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FOREWORD

This report summarizes progress under the Liquid-Metal Fast Breeder

Reactor (LMFBR) Aerosol Release and Transport (ART) Program [sponsored by

the Division of Reactor Safety Research of the Nuclear Regulatory Com-
nission (NRC)] for the period January-March 1979,

Work on this program was initially reported as Volume III of a four-

volume series entitled Quarterly Progrese Report on Reactor Safety Pro-

grame Sponsored by the NRC Divieion of Reactor Safety Research. Prior

reports of this series are

Regort No.

ORNL/TM-4655
ORNL/TM-4729
ORNL/TM=-4805
ORNL/TM-4914
ORNL/TM-5021

Period covered

April=June 1974
July—-September 1974
October—December 1974
January-March 1975
April—June 1975

Beginning with the report covering the period July—September 1975,

work under this program is now being reported as LMFBR Aerosol Release and

Transport Program Quarterly Progress Report. Prior reports under this

title are

Regort No.

ORNL/NUREG/TM-8
ORNL/NUREG/TM-9
ORNL/NUREG/TM=35
ORNL/NUREG/TM-59
ORNL/NUREG/TM-75
ORNL/NUREG/TM=-90
ORNL/NUREG/TM-113
ORNL/NUREG/TM=142
ORNL/NUKEG/TM=-173
ORNL/NUREG/TM-193
ORNL/NUREG/TM=-213
ORNL/NUREG/TM=244
ORNL/NUREG/TM-276
ORNL/NUREG/TM-318

Period covered

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—Septembar 1978
October—December 1978

Copies of all these reports are available from the Technical Informa-

tion Center, Oak Ridge, Tennessee

37830.
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SUMMARY

Je. T. Han

The Asrosol Release and Trarsport (ART) from Liquid-Metal Fast
Breeder Reactor (LMFBR) Fuel Program at Oak Ridge National Laboratory
(ORNL) is designed to investigate the release and transport of radionu-
clides that may result from a hypothetical core-disruptive accident (HCDA)
in an IMFBR. Tre experimental program is being conducted in three facil-
ities: the Fuel Aerosol Simulant Test (FAST)/Containment Research Instal-
lation (CRI-III), the Nuclear Safety Pilot Plant (NSPP), and the CRI-II,
The analytical effort is designed to support the experiments as well as to
provide independent assessment of the consequences of an HCDA.

During this report poriod, 15 tests were performed in the FAST/
CRI-III facility. These consisted of five high-temperature argon tests in
the FAST vessel and eight vacuum and two underwater ‘ests in the CRI-III
vessel,

In the high-temperature argon tests, the FAST vessel was maintained
at a temperature of 866 to 922°K (1100 to 1200°F); aerosol mass concen-
cration and plateout samples were taken., There were no major problems
encountered in obtaining the measurements,

The first five "Sandia Normalization” tests were performed in CRI-III
at near vacuum pressure. The capacitor discharge vaporization (CDV) en-
ergy input was in the range of 18 to 28 kJ; the U072 debris produced in
the tests were sampled using a rotating wheel collector developed at San—
dia to provide droplet size and velocity measurements,

Two underwater tests were performed in CRI-III to evaluate the per-
formance of the high-temperature submersible pressure-measuring equip-
ment. It was found that the transducer cable vibration caused signal
noise. This problem seems to have been solved by damping out any pos-
sible cable vibrations; however, more underwater tests will be performed
to ensure the accuracy of the pressure measurements.

In the NSPP experimental program, the dc plasma torch uranium oxide
generator was installed, and two tests were made to evaluate its perfor-
mance. The aerosol concentrations in the tests performed were much lower

than expected, because the powder feed unit of the system became plugged
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viii

shortly after powder feed was initiated. This problem apparently was
caused by the use of particle sizes that were finer than in previous
tests in CRI-II. Tests using larger particle sizes will be p:rformed.

