 120 0
Cbv-110 Underwater Room 0.53 120 134 0.034 20
Cpv-111 Underwater Room 0.54 120 134 0.023 5.0
FAST-103%  Undersodium 540 0.092 120 134 0.37 105
FAST-104 Undersodium 540 0.090 120 133 0.37 106
FAST-105 Undersodium 540 0.095 120 241 0.37 104
FAST-106  Undersodium 540 0.30 120 340 0.16 b
FAST-107  Undersodium 540 0.32 121 %1 0.14 147
FAST-108 Undersodium 540 0.34 120 340 0.12 77
FAST-109 Undersodium 540 0.33 300 341 0.13 9.5
FAST-110 Undersodium 540 0.32 300 340 0.14 14
FAST-111 Oversodium 540 0.45 122 341 0.014 -30
FAST-112 Undersodium 540 0.30 300 338 0.16 25

ncluded for comparison. FAST-103 was performed on December 15, 1981, prior to a l-year shutdown
of the facilities.

bSodiu- height previously reported! was revised based on the results of a comparison of the normal
“Twin-1" tube continuous sodium level indication with recent independent (and presumably more accurate)
continuity-probe measurements in the range of sodium heights between 3 and 15 cm.



Table 4. Electrical energy input data

Preheat power Resistance Time delay between Energy stored CDV time CDV energy
Test (W) at end of high preheat in capacitor to arcing input to
No. high preheat and CDV banks (s ) arcing
Low High (Q) (s) (kJ) (kJ)
CDV-108 500 1700 0.45 2.0 77.3 4.96 50.5
CDV-109 500 1700 0.52 2.0 76.9 3.26 33.0
CDV-110 500 1700 0.44 2.0 76.9 2.60 30.9
Cbhv-111 500 1700 0.45 2,0 76.5 3.26 35.6
FAST-10% 600 1600 0.43 2.0 76.5 3.15 37.9
FAST-104 600 160V 0.44 2.0 76.5 3.14 37.4
FAST-105 600 1600 0.41 2.0 76.9 2,61 32,2
FAST-106 600 1600 0.41 2.0 76.9 2.98 37.6
FAST-107 600 1600 0.46 2.0 76.5 2.30 28.8
FAST-108 600 1600 0.39 2.0 76.9 1.55 19.6
FAST-109 600 1600 0.40 2,0 76.5 1.65 20.3
FAST-110 540 1600 0.40 2,0 76.5 2.35 28,2
FAST-111 500 1550 0.41 2.0 77.3 1.93 22.8
FAST-112 540 1600 0.40 2.0 76.5 2.16 26.5

Inclvded for comparison. FAST-103 was performed on December 15, 1981, prior to a l-year shut-
down of the facilities.



partially melt the fuel pellets and reduce the resistance of the fuel
sample to a level where the energy stored in the capacitor banks can be
discharged in a few milliseconds at ~10-MW power to raise the energy level
of the fuel to ~3 kJ/g by the time fuel sample disassembly occurs.

Test results obtained during this report period are presented in the
following section.

2.1.2 Discussion of FAST undersodium test results

The experimental results obtained during this period related to fuel
bubble behavior and aerosol transport to the cover-gas region in the FAST
undersodium tests are presented in Sects. 2.1.2.1 and 2.1.2.2.

2.1.2.1 Fuel bubble behavior. Pressures are measured in the sodium
and the cover gas to monitor the fuel bubble pressure and size vs time
and the period of oscillation of the bubble (time between repetitive bub-
ble expansions and contractions in the closed system). Preliminary mod-
eling calculations have indicated that the pressure at the measurement
point in the sodium (23 cm from the test sample centerline) is close to
the fuel bubble pressure (within about 25% during the first bubble oscil-
lation) in tests conducted at the sodium height of 107 cm, but follows
the bubble pressure less closely at the lower sodium heights of 20 and
10 cm.

The sodium and cover-gas pressure transducer signals are captured
on a duval-channel digital storage oscilloscope having a fast trensient
storage capability of 2048 points/channel; the signals are later trans-
ferred to permanent storage on flexible disks. A speed setting of 50 us/
point is normally chosen to give ~100-ms time coverage from the trigger
point at the start of capacitor discharge. The sensors have a rated
pressure range and frequency response of 3,450 kPa and 12,270 Hz for the
sodium transducer and 345 kPa and 4,350 Hz for the cover-gas transducer.
In situ calibration checks are made at the time of each test.

Pressure measurements made in the FAST-108 test are compared in
Fig. 4 with those reported previously for the FAST-105 and FAST-107 tests;!
expanded views of the sodium and cover-gas pressure traces are shown in
Figs. 5 and 6, respectively. The times between the peaks in the scdium
pressure traces in FAST-105 and FAST-107 (Fig. 5) indicate the bubble
oscillation periods t. The bubble oscillation pattern in the sodium
pressure trace in FAST-108 is not as clear. Based on the observations
made in the earlier underwater tests“ (i.e., it appeared in the high-
speed movies that the fuel bubble penetrated 5 cm of water in CDV-111),
one might expect the fuel bubble to have penetrated the surface at a so-
dium height somewhat greater than 5 cm. However, there are many differ-
ences between the two sets of test conditions and coolants that can in-
fluence fuel bubble behavior, such as differences in the amount of cool-
ant subcooling, coolant pool size, thermal conductivity, surface tension,
emissivity, and density; even sodium-U02 chemical reactions® may be im-
portant,

The peaks in the cover-gas pressure traces (Fig. 6) are much weaker
than the peaks in the sodium pressure traces. In FAST-105, the cover-gas
peaks correspond fairly well to bubble expansions ro maximum size as in-
dicated by the valleys in the sodium pressure trace, and the cover-gas
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Fig. 5. Expanded views of oscilloscope sodium-pressure traces in
(a) FAST-105, (b) FAST-107, and (e¢) FAST-108,
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Fig. 6. Expanded views of oscilloscope cover-gas pressure traces
in (a) FAST-105, (b) FAST-107, and (e) FAST-108.
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pressure record can be used to estimate fuel bubble size vs time. The
sover-gas pressure peaks in FAST-107 and FAST-108 are barely discernible
because of loss of measurement sensitivity with the increased cover-gas
volume and the increased noise in the signal.

Although no attempt has been made to associate the sodium pressure
maximum and minimum points with possible fuel bubble expansion and con-
traction oscillations in FAST-108, the sodium pressure data are summarized
in Table 5 so that the magnitude of pressure signals in Figs. 4 and 5 may
be visualized. Similar tabulations of sodium pressure maximum and minimum
points for FAST-105 through FAST-107 and of sodium and cover-gas pressure
maximum points for FAST-104 and FAST-105 were given previously. !

Table 5. Sodium-pressure maximum and minimum
points in FAST-108

Pressure Time from sample Pressure indication
point disassembly above baseline value?
No. (ms) (kPa)
Maximum
1 0.5 64.6’;
2 13.85 80.3
Minimum
1 6.35 240

“Baseline sodium pressure was 120 kPa (abs).

bData contain large uncertainties because of
noise in the signal.

The results of those tests showed a decreasing initial bubble oscil-
lation period (1) from 32 to 17 ms with decreasing sodium height above
the fuel sample from 104 to 14 cm for the tests at 120-kPa (abs) argon
cover-gas pressure. Sodium pressure increases up to 1.2 MPa were mea-
sured, and bubble radii up to ~10 cm were indicated by the cover-gas
pressure increases.

Oscilloscope traces of the pressure records obtained in the tests
conducted at the higher cover-gas pressure of 300 kPa (abs) (FAST-109,
FAST-110, and FAST-112) are shown in Figs. 7 and 8 for the sodium and
cover—-gas pressures, respectively; the sodium pressure data are summa-
rized in Table 6. As evident from comparing the sodium pressure traces
in Fig. 7 with those in Fig. 5, the indicated bubble oscillation periods
are much shorter at the higher cover-gas pressure. Comparison of times
between sodium pressure peaks in Table 6 with those in Table 5 for FAST-108
and those reported earlier for FAST-106 and FAST-107 (Table 5, Ref. 1)
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Expanded views of oscilloscope sodium-pressure traces
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Fig. B. Expanded views of oscilloscope cover-gas pressure traces
in (a) FAST-112, (b) FAST-110. and (o) FAST-109,
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Table 6. Sodium-pressure maximum and minimum points from FAST-112,
FAST-110, and FAST-109

(Effects of energy input level® and decreasing sodium height H are shown)

Time from ssmple disassembly Pressure indication above baseline nlub
Pressure (ms) (kPa)
point
No. FAST-112 FAST-110 FAST-109 FAST-112 FAST-110 FAST-109
(He25cm) (H=licm) (He=9.5cm) (He25cm) (Hel4cam) (H=9.5cm)
Max.mum
1 0.54 0.60 0.95 350 161° 160°
2 7.89 7.05 7.05 293 L 191
3 13.94 11.50 13.00 162 3% 214°
4 18.29 83
5 22.09 56
Minimum
1 3.69 3.80 4.10 —111 -z3° 45
2 11.29 9.35 10.30 -103 -13 -17

ACapacitor discharge energy input to arcing was 26.5 kJ in FAST-112, 28.2 kJ in FAST-110,
and 20.3 kJ in FAST-109,

bhulim sodium pressure was 301 kPa (abs) in FAST-112 and FAST-109, and 300 kPa (abs)
in FAST-110.

®Data contain large uncertainties because of noise in the signal.

shows that the periods at the higher cover-gas pressure of 300 kPa (abs)
range from about one-half to one-third of those measured at the lower
cover-gas pressure of 120 kPa (abs). Preliminary modeling calculations
indicated that the initfal bubble oscillation period at the higher pres-
sure would be slightly less than one-half that at the lower pressure for
a sodium height of 107 cm. The reason for the greater than usual noise
in the cover-gas pressure signals in FAST-109 and FAST-112 (Fig. 8) is
unknown.

Pressure measurements were also obtained in FAST-111, but they are
of less interest than in the other tests, because the sodium level was
30 ecm bzlow the fuel spacimen (see Table 1) and the lower pressure trans-
ducer (at the elevation of the fuel specimen) was above the sodium sur-
face instead of in the sodium pool.

2.1.2.2 Aerosol transport. A series of aerosnsl samples of the cover
gas was obtained in each test starting soon after capacitor discharge
(time = 0). The sampling procedure consists of drawing a measured amount
of cover gas throug a collection filter located inside the vessel at the
lower end of the eigut-stage mass sampler. After the test, the filters
are analyzed for uranium content (and other chemical species) by the ORNL
Analytical Chemistry Division. The filter being used in the sodium tests
is a 28.5-mm-diam by 1.6-mm-thick, 2-um pore-size sintered stainless steel
(Type 316) disk.

Aerosol sampling results for FAST-i104 through FAST-112 are given in
Tables 7—15, respectively. The results show a surprisingly strong at-
tenuacion of the aerosol release by low heights of sodium over the hori-
zontal test sample. Because of this unexpected result, the original
test plan was modified * {include the FAST-111 test (see Table 1) in an




17

Table 7. Aerosol sampling results for FAST-104

Aerosol samplers used: mass (eight-stage)
Cover-gas volume: 0.090 a'
Aerosol data:

Time after fuel Ussaiua concentration Airborne uranium

Sample specimen mass corrected
No. disasseably ?ons;r;d f°$°;:;§:::od, for :.p;.:xod‘
(min) g U/n?) (g U/nd) g )

1 3.3 3.9 x 107" 3.9 x 10-% 3.5 x 10~%

2 5.4 5.6 x 19°% 5.9 x 10™* 5.3 x 10°5

3 8.6 2.4 = 1073 2.7 % 10* 2.5 x 10~

4 12.5 6.4 x 1074 7.6 x 107 6.9 x 1075

5 16.1 3.4 x 1074 4.4 x 107" 4.0 x 1075

6 26.5 6.5 = 107% 9.0 x 10™% 8.2 x 10°%

7 38.6 3.7 = 107" 5.5 x 1074 5.0 x 10~%

Initial uranium concentration:? ~1.1 x 10~? g U/m?

Initial airborne uranium mass:? ~10~% g U

ACorrected for the loss from the cover gas of uranium collected on
the filters (l.e., the amount that would have been present in the cover
gas had no samples been taken).

b!:tupol‘tlon of these data back to the time of fuel specimen dis-
assembly contains large uncertainty, because these data are near the
lower limit of detection and contain coasiderable scatter.

Table B. Aerosol sampling results for FAST-105

Aerosol samplers used: mass (eight-stage)
Cover-gas volume: 0.095 m?

Aerosol data:

Time after fuel Uraniue concentration Afrborne uranium

Moot altessesbly  Messured , Cofrected for deplationt
(min) (g U/md) for depletion® (g U)
s (g U/md) s
2 3.5 1.2 x 10~2 1.2 x 10-2 1.2 < 103
3 5.3 7.3 x 1073 7.7 = 1073 7.2 = 10™"
4 8.4 1.6 = 10-3 1.7 x 10°3 1.6 x 10°"

Initial uranfum concentration: b

Initial alrborne uranium uu:b

ACorrected for the loss from rhe cover gas of uranium collected on
the filters ({.e., the amount that would have been present in the cover
gas had no samples been taken).

b‘l'oo few data points for good extrapolation back to the time of fuel
specimen disassembly.
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Table 9. Aerosol sampling results for FPAST-10o

Aerosol samplers used: mass (eight-stage)
Cover-gas volume: 0.30 m?
Aerosol data:

Uranium concentration

Time after fuel Airborne uranium

Sample specimen mass corrected
No. dlsr:o:bly !(&u;';r:c)l “So;::;:::ma for c(lcplll;tiona
— e (g U/m?) 8

1 3.1 3.9 x 10™% 3.9 x 10~" 1.2 x 10~*

2 5.3 2.6 x 107" 2.7 x 10™" 8.0 x 10~5

3 8.7 2.6 x 1074 2.7 x 107" 8.1 x 105

4 11.5 2.0 x 107" 2.1 x 10~ 6.3 x 10°5

h 26.0 2.5 x 10~ 2.8 x 107" 8.3 » 19~%

Initial uranium concentration:” ~5.0 x 10=% g U/m?

Initial airborne uranium mass:” ~1.5 x 10-% guU

ACorrected for the loss from the cover gas of uranium collected on
the filters (i.e., the amount that would have been present in the cover
gas had no samples been taken).

b!xtnpoutlon of these data back to the time of fuel specimen dis-
assembly contains large uncertainty, oecause these data are near the
lower limit of detection and contain considerable scatter.

Table 10. Aerosol sampling results for FAST-107

Arrosol samplers used: mass (eight-stage)
Cover-gas volume: 0.32 m®
Aerosol data:

Uranfum concentration

Time after fuel Airborne uranium
Sample specimen mass corrected
Nop dl::ne-bly Measured Corrected a for depleuon“
(min) (g uja?) Tor depletice (g 1)
- 8 (g U/m?) 8
1 1.3 1.2 x 10~3 1.2 x 1073 3.7 x 10~%
2 5.5 1.1 x 1073 1.1 x 1073 3.5 x 10~%
3 8.3 9.8 x 10~% 1.0 x 10~3 3.3 x 10~%
4 12.1 9.1 x 10™% 9.5 x 10™" 3.1 » 10=%
5 16.1 8.3 = 10" 8.8 x 1074 2.8 » 10”
6 25.7 7.1 x 10~ 7.6 x 10~ 2.5 = 10~
7 35.5 6.4 x 10°% 7.0 x 19~ 2.3 x 10~

Initial uranium concentration: ~1.5 x 107 g U/m?