Particle size distributions of uranium oxide aerosols measured with
inertial impactors in CRI-II experiments have been compared with simulta-
neous measurements using a spiral centrifuge. Results indicate that the
impactor-measured diameters are significantly smaller than the centrifuge-
measured diameters. This disagreement 1n size measurements appears to
have been caused by the fragmentation of the "chain-like" U30g s¢glom-
erates in the impactors. Such a conclusion is also supported by sizes
estimated from the concentration decay curves. Calculations are also
presented for the average sizes of uranium oxide agglomerates and the
number of primary particles per agglomerate,

Additional analytical studies were ;orformed in support of the NSPP
test program. First, a fallout model equivalent to that used in the
HAARM-3 aerosol code was used to estimate fallout rates to be expected
from particle size and aerosol concentration measurements in NSPP tests,
The results for Nap0 aerosols were compared with the actual fallout mea-
surements, Second, a simple analytical method was used to estimate the
magnitude of the buoyancy-induced air velocity (from the NSPP temperature
and pressure measurements) that wil! sustain a practically well-mixed aero-
sol system in the NSPP vessel. Third, comparison of a drag coefficient
correlation for scherical particles with existing data is shown to be ex-

cellent for a wide range of Reynolds numbers,
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Aerosol Release and Transport
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LMFBR AERGSOL RELEASE AND TRANSPORT PROGRAM QUARTERLY
PROGRESS REPORT FOR JANUARY-MARCH 1979

T. S. Kress

ABSTRACT

This report sumrarizes progress for the Liquid-Metal Fast
Breeder Reactor (LMFBR) "=rosol Release and Transport (ART)
Program sponsored by the Division of Reactor Safety Research
of the Nuclear Regulatory Commission (NRC) for the period
January-March 1979, This program is designed to investigate
radionuclide release and transport from LMFBRs for reactor
events of severity up to and iucluding hypothetical core-
disruptive accidents (HCDAs). Program topics discussed include
recent capacitor discharge vaporization (CDV) tests in the Fuel
Aerosol Simulant Test (FAST)/Containment Research Installation
(CRI-III) facility, including underwater and vacuum tests in
the CRI-III vessel; fuel-oxide tests in the Nuclear Safety
Pilot Plant (NSPP) using a newly installed dc plasma metal-
oxygen tnrch; fuel-oxide aerosol size measurements using two
different ‘nstruments in the CRI-II facility, and calculated
results of average size and number of primary particles per
aerosol agglomerate; an evaluation of the HAARM-3 rode fallout
model using NSPP data; and the development of a si.»le analyt-
ical method to estimate the buovanr, induced air velocity in
the NSPP tests.

Keywords: aerosol, hypothetical accident, LMFBR fission
product release, fission product transport, ex-reactor experi-
ment, safety, radionuclide transfer, uranium.

l. INTRODUCTION

The Liquid-Metal Fast Breeder Reactor (IMFBR) Aernsol Release and
Transport (ART) Program at Oak Ridge National Laboratory (ORNL), sponsored
by the Division of Reactor Safety Research of the Nuclear Regulatory Com-
mission (NRC), is an IMFBR safety program concerr.d with radionuclide re-
lease and transport. The scope includes radionuclide release from fuel,
transport to and release from primary containment boundaries, and behavior
within contaimments. The overall goal of the program is to provide the
analytical methods and experimental data necessary to assess the quantity
and transient behavior of radionuclides released from LMFBR cores as a re-
sult of postulated events of varying severity up to and including severe
hypothetical core-disruptive accidents (HCDAs).
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Tha program is divided into several related experimental and analyt-

ical activities as summarized below:

1. development of a capacitor discharge vaporization (CDhV) syster for
deposition of energy in simulated LMFBR fue. (U02) that will provide
a nonnuclear reans for studying the fuel response to HCDA-like energy
depositions;

2. development of alternative means for generating fuel-simulant aerosols
on a relatively continuous basis;

3. study of the characteristirs and behavior of fuel-simulant aerosols in
several small vessels, including the effects of radiation and the si-
multaneous vaporization of small amounte of sodium;

4., production and study of fuel-simulant and sodium aerosols in the Nu-
clear Safety Pilot Plant (NSPP) for validation of models with particu-
lar emphasis on scaling features relative to containment size;

5. study of the fuel interactions, expansion, and thermal beh:yisr within
the sodium pool as the resultant fuel vapor bubble is transported

through the sodium *= the cover-gas region.,

Varying lev.:ls of effort are anticipated within these categories, with
analytical mcdeling accompanying the experimental work. The analytical
requirements fall into four categories: (1) fuel response to high rates
ol energy deposition, (2) fuel-bubble dynamic behavior and transport char-
acteristics under sodium, (3) dynamic aerosol behavior at high concentra-
tions in the bubble and containment atmospheres, and (4) pretest predic-
tion and posttest comparison of the NSPP experiment using the HAARM-3
code.