Initial airborne uranium mass: ~4.7 x 10”% g U

Acorrected for the loss from the cover gas of uranium collected on
the filters (i.e., the amount that would have been present in the cover
gas had no samples been taken).
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Table 11. Aerosol saapling results for PAST-108

Aerosol samplers used: mass (eight-stage)
Cover-gas volume: 0.3% wm’
Aerosol data:

Uranium concentration

Time after fuel Airborne uranium

Sample specimen S mass cotrcctog
No. dlo:::‘:hly !(lu;u;r?)l Sar doplctton“ for :op;;tion

- . o (g U/m?) §

1 4.4 4.2 x 10™% 4.2 x 10" 1.4 x 10™%
2 6.2 4.9 = 10~" 5.0 = 10™% 1.7 = 10~%
3 8.6 6.4 x 10™% 6.5 x 10" 2.2 » 10="
4 12.5 5.7 x 10™% 6.0 x 107 2.0 x 10°"
5 21.1 4.5 = 10°% 4.7 = 10~ 1.6 x 10~%
6 3.2 3.9 x 10°" 4.2 = 10" 1.4 = 10°%
7 51.5 3.2 = 10~ 3.5 = 10~ 1.2 x 1074

Initial uranius concentration:” ~9.7 x 10-% g U/m?

Inttial airborne uranium mass:” ~3.3 x 10°% g U

ACorrected for the loss from the cover gas of uranium collected on
the filters (i.e., the amount that would have been present in the cover
gas had no samples been taken).

bn:upohtlon of these data back to the time of fuel specimen dis-
assembly contains large uncertainty, because these data are near the
lower limit of detection and contain considerable scatter.

Table 12. Aerosol sampling results for FAST-109

Aerosol samplers used: mass (eight-stage)
Cover-gas volume: 0.33 u’

Aetosol data:

Uranfum concentration

Time after fuel Airborne uranium

Sample specimen Correstad mass corrected

No. du:::::bly !(kc;w;t:: Sor dnplisttes® for 9”;;:100‘

.. (g U/md) '8

1 3.7 1.8 x 10~% 1.8 x 10-* 6.1 x 10-5
2 .3 3.0 % B 2.1 x 107 7.2 x 10°%
3 8.1 6.4 x 107 6.5 x 10" 2.2 x 10°%
4 12.3 4.8 x 10~% 5.0 x 10" 1.7 x 10~%
5 20.3 7.2 = 104 7.5 x 10" 2.5 = 10°%
6 3.8 1.5 x 10~% 1.5 x 10-% 5.1 x 10°%

Inttial uranium concentration:? ~1.1 x 102 g U/m?

Initial airborne uranium mass:” ~3.5 x 10-% gU

%Corrected for the loss from the cover gas of uranium collected on
the filters (i.e., the smount that would have been present in the cover
gas had no samples been taken).

blxtt"ohtton of these data back to the time of fuel specimen dis-
asseably contains large uncertainty, because these data are near the
lower limit of detection and contain considerable scatter.
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Table 13. Aeroso] sampling results for FAST-110

Aerosol samplers used: mass (eight-stage)
Cover-gas volume: 0.32 m?
Aerosol data:

Time siter fuel Uranium corcentration

Airborne uranium

Sample specimen Corvected mass corrected
No. du:::;hly l(n‘;‘;t:d for depletion® for :cpé;uon‘
s U/s%) (g U/m?) s

l 2-’ 5.‘ = lO" 5.4 x IO'“ lo’ - l°-~

2 5.1 4.1 x 107" &1 » 10~ 1.3 = 10°"

3 8.7 4.6 x 107" 4,7 % 107" 1.5 = 10°*

4 12.1 2.5 x 107% 2.6 x 10=* 8.3 x 10~5

6 21.3 3.7 3 §0°% 2.8 x 107" 8.9 x 1075

7 35.9 2.4 x 107 2.5 = 10°% 8.1 x 10”5

" 53.4 2.3 = 107% 2.4 x 10°% 7.9 x 10°%

Initial uraaium concentration:” ~6.9 x 10°% g U/m?

Initial airborne uranium mass:”? ~2.2 x 10°% g U

ACorrected for the loss from the cover gas of uranium collected on
the filters (1.e., the amount that wuld have been present in the cover

gas had no samples been taken).

blxtupoutlon of these data back to the time of fuel specimen dis-
assembly contains large uncertainty, because these data are near the
lower limit of detection and contain considerable scatter.

Table l4. Aerosol sampling results for FAST-111

Aerosol samplers used: mass (eight-stage)
Cover-gas volume: 0.45 w’
Aerosol data:

Ptus altes fusl Urantum concentration

Sample specimen

Alrborne uranium
mass corrected

Corronted
No. du::::bly !(l:o;w;:g for depletion? for :cpé;tio
(g U/m?) s

1 2.3 2.7 2.7 1.2

2 4.6 2.4 2.4 1.1

3 9.2 1.7 1.8 0.78

4 12.8 1.6 1.7 0.75

5 20.6 1.4 1.4 0.64

6 35.1 0.94 1.0 0.45

7 51.0 0.64 0.69 0.31

Initial uranium concentration: 3.1 g U/a’

Initial airborne uranium mase: Il.3 g U

ACorrected for the loss from the cover gas of uranium collected on
the filters (i.e., the gmount that would have been present in the cover

gas had no samples been taken).
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Table 15. Aerosol sampling results for FAST-112

Aerosol samplers used: mass (eight-stage)
Cover-gas volume: 0.30 m3

Aerosol data:

Uranium concentration

Time after fuel Airborne uranium
e e sasaneh | Govessted . el
(min) ( U/n3) for depletlona (g U)
s (g U/m?) 8
1 2.6 5.0 x 10~4 5.0 x 10~“ 1.5 x 10~%
2 A 2.3 x 1073 2.4 x 1073 7.0 x 10~4
3 8.5 2.5 x 103 2.6 x 10~3 7.7 x 10~%
4 12.5 1.0 x 1073 1.0 x 1073 3.1 x 1074
5 20.7 5.0 x 10~“ 5.2 x 10~% 1.6 x 10~%
6 35.7 7.1 x 10~% 7.5 x 10~ 2.2 x 107"
7 50.7 4.1 x 107" 4ol x 10=y 1.3 x 107"

Initial uranium concentration:? ~3.1 x 10~3 g U/m3

Initial airborne uranium mass:” ~9.3 x 107% g U

Corrected for the loss from the cover gas of uranium collected on
the filters (i.e., the amount that would have been present in the cover
gas had no samples been taken).

bExtrapolation of these data back to the time of fuel specimen dis-
assembly contains large uncertainty, because these data are near the
lower limit of detection and contain considerable scatter.

attempt to demonstrate beyond question that fuel aerosol could be detected
and measured in the presence of sodium vapor with the aerosol sampling
techniques used in the previous tests. The expected amount of a greenish-
brown material was collected on the filters in FAST-111, and the sampling
results (Table 14) were in good agreement with the results of earlier
high-temperature tests in an argon atmosphere® (FAST-13 through FAST-15).
Thus, the FAST-111 results support the very low aerosol releases measured
in the other undersodium tests and the adequacy of the aerosol sampling
techniques. By comparing the undersodium aerosol sampling results with
the oversodium FAST-111 results (which represent an upper bound for the
release that can be expected for the energy input level of the test), an
estimate of the fraction of fuel vapor transported through the sodium to
the cover gas may be obtained. As evident from the ae.osol sampling re-
sults plotted in Figs. 9 and 10 for the tests conducted at the cover-gas
pressures of 120 and 300 kPa (abs), respectively, less than 10-3 of the
fuel vapor was found in the cover gas in each undersodium test, with no
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Fig. 9. Aerosol samr results for FAST sodium tests conducted at
argon cover-gas pressure of . ) kPa (abs) and xenon fuel sample pressure

of 340 kPa (abs).

obvious increase with decreasing sodium height, even though the sodium
height was varied from 106 to 8 cm above the center'ine of the fuel sam-
ple. It should be emphasized that while these resvits show a strong
attenuating effect on aerosol transport of even shillow depths of 540°C
sodium, this effect should be considered specific to the FAST test vessel
and evperimental conditions.
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2.2 Secondary Containment Aerosol
Studies in the NSPP

Adams M. T. Hursc

A, L. Johnson

R. E.

2.2.1 Introduction

Studies continued on the behavior of aerosols assumed to be released
into containment environments during LWR accident sequences. Previous
quarterly progress reports contain results from single-component aerosol
experiments with U30y aerosol, Fe;03 aerosol, and concrete aercsol in
both dry air and steam-air environments. More recently, attention is
being siven to the behavior of multicomponent aerosols; the first pair
of aerosols to be studied is U305 + Fey03. Three experiments have been
performed in a steam-alr environment and one in a dry air environment,
Details on NSPP experiments 613 and 631 are contained in this report;
results from these experiments are compared with the results from pre-
vious experiments, NSPP experiments 611 and 612,