An attempt will be made to consolidate the analyses and data and
to present them in a manner that will facilitate direct assessment of
the radiological hazard associated with arbitrary hypothetical accident

scenarios,




2. EXPERIMENTAL PROGRAM

2.1 SIMMER Verification and Source Term
Experiments in FAST/CRI-III

A. L. Wright A. M. Smith J. M, Rochelle

2.1.1 1Introduction

During this quarter, 15 tests were performed in the Fuel Aercsol
Simulant Test (FAST)/Containment Research Installation (CRI-III) cacility,
including 5 in the FAST vessel and 10 in the CRI-III vessel. These tests

were of three types:

l. five high-temperature FAST argon tests (FAST 12 through 16) performed
at standard pressure and at argon temperatures greater than 866 K
(1100°F);

2, two underwater tests in CRI-III using the FAST vaporizer assembly (CDV
67 and 68);

3. eight vacuum tests in CRI~III — the first three tests (ZDV 69
through 71) were in preparation for the “"Sandi{a Normalization" tests,
and the final five tests (CDV 72 through 76) were the first five

Sandia Normalization tests.
Data for these tests are presented in Tables 1 to 3. Individual test

results and conclusions are presented in Sects. 2.1.2 to Z2elahy

2.1.2 Discussion of results of FAST vaporizer underwater tests
in CRI-III

Two underwater tests were performed in CRI-ITI this quarter. Pre-
vious test results! have shown that a vapor bubble can be produced i .
water and that this bubble rapidly condenses (in <100 msec). However, no
pressure measurements were atterpted in the previous tests, and CDV 67 and
68 were performed to test the operation of the pressure-measuring equip-
ment.

CDV_67. As in most previous water tests, the water height above the
test section was 20.3 cm (8 in.) and the argon gas pressure was at ~0,10]
MPa (1 atm). A 3000-psia Kaman Sciences pressure transducer (time re-

sponse <l msec) was installed ~15.2 cm (6 in.) from the vaporizer. Signal
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Table 1. Sample data
Pe!let stack Pellet stack Microsphere (Quartz tube
Test No. mass length mass 10D
(g) (em) (g) (em)

FAST 12 18,48 8.95 30,94 0.972—1.66
FAST 13 17.38 9.02 30,43 0.970-1.63
FAST 14 17.43 9.06 31.30 0,969-1.69
FAST 15 17.56 9.10 30,60 0.972-1.66
FAST 16A 17.56 9.19 31.9) 0,972-1,66
cov 67 17.64 915 32.02 0.970-1,72
CDhV 68 17.57 9.12 32,11 0,970~1,72
CDV 69 2152 11,20 38,98 0,974~1,71
CDV 70A 21.53 11,40 40,00 0.970—1.67
cov 71 21.41 11.12 40,23 0,970-1.66
cov 72 21,30 11,09 34,74 a=1.65
cov 73 21.43 k17 35.06 a—1.65
cov 74 21,67 11.29 34,93 1—1,.66
cbv 75 21,41 11,14 35.95 h-1,67
cov 76 21.55 11.20 34,60 e-1,66

a
Special tubes used for CDV 72, 73, 74; see Figs. 6 and 7,

Tube has ends bored to 0,975 ¢m ID, center fire-polished
section with 0,922 cm 1D,

e
Special tube used for CDV 76; see Figs. B and 9.

Table 2. High preheat and CDV charging data“
Sanmple
High resistance = ber of  chaeping  Initial

Test No, Preheat  ,frer high pacitor  yolrage bank

power preheat barks (v) energy

W) @) charged (k1)
FAST 12 1600 0,41 - 1945 75
FAST 13 1700 0.38 4 1945 75
FAST 14 1700 0,39 - 1850 68
FAST 15 1500 0.50 4 1950 75
FAST 16A b b 6 2500 180
cbv 67 1800 0,44 “ 1950 75
CDV 68 1800 0,44 4 1945 75
Cbv 69 2200 0,48 - 1945 75
chv 70A 2200 0.49 4 1845 68
cov 71 2200 0,49 “ 1945 75
cov 72 i 0,52 u 1950 75
cov 73 2400 0,52 4 1945 75
cov 74 2200 0.35 “ 1945 75
cov 75 2200 0,48 & 1950 75
cov 76 2200 0,48 4 1950 75

aHigh preheat lasts for 28 sec; there is a 2-sec delav
between high preheat and capacitor discharge.

b
No preheat in FAST 16A test,
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Table 3. Energy input and aerosol yield data