2.2.2 LWR aerosol experiment 613

Experiment 613 was the third in a series involving a mixed aerosol
of Fep03 and U30g. This mixture is a simulant for aerosols emanating
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from molten “uel and molten-core support and structural materials. To
prepare the test atmosphere, steam was introduced into the vessel, which
was initially at 0.037 MPa (abs) and ambient temperature, to bring the
vessel atmosphere (air) to an average temperature of 381 K and an absolute
pressure of 0.178 MPa. This heating step required about 1.2 h; at this
point, the rate of steam injection was reduced and the accumulated steam
condensate in the bottom of the NSPP vessel was removed to a holding
vessel. The two test aerosols were produced with separate plasma torch
(PT) aerosol generators and mixed within the vessel. Fez03 aerosol was
generated for a period of 26 min starting at time O; the U3Og aerosol
generator was operated for 3 min starting at 13 min and ending at 16 min
(measured from time 0). Steam injection at the low rate was maintained
for ~6 h to balance steam losses at the vessel wall. Over this period,
the temperature and pressure slowly increased until, at 6 h, the average
temperature was 386 K and the pressure was 0,220 MPa (abs). The vessel
was allowed to cool for 18 h after termination of steam injection.

Aerosol mass concentration. The two aerosols are injected intu the
vessel in the upper quadrant at two different locations, and the steam is
introduced near the bottom of the vessel., To facilitate mixing of the
two aerosols and the steam, a small fan-mixer is installed in the center
of the vessel near the bottom. Operation of the fan-mixer produced a
fairly homogeneous mixture of aerosol and steam as ii!ustrated in Fig. 11,
which contains the results for Fey03 aerosol from the four in-vessel
filter samplers installed at four different locations within the vessel
{see Table 16).

Table 16. Locations of NSPP aerosol mass
concentration samplers

Distance
Sampler Redial from ?t::aie:::::2§:
direction bottom (m (£t)]

[m (ft)]
In-vessel 151 East 4.15 (13.6) 0.58 (1.90)
In-vessel 152 Southeast 4.15 (13.6) 1.06 (3.48)
In-vessel 153 East 2.80 (9.2) 1.09 (3.58)
In-vessel 154 Southeast 1.34 (4.4) 1.11 (3.64)
Wall 155 South 4,15 (13.6) 0.61 (2.0)
Wall 156 Southeast 2.80 (9.2) 0.025 (1 in.) from wall
Wall 157 Southwest 2.80 (9.2) 1.06 (3.48)

The first set of aerosol mass concentration samples was taken at
24 min (2 min before terminatioan of aerosol generation), and the aerosol
mass concentration values were scattered indicating nonhomogeneous condi-
tions. The second set of samples was taken at 34.4 min (8.4 min after
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termination of aerosol generation), and the values were comparable, indi-
cating more complete mixing of the aerosol within the vessel. At this
time, the average mass conceantrations of Fe,0; and U;03 aerosol were 1.90
and 0.23 ug/cm?, respectively. Extrapolation of these data to the time
of Fegog aerosol generator cutoff (26 min) ylelds values of 6.8 and 0.7
ug/ecm? for Fe,0; and U;04 aerosol, respectively. The ratio of Fe,0; to
U304 was, therefore, 9.7 to 1, which 1s reasonably close to the target
ratio of 10 to 1. The rate of disappearance of the two aerosols from the
vessel environment {s approximately the same as illustrated in Fig. 12;
this behavior suggests that the two aerosols are coagglomerated.

Aerosol particle size. The aerodynamic mass median diameter (AMMD)
of the aerosol was measured by both the spiral centrifuge sampler and the
cascade impactor (Andersen Mark III). The "wet"” aerosol was dried by
dilution with clean air before introduction into the samplers. At 29.3
min after start of Fe,0; aerosol generation, an AMMD of about 1.7 um
(og = 1.7) for the mixed aerosol was determined by the spiral centrifuge
sampler; at 133 min, an impactor sample indicated an AMMD of 1.0 um
(o8 = 2.1) for the aerosol mixture. Determination of the AMMD by using
only the Fe,0; mass fraction or the U;04 mass fraction ylelded equivalent
values for the AMMD in the previous two mixed aerosol experiments (Nos.
611 and 612). The same behavior was true in this experiment for the
early centrifuge sample; in the later impactor sample, the U 0y mass
fraction produced an AMMD of 1.1 um (ag = 3,3), however. In this later
sample (138 min) the mass of sample taken was low, and this could ac~-
count for the different behavior noted. On the whole, the sizing data
suggest coagglomeration of the two aerosols.

Aerosol distribution. At the termination of the experiment (24 h),
the approximate distribution of the mixed aerosol (Fe,0; + Uj0y4), as de-
termined by the total fallout samplers, the total plateout samplers, and
the final filter sample was as follows: aerosol settled onto floor of
vessel, 65%; aerosol plated onto internal surfaces, 35%; and aerosol still
suspended in the vessel atmosphere, nil.

2.2,3 LWR aercsol experiment 631

This experiment involved study of the behavior of U304 and Fe,04
aerosol in a dry air environment. Results from this test will serve to
fllustrate the magnitude of the influence of steam on mixed aerosol be-
havior as studied in Tests 611, 612, and 613.

The two aerosols were generated simultaneously with separate PT aero-
sol generators and mixed within the vessel. The initial test atmosphere
was dry air at ambient temperature and pressure; the relative humidity
was <20Z. Fe,0, aerosol was generated for a period of 16.2 min starting
at time 0; the U305 aerosol was generated for a period of 4.3 min starting
at elapsed time !l min and ending at 15.3 min.

Aerosol mass concentration. Although this experiment did not involve
stear,, the small fan-mixer was operated in the same manner as in Tests
611-613 to promote mixing of the two aerosols. The mixing was fairly
complete as {!lustrated in Fig., 13, which contains the results for the
U304 aerosol component from three of the four in-vessel filter samplers;
sampler 152 did not operate satisfactorily after the first sample was
taken.




27

ORNL -DWG 84 5660 ETD

5 G S a0 DR S e

2 p— (@)
100 p—
% b o)
Y
a
Z O
g , A
-
z (@)
z
S
210 S e
@ A
& (@)
z SPh— Pa
g N
£ Q
- 4
S 2p— —
= A
=
2 10 - | S O pR—
Q A
z O Fe;04 COMPONENT
gty MR & U304 COMPONENT ——
o)
v
4 O
- A
4
om 2 p— —
-
S 1o-3
103 -
Iy A
&
“w
5 b— B
2 b
10 4 J [ ] l l
4 10 20 40 100 200 400
TIME (min)
00 06 10 16 20 25 30

LOG OF TIME FROM START OF Fe 05 AEROSOL GENERATION (min)

Fig. 12. Average aerosol mass concentrations as function of time for

Fey03 and U304 components of mixed aerosol in a steam environment (NSPP
No. 613).



28

ORNL -OWG 84 5661 ETD

; 2 L ok R B

T
X
$

T
&
|

1

i
oo

-

O 151
A 152
S Oss -
¥ 154
 J S— ——
10~ 2 pee —
5 p— —

T
|

Fe;04 GENERATION
0 = 162 min =i

U303 AEROSOL CONCENTRATION UNDER VESSEL CONDITIONS (ug/em?)

S
-

END FAN -
MIXER ——o

[ ] T—
U30g GENERATION OPERATION|
11 +153m pap——— 5§ 97 min

2 e il

104 | l J l l
4 10 20 40 100 200 400 1000
TIME (min)
00 05 10 15 20 25 30 35

LOG OF TIME FROM START OF Fe,03 AEROSOL GENERATION

Fig. 13. Aerosol concentration (U30g) as function of time in dry air
(RH < 20%) environment (NSPP No. 631).