CDV energyv Estimated Estimated

CDV time deposited initial initial
Test No. to arcing before aerosol aerosol
(msec) arcing yield mass
(kJ) (ug/em?) (g)?
FAST 12; 1,57 18.3 2.72 .24
FAST l3b 1.85 22:5 2.60 1.18
FAST l?b 2.01 21,7 2.83 1.29
FAST !5 b 2. 73 29.0 3,41 1350
FAST luA 0 0 0 0
cov 67 1.75 ~21.8° 0 0
CDV 68 3.50 ~44 7 0 0
cDv 69 2,40 25.4 d d
COV 70A 9,25° 57.4° d d
cbv 71 7.36 59.5 d d
cov 72 2,02 18.3 d d
cov 73 0,22 1.4 d d
chV 74 2,64 25,2 d d
cDv 75 2,04 21.9 d d
CcDV 76 2,70 28,2 d d

%Estimates for FAST tests based on Vyeggel = 0.455 mi.
Tests at argon temperatures between 866 and 922 K.

e
Values are approximate because voltage not accu-
rately measured.

iNo aerosol sampling done in vacuum tests,

eCapacitor discharge occurred for t > 20 msec, energy
input calculated up to 9.25 msec,

output was collected and stored on the Nicolet digital storage oscil-
loscope and on magnetic tape using the data acquisition capability of a
PDP/8A computer.

As in previous water tests, no fuel aerosol escaped from the water.
The pressure trace output from the digital oscilloscope, shown in Fig. 1,
indicates a large pulse occurring in ~b60 msec and some other fairly large
pulses occurring at t > 60 msec., However, after the test, it was deter-
mined that these were likely noise pulses produced by vibration of the
transducer. (Tapping the transducer cable was found to create large volt-
age outputs.) Steps were taken to damp out possible vibrations for the

next test,
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JRANL-DWG 79-5868 ETD

Fig. l. Pressure transducer output collected on Nicolet digital
oscilloscope for CDV 67; 100-msec total time; 1-V full-scale vertical
deflection corresponds to 3000 psia. -

It was also found that the PDP/BA computer data acquisition system
(DAS) could not follow the rapid signal changes that occurred in this test
(i.e., the computer circuitry does not have adequate frequency response to
follow the pressure signals). For the FAST water tests, pressure data
will be collected on a new digital oscilloscope that is being purchased.

CDV 68, Conditions for this test were the same as in CDV 67, where
an effort was made to damp out possible pressure transducer (cable) vibra-
tions. Again, no fuel escaped from the water following CDV, and pictures
of the pressure transducer and capacitor discharge current output are
shown in Figs., 2 and 3. Figure 2 indicat _.s that traisducer cabl¢ vibra-
tion problems seem to have been corrected. A pressure pulse occurred at
3.5 msec immediately after the CDV, shown in Fig. 3; the pulse was caused
bv the initial fuel burst. However, it is presently unclear why the
transducer output became negative after the initia! pulse.

To further understand the pressure signal that is measured, more
underwater tests in CRI-III must be performed. These will be performed

when the Sandia Normalization tests are completed and before FAST water

[
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ORNL -DWG 79-5869 ETD

Fig. 2. Pressure transducer output collected on Nicolet digital
oscilloscope for CDV 68; 200-msec total time; 1-V full-scale vertical
deflection corresponds to 3000 psia.

ORNL-DWG 79--5870 ETD

Fig. 3. CDV 68 current and pressure traces; time between data points
is 100 usec; peak pressure corresponds to ~240 psia; current at 3.5 msec

T pOoR |
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2.1.3 Discussion of results from FAST high-temperature
argon tests

The tests discussed in this section are the last to be performed as

part of the FAST argon test series outlined in the FAST test plan,?
Previous tests were performed at standard temperature and at 0,101- and
2.12-MPa (1- and 21-atm) argon pressures.  he objectives of this test
series are (1) to evaluate methods of making aerosol measurements at the
extremes of pressure and temperature to be encountered in the later sodium
tests and (2) to quantify the influence of argon .ressure and temperature
on the aerosol yield and primary aerosol size distribution produced.

FAST 12. Because this was the first time that the vessel was heated,
922 K (1200°F) was reached; ad justments in later tests allowed this tem—
perature to be reduced to the planned 866 K (1100°F) level. At room tem-
perature, the U0, sample resistance was 2.5 M, but at 922 K the resis-
tance decreased substantially to ~400 R, For thc previous argon tests at
room temperature, a 1700- to 1800-W high preheat was needed to produce a
sample resistance o>f ~0,5 @, whereas for this test, a 1600-W high preheat
produced a considerably lower (0,/1-Q) resistance. Capacitor discharge
occurred for 1.57 msec, a shorter time period than expected., Measurements
were made of aerosol concentration vs time (using the eight-stage mass
sampler), and aerosol was collected onto tungsten photomicrograph grids
mounted on di.rusion plateout samples.