29

The first set of aerosol mass concentration samples was taken at
22.3 min (~6 min after termination of Fe,0, aerosol generation). At this
time, the average mass concentvations of Fe,03 and U;0g4 were 0.87 and
1.17 ug/em?, respectively. Extrapolation of these data to the time of
Fe,03 aerosol generator cutoff (16.2 min) ylelds values of 1.2 and
1.7 ug/cm? for Fe,03 and U304 aerosol, respectively. The rate of disap-
pearance of the two aerosols from the vessel environment is approximately
the same as illustrated in Fig. 14; this behavior supports the assumption
that the two aerosols are coagglomerated.

Aerosol particle size. The aerodynamic mass median diameter (AMMD)
of the aerosol was measured by both the spiral centrifuge sampler and
the cascade impactor (Andersen Mark I[I1). Although the vessel did not
conLain steam, sampling procedures identical to those used in steam, were
followed. Six samples as a function of elapsed time were taken for size
analysis: four were taken from the auxiliary sampling tank external to
the NSPP vessel, and two were taken inside the NSPP vessel. Table 17
contains the results from these samples; determination of the AMMD was
made in three ways, one using the U;04 fractional mass, one using the

Table 17. Results from aerosol sizing samples
(NSPP No. 631)

e Sampler Location?® Aerosol AMMD
(nin) component (um) g

19.6 Impactor External U30g
Fe, 034
Total

. =
[rp——
- .

26.0 Centrifuge External U30g
F2203
Total

— e S e W WY OWOWO NWe

NOW NN DN PO WO DO

40,2 Impactor Internal U30g
Fe203
Total

66.7 Impactor External U304
Fez03

Total

73.5 Centrifuge External U304
Fe203
Total

-
-

112 Impactor Internal U304
F2203
Total

— s e B ORI WD e e e e B R e e DD NN

PO NN = RONN NN e
-

AExternal means sample processed through external
dilution tank before introduction into sampler;
internal means sampler installed inside vessel.
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Fe,0; fractional mass, and one using the total aerosol mass, Fe,0; + U304.
For the most part, equivalent values were calculated, lending support to
the contention that the two aerosols are coagglomerated.

Aerosol distribution. At the termination of the experiment (24 h),
the approximate distribution of the mixed aerosol Fe,0; + U;05), as de-
termined by the total fallout samplers, the total plateout samplers and
the final filter samples was as follows: aerosol settled onto the floor
of the vessel, 52%; aerosol plated onto internal surfaces, 48%; and aero-
sol still suspended in the vessel atmosphere, nil.

2.2.4 Influence of steam environment on behavior of mixed
Fe,04 + 030! aerosol

Four mixed aerosol experiments involving various mixtures of Fe,0,
and U304 aerosols have been completed; three were conducted in a steam-
alr environment and one in a dry air (RH < 20%) environment. A summary
of experimental details and results is contained in Table 18.

The behavior of the mixed aerosol (Fe,0; + Uj0g) in a steam-air en-
vironment has been similar in the three experiments conducted, although
the mass ratio of Fe,0; to U;0y has been varied in each one. The air-
borne aerosol mass fraction 3!;203 + U30g) airborne (C/C,, ) as a func-
tion of time after termination of aerosol generation for these three tests
is 1llustrated in Fig. 15. Although the rate of aerosol removal is some-
what larger for the first 30 min, or so, in Nos. 611 and 613 as compared
to No. 612, the time required for 992 removal of aerosol mass from the
volume of the vessel is about 60 min in all three experiments. SEM photo-
graphs of the mixed aerosol showed almost spherical clumps of aerosol in
each case. The AMMD of the mixed aerosol in all cases was in the 1- to
l.7-um range.

To illustrate the effect of steam on the behavior of the mixed aero-
sol, the results from experiment 631 are compared with those of Nos. 611—
613 in Fig. 16. Under dry air conditions, the mixed aerosol tends to
remain airborne longer than under steam-air conditions. Note that the
time required for 992 of this aerosol to be removed from the vessel is
about 400 min as compared with 60 min for the aerosol in the steam—-air
environment. SEM photographs show the aerosol to be in the form of chain-
agglomerates (as noted in previous experiments with Fe,0; or U;04 aerosol
in dry air) rather than in spherical clumps as in Nos. 611—613. The AMMD
for the mixed aerosol is slightly larger in the dry atmosphere with a
value as large as 2.7 um being observed.

2.3 Basic Aerosol Experiments

G. W. Parker A. L. Sutton, Jr.
G. E. Creek (Consultant)

The basic aerosol experimental program has been temporarily redi-
rected to provide technical support in various aspects of aerosol genera-
tion to the IWR primary-system aerosol transport test (ATT) program at



Table 18. Summary of NSPP experimental details and results

Total aerosol a AMMT »
Experiment Vessel generation Cmax Mass ratio Tatal el
No etnneyhese period Fey03 + ggos Fe ,03/U30g fallout plateout range
(min) (ug/cm?) () () ( um)
611 Steam-air 11.5 9.5 1.4/1 83 17 1.0-1.7
612 Steam-air 25.5 2.3 0.3/1 76 24 1.5
613 Steam-air 26.0 7.5 9.7/1 65 35 1.0-1.7

%yalue obtained by extrapolating data to time of generator cutoff.

burodymic mass median diameter; range of values measured during experiment; total aerosol
('3203 + 0303).

it
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the Marviken facility in Sweden and the large-scale test program on LWR
aeroso! behavior in containment (DEMONA) at the Battelle (Frankfurt, West
Germany) facility,

One area of assistance concerns the design and the operation methods
of PT generators of the sizes and types needed for these facilities. For
the Marviken facility, the generation of aerosols of a "fissium” mixture
(CsOH, RuO;, SrI;, and metallic Te) is of interest, while the Battelle-
Frankfu.t program is concerned with methods of generating iron oxide or
tin oxide aerosols or an alternate candidate oxide at the maximum rate.
Design details, and drawings of the ORNL-developed metal-oxygen dc PT
aerosol generator have been furnished to the two projects.

Plans are being made for using the CRI-II facility, which has ex-
ternal heating and temperature control, for a trial test of the aerosol
generator under steam atmosphere conditions. Initially, only low-pressure
steam of 15 to 30 psi will be applied to determine the extent of impair-
ment of the aerosol generation efficiency. The design limit of the CRI
facility is ~75 psi, but this amount of pressure cannot presently be ac-
commodated by the existing powder feeders without placing them in added
pressurized containment,

In the area of sampling equipment development, a small Lovelace Aero-
sol Particle Separator is being refitted to adapt it to the 250-V 50-cycle
Swedish electrical power system. In addition, a variable-speed option
will be provided to improve the size discrimination range for larger
particles,.

2.4 Core-Melt ART Pro ject

G. W. P-rker A. L. Sutton, Jre
G. E. Creek (Consultant)

2.4.1 Introduction

The core-melt ART experiments are intended to address phenomena as-
soclated with LWR Class IX accidents, particularly the postulated large-
scale vaporization and aerosol formation by fission products, core com-
ponents, and structural materials. To attain the desired high temperature
and melting rates, the radio frequency (rf) induction melting of Zircaloy-
clad fuel pins in presintered, powdered oxide crucibles of ThO; (the
skull-melting technique) has been chosen as the basis of the experimental
system.

Previous work has dealt with pressurized-water reactor (PWR) silver
alloy control rod interaction with Zircaloy cladding and extensive vapori-
zation of cadmium and silver at temperatures as low as 1400°C, the tem-
perature at which the stainless steel sleeve containing the alloy appears
to rupture. The cladding is found to be extensively wetted by the silver
through formation of low-melting silver-zirconium alloy. Upon further
temperature increase, the cladding {s melted off the U0O2. The pellets
are left in a free-standing mode presenting the appearance of being wetted
by a U02-Zr solid solution or pseudo-eutectic. Further heating in steam
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to ~2400°C produces a liquid phase containing both Zr and Zr02, in ad-
dition to U02. The silver-zirconium phase is not distinguishable in the
eutectic mixtures. Free metallic uranium has been reported by others to
be formed at the Zr-U02 interface, and evidence for this formation has
been obtained through our {dentification of a U-Zr phase in the metallic
stainless steel residue.