FAST 13. The test conditions were the same as those in F.ST 12, ex-
cept that the vessel temperature was at 866 K (1100°F), The vessel sight
ports were mainta'ned it 755 K (900°F) to reduce argon leakage through the
port seals. The szaple resistanc at 866 K was 275 @, lower than the
value at 922 K in FaST 12 (an indication that sample loadings are not
always the same). Capacitor discharge occurred for 1.85 msec, a longer
time than in FAST 12. As in FAST 12, aerosol mass concentration and aero-
sol plateout samples were taken.

FAST 14, This test was performed with the vessel maintained at 866 K
(1100°F) anud che sight ports held at 794 K (970°F). The sample resistance
at 866 K was ~300 Q, approximately the same as that in FAST 13, Capacitor
bank charging voltage was reduced to 1850 V from the 1950-V values in FAST

12 and 13, in an attempt to increase the energy input time for capacitor
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discharge. The energy input time or ~2 msec, however, was not consider-
ably greater than in the other high-temperature tests. Aerosol mass con-
centration and plateout samples were again collected.

FAST 15. This was the final FAST test plan argon experiment, and was
again porrormed at 866 K (1100°F). The sample resistance at 866 K was
1200 @, a factor of 4 higher than those of FAST 13 and 14. High preheat
was reduced to 1500 W to produc> a resistance of 0.5 Q prior to capacitor
discharge (the value usually achieved in low-temperature tests). Capac-
itor discharge occurred for 2.73 msec, ~1 msec longer than in the other
high-temperature tests (this may have been caused by the reduced sample
temperature resulting from lowering high preheat to 1500 W). Aerosol mass
concentration and plateout samples were collected for this test.

A number of preliminary conclusions can be made concerning the high-
temperature tests.,

1. There were no major problems encountered in collecting fuel aero-
sol samples onto quartz-fiber filter-paper collection disks. It was found
that the weight of the quartz disks decreased by 2 to 5% because ¢ heat-
ing them to high temperatures. (This - .s done by weighing a blank filter
before and after a test.) This weight loss is not significant for early-
time mass measurements where the aerosol mass collected is large; however,
it will become important for later-time mass measurements,

2, For a given preheat level, the sample resistance for high-
temperature tests was lower than that produced in low (emperature tests.
This occurred for FAST 12 through 15 because the high temperature environ-
ment decreased the radiation loss from the fuel during steady-state
preheat.

3. A comparison of aerosol yield vs capacitor discharge energy in-
put, normalized to fuel pellet mass for all FAST argon tests, is presented
in Fig. 4.

A comparison of results including the influence of varied sample pre-
heats is being investigated. The graph indicates that less aerosol is
produced for a given energy input at increased system pressure and that
aerosol yields for 0,101-MPa pressure tests at high and low temperatures
are similar. Both results were as expected, because fuel vaporization
should cease when the fuel pressure equals the pressure of the surround-

ing argon.
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Fig. 4. Aerosol yield vs CDV energy input normalized to total fuel
pellet mass for FAST argon tests.

FAST 16A. This was a special high-temperature test performed without
the normal "preheat” stage. Based on an initial sample resistance for
~300 0 at 866 K, simple calculations indicated that the test sample could
be heated uniformly in ~250 msec to decrease resistance to ~10 Q by dis-
charge of one capacitor bank charged to 2500 V, Additional capacitor
banks could then be discharged to heat the sample to vaporization con-
ditions.

The use of this method as a more efficient vaporization technique for

high-temperature tests could not ue determined, because arcing terminated

Vi, 1017 019
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the test pefore any energy was input to the sample. Further investigation
to determine the potential of this method will continue.
After this test, preparations were made to begin water tests early

next quartrer,

2.1.4 Discussion of vacuum tests performed in CRI-III

The Sandia Normalization tests are CRI-III experiments performed at
low vessel pressure (~100 y Hg). The U0, debris produced by CDV will be
sampled using a rotating wheel collector developed at Sandia to allow de-
termination of druplet sizes and velocities. These measurements will al-
low comparison of debris, produced at comparable energy levels, using
electrical (CDV) energy input and neutronic energy input [in Sandia's An-
nular Core Research Reactor (ACRR)].

Movies will be taken during fuel heatup and the fuel radiance that
results in film exposure will be used to determine fuel temperature. Var-
ious configurations (discussed later) will be used to expose portions of
the fuel pellets, and this may allow surface temperature measurements to
be made.