More recently, the direction of the project has been toward a criti-
cal examination of fission-product release fractions and an evaluation
of differences in release rates observed on a smaller scale at KfK com-
pared with the larger (1-kg) ORNL experiments. Several contributing
factors inherent in the different experimental approaches toward demon-
strating core-melt release seem to account for the variances. However,
there is no obvious means of resolving the differences, because they ap-
pear to be locked in with the unique approach of each of the experimental
routines.

2.4.,2 LWR core-melt release correlation with MARCH
accident sequences

The application of LWR release data from the ORNL l-kg core-melt
experiments to a specific unprotected LMFBR accident was recently at-
tempted in a study by Reynolds et ...’ (University of Virginia), along
with other data.

In reviewing the ORNL core-melt data, Reynolds was able to conclude
that the predicted releases from our LWR data were relatively low in com-
parison with those calculated by a diffusion model related to very small

fuel particles following core degradation; however, he further commented
that release rate data were not proposed in the various ORNL progress
reports from which he had derived his numerical tables.

By way of alleviating Reynold's difficulty, we have proposed a simple
core-melt behavior concept based on both MARCH-I and MARCH-II for the
PWR AD and ABy-2 sequences, for which we have proposed both total releases
as well as individual fission-product time-dependent release fractions
or release rates,

The basic philosophy of this concept is derived from the analysis
of the mode of core degradation in the MARCH (BOIL) projection. According
to this interpretation, after the initial blowdown and coolant boiloff,
heat generated in the core flows from its appr ximate center both axially
and radially, There is a large temperature difference (initially between
2277°C and 250°C) after about 5 to 10 min., As the molten zone expands
at a rate of nearly | ft/min in diameter, the temperature rises and be-
comes more uniform and a 502 volume decrease is effected by collapse of
the upper portions of the fuel rods into the melt zone.

In succession, both radial and axial incremerts of the core are added
to the melt zone so quickly that both the portion of the fuel melting and
the portion of the fission products vaporizing is relatively constant
except for the difference attributed to the induced burnup concentration
gradient, The time at temperature for the fuel in the peripheral zones
passing from a threshold temperature likely to contribute only volatile
fission products by secondary processes is so short that the contribution
is essentially negligible. Therefore. we have arbitrarily equated the
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fraction of the core melted to the fraction of the volatile fission prod-
ucts released, and all other fission-product release fractions are then
simply proportional to the fraction melted. The individual release frac-
tious are taken from our l-kg core-melt summary data® and are used as the
end point in the release accumulation curves, In the subsequent calcula-
tions, these values are designated by R_ .,

In the following material we have prepared both tables and graphs
from MARCH-II that describe (1) the nature of the fast melt core heat-up,
(2) the corresponding cladding oxidation rate, and (3) the material be-
havior after initial blowdown and up to core collapse (see Table 19 and
Fig. 17).

The method of calculating fission-product distribution 2: the middle

of core life for the Surry ABy-2 sequence is based on MARCH-II, which di-
vides the reactor core into 10 vertical cylinders; each cylinder is in
turn divided into 24 units of equal volume. The fraction of the core
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Table 19.

Accumulated release fractions for ABYy-2

Fission element control material or structural component

Time

(win) ;| ¢ Mo Sr Ba Sn oy Ag In cd Fe
25.6 0.073 1.028E-4 S5.7E-3 4.8B-3 8.8E-4 8.8E-3 4.50E-3 0.40E-3 0.039 5.9E-5
26.7  0.175 2.50E-4 1.4E-2 1.2E-2 2.1E-3 2.1E-2 1.07E-2 9.50E-3 0.093 1.4E-4
27.8  0.218 3.1E-4 1.7E-2 1.4E-2 2.6E-3 2.6E-2 1.33E-2 1.20E-2 0.116 1.77 4
28.9 0.287 4.0B-4  2.2E-2 0.019  3.4E-3 3.4E-2 1.75E-2 1.55E-2 0.150 2.3E-4
30.0 0.362 S.1E-4  2.8E-2 0.024  4.3E-3 4.3E-2 0.022 1.96E-2 0.192 2.9E-4
32.2  0.440 6.1E-4 3.4E-2 0.029  5.3E-3 S5.3E-2 0.038 2.428-2 0,230 3.5E-4
3.4  0.540 7.5B-4  4.2E-2 0.035 6.4E-3 6.4E-2 0.033 2.90E-2 0.280 4.3E-4
3.6 0.590 8.2E-4 4.6E-2 0.039 7.0E-3 7.0E-2 0.036 3.20E-2 0.310 4.7E-4
37.7  0.640 9.0E-4  S5.0E-2 0.042 7.7E-3 7.7E-2 0.039 0.04E-2 0.34C S.1E-4
38.8 0.670 9.3E-4  5.2E-2 0.044 B8.0E-3 8.0E-2 0.041 3.60E-2 0.350 5.3E-4
39.9 0.700 9.8E-4  S5.4E-2 0.046  B.4E-3 8.4E-2 0.042 3.80E-2 0.370 5.6E-4
41.0 0.710 1.0BE-3  S5.6E-2 0.047 8.6E-3 B8.6E-2 0.043 3.856-2 0.380 S5.7E-4
42.1 0.740 1.0E-3  S.8E-2 0.049  8.9E-3 8.9E-2 0.045 4.00E-2 0.390 5.9E-4
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volume represented in each of these hypothetical cylinders is:

Vl = 0,047 V6 = 0,062
vy = 0,062 v, = 0.083
V3 = 0,083 VB = 0,124
v, = 0.062 Vg = 0.166
Vg = 0.062 le = 0,249

It is estimated that one-half of the fission-product inventory of
the reactor is contained in V;-Vs; one-third is contained in Vg, V; and
Vg; and one-sixth is contained in V4 and V,;. The reactor inventory is
thus divided horizontally into sixths.

Each of the above sections (vertical) is divided into 24 units of
equal volume. N;, Ny, Nj,...N;; i{s the number of units in V|, V,, Vj...
Vig that are molten [temperature 2277°C (4130°F)] at any time.

The fractional accumulated release by time interval R, 1s calculated
from the following expression:

. ) 8 ;2o ]
R, = 32"1*32"1*52 Ny | R, /(6 x 24) . (1)
{=] 1=6 1=9 |

Results of these calculations are given in Table 19 and Fig. 18.
The accumulated release curves shown in Fig. 18 can be adequately
represented by an equation of the form:

F = (AT - C)/(1 - BT) , (2)
where

F = fractlon released,
T = time (min) from 25.6 to 42.1 min.

A, B, C are constants that define the individual release curves. Values
for the constants A, B, and C are listed in Table 20.

2.4.27 Release rates calculated from accumulated release totals

While it would be possible to derive some release rate data from our
I~kg core-melt experiments, which were generally conducted in steps of
successively higher temperature, our opinion is that this would serve no
useful purpose because (t does not reflect the actual reactor course of
events in which melting is continuous. Instead, the release rates (frac-
tion of reactor release per minute) can be computed from the differen-
tiation of Eq.(2) that gives:

F* = (A— BC)/(1 — BT)® . (3)
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The r:lease rate (fraction/min) for each species is listed in Table 21
and compared in Fig. 19.

2.4.4 Volatility of boric oxide in a core-melt environment

The first BWR type control rod interaction and vanorization test
(CM-37) was conducted using an array of three BuC powuer-filled stainless
steel tubes with the amount of B4C in the ratio of 1:100 to the amount
of UOz. The sealed tubes were placed between the Zircaloy-clad U0, pel-
lets in the usual configuration. At a temperature above 1500°C, the re-
lease of a white aerosol (assumed to be B703) was continuously observed
but appeared to diminish 1n iate at the highest temperature, 2400°C. Omly
about 1.03% of the added B,C was actually released as By03; however, there
is a possibility of solid solution with UO;.

The ceramics phase diagram handbooks do not contain a reference to
a U02—B203 or Zr0;-B203 system having been studied. The analogous ThOp-
B203 system, which i{s published, does show liquidi phases above 1500°C.
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Aercsol release rate for core-melt ABy-2 accident sequence

21.