The first three tests discussed, CDV 69 through 71, were in prepar~
tion for the Sandia tests. Tests CDV 72 through 76 were the first five inp
the Sandia Normalization test series.

CDV 69. 1In CDV 57, the only previously successful vacuum test, six
banks were charged to 1600 V, and C™W energy input occurred for more than
18 msec. In CDV 69, four banks at 1950 V, the normal changing configura-
tion, was used because the arcing problems had been eliminated. The ini-
tial vessel pressur: Yefore preheat was 105 um Hg. No problems were
encountered during preheat start-up (performed at voltages greater than
2000 V) or during the lew- and high-preheat stages. Capacitor discharge
was successful and occurred for 2.4 msec. The discharge was somewhat dif-
ferent than that normally produced in argon; the CDV current continually
increased with time, whereas, in argon, it usually flattens out after 1
to 2 msec of discharge before increasing again. As in CDV 57, all sight
ports were immediately coated with fuel after CDV.

CDV _70A. For thie test, the charging voltage was reduced to 1850 V

in an attempt to lengthen the CDV energy input time; however, the decrease
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in changing voltage resulted in an energv input time of >20 msec. The de-
~reased rate of energy input may account for partial melting of the low-
volrage electrode that was observed in posttest examination of the sample.
Based on this test, future vacuum tests will be performed with four banks
charged to 1950 V.,

CDV 71, The capacitors were charged to 1950 V. Preheat occurred
without any problems, and the high energy input caused by the 7.36-msec
energy input time made this the most successful vacuum test to date.

The five tests performed during the remainder of this quarter were
the first five Sandia Normalization tests. (R. M. Elrick and D, L. Fastle
from Sandia Laboratories assisted with these experiments.) Figure 5 shows
the mount used to house the rotating wheel sampler in the CRI-III vessel.
The sampling wheel contains 30 pie-shaped channels that have surfiaces pre-
pared for examination under scanning- and transmission-electron micro-
scopes; it is housed in the cover shown at the lower end of the sample
mount. The mount is inserted through the top port of CRI-III so that the
wheel is positioned s ~4.45 cm (1.75 in.,) above the radial centerline of
the fuel sampie. Particles enter the sampling wheel, which is rotated at
speeds between 200 and 400 rps, through a small slit in the sample cover.
Small steel pins are implated into the back flat surface of the wheel; re-
cording of signals from a magnetic pickup exposed to this wheel surface
enables the rotation speed to be determined.

CDV 72 (SN-1). For this first Sandia test, a specially designed

quartz tube was used to house the U0O; fuel sample, as shown in Figs. b
and 7. The close-up in Fig. 7 shows that a portion of a pellet (~0.64 cm
or 0,25 in. in length) is exposed bv reducing the inner diameter of the
quartz tube in this section. This pellet has a 0,16-cm (0.064-in.) hole
drilled to its center. Close-up movies taken of this pellet section will
be examined with a densitometer _o see if it is possible to determine sur-
face and centerline temperatures or, at least, to determine their ratio.
The sampling wheel cover slit was 0,038 em (0,015 in.) to keep micro-
spheres (which have diameters greater than 0,035 cm) from penetrating to
the wheel suifaces. Two cameras were used to photograph the event: one
for a close-up of the fuel pellet and the other for a full field view of
the sample. Only the camera used for the latter purpose operated cor-

rectly in this test.
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Preheat and capacitor discharge occurred as oxpected. During early
preheat (at ~200 W), the hole in the pellet glowed brighter than the pel-
let surface indicating the hotter centerline temperature. The wheel vas
rotated during discharge at ~%J0 rps, or one revolution ia 2.5 msec.

Post.est examination of the sampling wheel provided no clear evidence
of fuel deposit onto the wheel.

CDV 73 (SN-2). Conditions for this test were the same as for CDV 72,
except that a wider wheel cover slit of 0.064 cm (0.025 in.) was used.

This was done to promote more peaetration of debris to the wheel surfaces.

Preheat went smoothly, but arcing occurred at 0.22 msec after dis-
charge began, and the test was thus terminated. This occurred because one
of the lavite insulators in the test assembly cracked prematurely, allow-
ing arcing to occur between the inner copper electrode and the steel hous-
ing of the assembly. The quartz tube did not rupture, so the sampling
wheel mounted for this test was used again in CDV 74,

CDV 74 (SN-3). Conditions for CDV 74 were the same as in test 73,

where a quartz tube with a reduced diameter section was also used to allow
pellet exposure. The CDV energy input of 25.2 kJ was considerably larger
than that in CDV 72, The sampling wheel rotation speed was ~250 rpr,
about half that in CoV 72. The viewports were covered with fuel after the
test, but, again, there was little direct visual evidence of collection of
debris onto the outer circumference of the wheel. Most of the debris col-
lection, however, should occur deep inside the wheel on the pie-shaped
collection surfaces that were not visible, Both cameras worked well dur-
ing the test.