Table

Time

Fraction released per ninute

(min)

Ccd re

In

Ba Sn

Sr

Cs, 1

l .2?.-6 60 7E"3 5075-3 l-O‘OE-3 I.OE'Z 5. 33-3 6.7!’3

8 . 68-2

2.7E-3
20 3E-3
1.9E-3
l-65-3

2 - 23":
1092"2
l 062‘2

S. OOE-S

3.70E-5
3.20E-5
2.90E-5
2.70E-5
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This gives us reason to suspect that similar solid solutions for Zr0,—
U0,~B,03 should exist. To explore this effect specifically, we next con-
ducted a melt test with B03 powder intimately mixed with U0z powder and
melted completely in the regular fuel assembly in steam. This was done
in experiment (M-38, and the total By03 (Table 22) release was measured
at only 0.45% or about one-half of that measured in the B,C oxidation
test in CM-37 above. Continuing in this investigation, the volitility of
B203 from the Zr02-B203 mixture (CM-39) was also measured. This gave an
almost identical release (0.93%) as volatile By03.

Table 22. Summary of boron release experiments

Heat A Heat B Heat A Heat C Total
Total (1600°C) (1800°C) and B (2400°)
Run release
No. Sonen from A, B, C
(g) Filter Wash Filter Wash Wash Filter Wash (Z; .
) (2) (%) (%) (%) (%) (%)

CM-37 2.55% 0.093 0.15 0.23 0.14 0.29 0.064 0.043 0.72

CM-38 0.66b 0.056 0.28 0.03 0.13 0.003 0.5

CM-39 06.40° 0.015 C.88 d d d 0.008 0.025 0.93

Apresent as BuC.
b?relent as B203-U02 mixture.
®present as B203-Z2r02 mixture.

dAnAlysll of B and C heats combined.

Since the possibility remains that under some accident scenarios,
borated water may be injected in the core prior to meltdown, we next
conducted an experiment in which the water used in the steam generation
process was mixed with soluble boron or sodium pentaborate to about the
maximum 2000-ppm level usually provided in the reactor. This final boric
oxide test (CM-40) was performed by adding boric acid (+NaOH) to the
feedwater used to generate steam, much the same as is expected to occur
in the reactor with the injection of emergency core coolant water. 1In
this case, we found that during the lower temperature heating steps (1400
to 1800°C) ~10% of the boron as boric oxide was vaporized, but as the
temperature increased to partial melting the release essentially terminated
(0.1%), 1indicating increased reactivity of boric oxide with the hot mixed
oxides in the fuel., See Table 23 for details.

The interest in B203 release, which may occur in case of a severe
accident in both types of LWRs, concerns the possible reaction with CsI
leading to the formation of volatile HI. If the interaction of B203 with
Zr0,+U0; tends to minimize the release, the Csl reaction could become
less significant.

2,4.5 Initial operation of the new 250-kW induction generator

Successful operation of the 250-kW rf induction furnace was demon-
strated by heating a simulated large fuel bundle (126 empty, stainless
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Table 23. Results of experiment CM-40 on
the volatility of boric acid added
as emergency control coolant

Boron released as

a
Heating T:::zn e
prﬁzsnt Filter Wash
(%) (%)
A (1600°C) 0.03% 10.37
B (1800°C) 0.088 5.5 0.687
C (2400°C) 0.142 0.024  0.009

a8 boric acid in water used for steam
generation.

bCO-bined A and B washes.

steel tubes, 12 in. in length and righing a total of 14.2 kg) to almost
melting (~1450°C) in 30 s at the cur.ently available full power; about
45 s heating time was required at about one-half power.

To obtain optimum efficiency of the induction heating process, it
was necessary to remove the stepdow. transformer from the transmission
system and perform the heating with high dc voltage on the load coil.
Since no difficulty in the operation was encountered, the decision has
been made to accept the high load coil voltage in return for the improved
heating efficiency. In terms of real output in rf wattage, we obtained
~150 kW (amperes x plate voltage) with a restricted line breaker limit of
400-A input., With additional main line supply cables, the input to the
system could be increased to about 600 A,

A measure of the actual power delivered to the crucible can be made
by using it as a calorimeter and calculating total heat removal at equi-
librium from the temperature rise of the cooling water. This will be done
routinely for each meltdown experiment.

Completing the installation of the safety pressure containment and
fitting the quartz chimney (Fig. 20) to the elevating device (Fig. 21)
are the principal remaining projects.

Additional photographs are included in this section that show the
relative size of the i- and 10-kg fuel bundles in Figs. 22 and 23.

The rf generator and the parallel transmission lires are shown in
Figs. 24 and 25. The test bundle of 126 stainless steel tubes mentioned
previously is shown in Fig. 26 at an elevated temperature.

2.4,6 Fuel and control rod procurement

High~density U0; fuel pellets in large quantity, preferably depleted

in 235y, will be required to conduct the series of 10-kg fuel melt experi-
ments, In the past, we have been able to obtain small quantities of low-

grade UO; pellets from various fuel recycle demonstration projects at no



45

ORNL-PHOTO 2859-838B

VIDEO CAMERA ‘

JL\L vnEw PORT

me—

SECONDARY
INDUCTION

COIL ENTRY
FLANGE

30 in. diameter
ALUMINUM SAFETY
PRESSURE VESSEL

i
Ry

PRIMARY
INDUCTION
COIL ENTRY]®
FLANGE

8in. x 45 in. QUART?Z
FURNACE CHIMNEY

COOLANT AND
CONTROL CIRCUIT |
ENTRY FLANGE

-
o

Fig. 20. Housing and furnace for 10-kg fuel melting system.




46

ORNL -DWG 82-122
PYROMETER PORTY

it

i
i
b

.
4
]
A

7
e

\.‘Q
=
-
"
"
L]

<X}

SECONDARY
v RECOIL

UPPER PLENUM
SIMULATOR

_ AEROSOL VT 10
CRI-I1 VESSEL

s 8enasasaa,

QUARTZ CHIMNEY

ZIRCALOY CLAD
U0, FUEL PINS

by WATER-COBLED CovPeR
TIRMACE (SPLIT)

ig L PRIMARY R F COIL

STEAM GENERATOR
POROUS 20-0,

ARES 410 40 IR-0, CRUCIBLE
e - TH 0, LINER
. ’ . ELEVATOR SCREW

——
e 1
S N
1000
. 4

= juf =

googop

. H,0 METERING
- ~ FLEXIBLE LINES

IO SCAEMATIC OF 10 NG FURNACE

............ N N

NOT T0 SCALE
COOLING ¥,0 1

Ty g

COOLING H,0 0UT

Hy :
W ¥ = '
P 3

Fig. 21. Design of large induction furnace with elevating jack.



ORNL-PHOTO 538783

Fig. 22. Comparative sizes of 1-kg and 10-kg fuel hundles.
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ORNL-PHOTO 3685-83

Fig. 23. The 10-kg core-melt components and 62-rod fuel bundle.

cost. For the proposed large-scale operation, we have taken steps to
procure about 100 kg of PWR-size pellets that should allow experimental
operations for about 1 year.

The silver alloy cortrol rod material requirements will be about
0.25 kg per experiment; this material will be in the form of 5-mm rods
about 22 cm in leugth. The rods will be clad in closely fitted stainless
steel and then enclosed in a loosely fitted zircaloy sleeve or guide tube
equivalent, Fabrication of about 2.5 kg of the control rod alloy and the
necessary sleeve materials has been initiated in the M&C Division of ORNL.
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2.4.7 Program plan

While the original concept of the 10-kg fuel-melt project was in-
tended to emphasize aerosol chemistry and aerosol behavior in the CRI-II
containment vessel, recent directions from the project sponsor indicate
that the initial experiments should be a scale comparison against the
observed fuel-melt behavior and fission element release data obtained
from the 1-kg fuel-melt experiments over the last 2 years. Some equip-
ment design changes to implement this altarnative objective are currently
under consideration.

As a result of this redirection and increased scope of operation,
the project is being separated from BOl12]1 and will become a part of B0127,
Fission Product Release at Severe Accident Conditions.
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Table 25. NSPP steam-iron oxide
aerosol experiments?