CDV 75 (SN-4). The quartz tube used for this test had no reduced

diameter section, but it did have a clear central section to allow movies
to be made of the microsphere surface. The slit was widened considerably
to 0.198 cm (0,078 in.) to enhance debris collection onto sampling wheel
collection surfaces. One camera was used for a close-up of a microsphere
section, the other for a full-field view of the sample.

Preheat and capacitnr bank charging conditions were the same as in
CDV 72 and 74. Discharge occurred for 2.04 msec, a period which was again

shorter than expected. As in CDV 69, the CDV current (for reasons yet
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unknown) continually increased with time (and usually stopped increasing
somewhere between 1 to 2 msec). The final wheel speed achieved was
400 rps. Both cameras again operated properly.

Examination of the surface of the wheel cover after the test showed
that it was well coated with fuel. There was some possible eviden-c of
dehris collection on the wheel; the wheel circumference appeared sand-
blasted, and holes were evident in some of the collection surfaces.

CDV 76 (SN=5). This was the first test in which a different con-

figuration was used to view a portion of a pellet (shown in Figs. 8 and
9). A small alumina viewing slit was glued to the inner tube surface;
this allowed a sector of a pellet containing a 0.16-cm (0.065-in.) iwole
to be exposed. The wheei cover slit width was redu.ed s: ihtly for this
test, to 0.127 cm (0,050 in.). Preheat and bank charging were again mai.-
tained at the same levels used in CDV 72, 74, and 75. One camera was used
for a pellet close-up, the other camera for a full-field view of the
sample.
During early preheat (~300 W) it was again observed that the hole

in the pellet looked brighter than the pellet surface. A few seconds into
high preheat, there was evidence from both visualization and the preheat
power trace indicating that the alumina window criacked and/or closed up
due to melting. In spite of this problem, the CDV input energy was the
largest attained in the Sandia tests performed to date. The wheel rota-
tion speed achieved was ~300 rps, and both cameras operated properly for
this test.

After CDV, the viewports were totally covered with fuel, as was the
cover for the sampling wheel. This may be the best indication that debris
was collected onto the wheel surfaces.

Summary and comments for first five Sandia Norralization tests. For

the tests performed to date, the CDV energy inputs ranged from ~18 to

28 kJ. The only "missing link” now is an experiment with an 2nergy input
in the 40-kJ range. Tests were performed (1) with a variety of con-
figurations to expose different portions of a pellet for temperature
measurement, and (2) with a wide range of wheel cover slit openings and

various wheel rotation speeds for fuel debris collection.
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Two more experiments will be performed next quarter. Another tast
with a sampling wheel in the vessel will be performed so that a high-
energy input can be achieved. In the final test, movies will be made for
the latter stage of ' w preheat, the 28-sec high oreheat, and sample cool-
down afrer high preheat. Temperature measurements will be made from the
films to gain a better understanding of the fuel temperatires achieved be-
fc -2 CDV,

2.2 Secondary Containment Aerosol Studies in NSPP ;

R. E. Adams L. F. Parsly

2.2.1 Introduction

Activities of the NSPP during this period weres primarily concerned
with installation and preliminary checkout of the new dc plasma torch

uranium oxide aerosol generator.

2.2,2 dc plasma torch uranium oxide aerosol generator

This generator, developed by another group within the ART Program,3

has been adapted to the NSPP system. The generator is composed of a METCO
Model 7M plasma flame spray system and a special water-cooled combustion
adapter head through which uranium powder and oxygen gas are added to the
argon plasma flame to produce an aerosol of uranium oxide (U30g). Figure
10 is a photo of the METCO plasma flame system, which is composed of, from
left to right, a power supply, control cabinet, heat exchanger, powder
feed unit, and the plasma torch. The METCO plasma torch fitted with the
special adapter head and powder feed system is shown during operation in
Fig. 11.