Aerosol Maximum
Experiment generation suspended
No. time concentration
(min) (g/m3)
501 14.0 1.0
502 17 .0 1.9
503 25.0 3.7
504 13.5 7.5
Ppraction settled 47 to 94%
Dried particle sfzes 1 to 2 ym
Steam temperature 381 to 394 K

3.2.1 Effect of diffusional boundary layer thickness

The maximum suspended aerosol concentration reached in experiment 501
was 1 g/m®, which is at the low end of the concentration level of the
500-series. In Fig. 27, the experimental measurements show an initial
bowlike variation up to about 200 min, after which the concentration falls
off at a slower rate. This slower rate behavicr is characteristic of the
experiments, and it is almost impossible to represent it with the HAARM-3
code!“ (Fig. 28). HAARM-3, unlike NAUA, does not include any condensation

N
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Fig. 27. Experiment 501, iron oxide in steam. Comparison of experi-
mental data with NAUA code results with and without condensation on
particles.
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Fig. 28. Comparison of HAARM-3 calculations with iron oxide-steam

experiment 504. A leakage rate is assumed for the purpose of simulating
diffusiophoretic deposition.

effects., More Importantly, it rests on the assumption that the aerosol
size distribution is always lognormal. The NAUA code divides the aerosol
particle size range into size bins, and the size distribution is deter-
mined by the calculation. Figure 27 shows the results of NAUA calcula-
tions with and without condensation. If condensation is not assumed to
take place, the calculated susvended ~oncentration remains higher than
that observed and only falls off when presumably sufficient coagulation
has occurred so that faster settling will take place. The case where
condensation is assumed shows an initially fuster decline in suspended
concentration than the experiment, followed by a slower decline at about
70 min. This slowdown m2y be caused by the larger suspended particles
being "washed out” by rapid condensation; if the populatiorn is skewed to
smaller sizes, . ‘ndensation will be slowed a~d settling velocities will
be slower than ! fore. is pattern is much like that shown by the
experiment, hut Jurther examination of the results will be needed to
verify these explanations.

In the high concentration case, experiment 504, the suspended con-
centration reached a maximum of 7.5 g/m3. In Fig. 29, the suspended con-'
centration variation shows no initial bowing, while all the calculated
curves do. Figure 29 also shows the effects of trying to match the ob-
served variation by increasing the rate of diffusional deposition in the
calculations. This was done by decreasing the i put parameter DELD, the
diffusional boundary layer thickness, from 0.0l to 10~5 em. (The value
of 0.01 was used for the calculation shown in Fig. 27 and is the value
suggested in Ref. 9). This is apparently insuffi:ient to match the obser-
vations, mainly because of the "break"” that appesrs in the calculated
curves that is suspected to he caused by condenvation washout of larger
sized particles. Of course, when the value of DELD becomes as low as
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10~% cm, the diffusional deposition becomes sufficiently great to mask
the presence of other processes, and the suspended concentration falls
off sharply with time as shown.

3.2.2 Effect of assumed initial particle size

The remaining curve shows the effect cf changing the assumed geomet-
ric mean radius from 0.1 um, used in all the other calculations, to 1 um.
The larger initial size leads to a sharp falloff in concentration, prob-
ably because of comparatively high condensation on larger particles. The
rate of decrease after about 50 min is then significantly slowed, with
the slope somewhat less than that of the top curve where the initial
particle radius was taken as 0.1 um.

3.2.3 Effect of assumed source rate at an assumed initial
radius of 1 um

To improve the match between the NAUA results at l-pn initial radius
and the experiment, the source rate for the aerosol injection was in-
creased. The aerosol source rate in the experiment is not actually known;
only the maximum concentration is inferred from the measurements, and the
rate is estimated from it. As Fig. 29 shows, the maximum concentration
was not reached for the l-um-radius case because removal rates during the
aerosol injection period were too high. Figure 30 compares the effect
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Fig. 30. Experiment 504, iron oxide in steam. Comparison of NAUA
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of increasing the original rate of 0.3545 g/= to 0.6712 g/s. While the
maximum value was matched better, the pattern of concentration decay was
no different from that at the lower rate and does not resemble the ob-
served behavior very much.

3.2.4 Diffusiophoretic effects

The NAUA code does not deal with thermophoretic or diffusiophoretic
effects. Only a diffusional deposition model is included, that is, a
deposition caused by the concentration difference between the containment
volume and the wall. Diffusiophoretic deposition can be represented, how-
ever, by assuming that a leakage of aerosol exists that is proportional
tc an assumed condensation rate of steam at the wall of the NSPP vessel.
This approach was applied to experiment 401 (uranium oxide in steam). In
Fig. 31, the measured suspended concentration i1s first compared with a
calculation involving steam condensation on the aerosol particles. As
with iron oxide cases, the slope of the curve becomes less steep after
the presumed initial washout; in this case, the concentration "hangs up"”
at about 75 min. Addition of the leakage process provides a continuous
removal mechanism, and the calculated curve follows the experiment better
than the curve with condensation only.

The results of this approach were less successful for the iron oxide
experiments. Figure 32 shows the results for experiment 501. With a
leakage rate (100%Z) corresponding to a steam injection rate of 10.96 g/s
into the NSPP vessel, a concentration-vs-time curve results (the lowest
curve on Fig. 32) that falls off too rapidly at first, slows, and then
falls off more quickly. This pattern may have to do with an oscillating
kind of washout process produced by a changing balance between super-
saturation and particle size. Catting down the leakage rate by one-half
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at the same steam injection rate raises the curve and changes its shape
somewhat, but it is still too low. Finally, cutting both the leakage

and the steam rates by one-half produces a smoothly declining curve, the
highest of the three calculated curves, that does not resemble the ex-
perimental pattern too much even though the concentrations agree somewhat
better. Figure 33 shows the results for the high-concentration experiment
504. 1Initially, the match is fairly good, but at long times, beyond about
150 min, the falloff in concentration is overestimated.
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3.2.5 Numerical effects

Finally, we note that a constant source of concern in a code of this
kind is the effect that might be produced by the level of machine preci-
slon used and the number of size bins employed. Increases in both of
these can greatly increase the cost and difficulty of running the program.
It was found, however, that changing the machine precision did not greatly
affect running time, nor were any scrious quantitative effects noted. On
the other hand, the use of additional size groups produced a more notice-
able effect, as seen in Fig. 34, where increased channel number produced
a somewhat greater disagreement with the experiment at earlier times. No
qualitative aspects of the results appear affected, however. It appears
safe, then, to use a low number of channels for surveys and to employ the
more expensive 80+ channel calculations recommended by the code authors
for final checks.
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3.2.6 Conclusions

These initial studies need to be examined more thoroughly. It is
apparent that decisions concerning the proper input nuambers for use in
NAUA are not simple; it is not always clear, without examining the inter-
nal detalils of the code, just how the calculation is proceeding. This is
particrlarly true with respect to the steam-source rate. The NSPP experi-
ments are quite different in many respects from the KfK experiments that
are used as a basis for the code. Further efforts will be needed to
understand the code's limitations.

3.3 FAST-Related Code Development Work

J. C. Petrykowski

UVABUBL-II 1s a hybrid computer code being developed by Webb and
Reynolds!® at the University of Virginia to interpret data collected
from the FAST experiments. The code utilizes features of UVABUBL!® and
SAMPAC!’ to model bubble dynamics in an axisymmetric geometry and can be

readily adapted to the FAST pressure vessel geometry. The code currently
contains models of

!. radiation heat transfer between bubble and coolant,
2. coolant mass transfer into bubble by surface vaporization and/or
Rayleigh-Tayler surface instabilities,
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3. fuel and coolant thermochemistry,

4. hydrodynamics of coolant and bubble using the Marker-and-Cell (MAC)
method, and

5. real gas models of bubble and cover gas.

This code will provide a means for detailed investigations of the
dyramics of high-temperature uranium-dioxide vapor bubbles under sodium
for a wide range of conditions. Because many of the dynamics cannot be
measured experimentally, the code is a necessary adjunct to the test pro-
gram. If closure is obtained between the models contained in UVABUBL-II
and the FAST experimental results, the code may be extended to analyze
the bubble dynamics that could occur during a hypothetical hydrodynamic
disassembly of an LMFBR core.
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