Space constraints at the NSPP required that the power supply, control
cabinet, and heat exchanger be installed in one area. The powder feed
unit (contained in a vacuum glove box under an argon environment) was
installed near the vessel, and the plasma torch, including the adapter,
was mounted on the vessel wall., Some function switches on the control
cabinet are duplicated in a remote panel in the NSPP control room.
Generation of aerosol with this system requires three operators — one
in the NSPP control room, one at the plasma torch control cabinet, and one

at the vacuum glove box/plasma torch installition site.
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2.2.3 Preliminary aerosol generation tests

After electrical and control function testing, one aerosol generation
test was made by introducing iron powder into the torch generator. After
several minutes of aerosol generation with an abundant amount of aercsol
produced, the powder feed system gave indications of plugging. After
termination of the test, iaspection of the adapter head revealed that
several of the capillary tubes had been plugged with an iron slag. These
obstructions were removed, and the adapte head was cleaned in preparation
foce the first uranium oxide generation test.

The first uranium test (run 204) was to use 500 g of uranium powder
as source material., Powder feed problems uccurred very early in the gen-
eration period. The plasma torch operated for about 23 min, but only a
very small quantity of uranium powder reached the adapter head. Visual
observation of the vessel interior revealed that the uranium oxide aerosol
concentration was very low; therefore, the run was terminated and no aero-
sol samnples were taken. It was shown that the torch and adapter head
could be operaced for a long period of time without any apparent damage to
ti.e equipment by the high-temperature plasma flame. Posttest examination
of the adapter head revealed somv plugging of the capillary powder feed
tubes. However, the major source of the powder feed problem was with the
feeder unit and the primary powder feed tubing. The very fine uranium
powder appeared to be packed within the powder hopper, thus restricting
its flow into t*e povder feed wheel. Also, the powder feed tubing was in-
stalled such that the powder had to be raised in elevation before reaching
the adapter head, thus causing a 'arge amount of powder to accumulate in
the low point of the tubing.

Before the second attempt to perform run 204, the powder feed unit
was cleaned and the powder feed tubing replaced with a slightly smaller-
diameter tube arranged so that the exit from the powder feeder was higher
than the entry to the adapter head. In additicn, all capillary tubing
in the adapter head was replaced with new tubing. The second attempt was
partially successful, even though uranium powder plugging was again en-
countered within the powder hopper and powder wheel area. The torch was
operated for about 20 min, although most of the aerosol production oc-

curred in the first few minutes. Visual observation indicated sufficient
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aerosol productior to allow the run to be carried out as planned, with
aerosol samples taken for 48 hr. All results from the analytical lab have
not been received at this time; however, an estimate of aerosol mass conm
centration from the cascade impactor data indicates that a maximum concen-
tration approaching 1 g/m3 was achieved. The behavior of this aerosol
produced by the plasma generator will be compared with that of the lower-
concentration aerosol produced by the consummable electrode aerosol gen-

erator (runs 201 through 203).

2.2.4 Future nranium oxide aerosol tests

It appears that the powder feed problems w re caused by the very
small particle size of the uranium powder (<40 um). Before the next
aerosol test, uranium powder of a larger particle size will be obtained.
In addition, operation of the powder feeder will be studied with tungsten

powder as a substitute for uranium powder.

2.3 Basic Aerosol Experiments in CRI-II

G. W, Parker A. L. Sutton, Jr.

2.3.1 Fuel aerosol particle size measurement

As part of an effort to evaluate aerosol size measuring techniques
and instrumentation in :se in IMFBR safety studies, the long-duct spi.ral
aerosol centrifuge (Stober design) has beea applied repeatedly to the U; 0g
(metal oxygen combustion) high-density aerosol in the CRI-II facility.
The rc. its have shown excellent precision and reproducibility; however,
they tend to disagree significantly with the measurements obtained from
inertial cascade impactors such as the Andersen 400 jet nonviable model.
The suspected cause for the consistent disagreement is that the nature
of the fuel aerosols (long branched chains) leads to fracturing by the
impactor jets.

! a comparison of the U;0; agglom-

In the previous quarterly report,
erate size measurements for run PT-19 was made showing the discrepancy
between the centrifuge measurements and the cascade impactor measure-
ments. Similar results were obtained from aaditional comparisons using

size distribution data for runs PT-22 and 24, which had initial U;30g
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aerosol concentrations of about 20 to 40 g/m®, as shown in Figs. 12
and 13.

To test the impactor for wall losses that might contribute to the
factor of two lower apparent sizes measured by the 1opactor, alternate
sarples were taken on silicone oil-coated plates and compared with the
data from the usual filter-paper collectors. No significant difference
was observed between these two collector surfaces, thus diminishing the
effect due to wall losses.

A similar observation on Pu0,—U0; vapor-condensation aerosols has
been reported by Raabe.* When he compared sizes of particles measured by
the Lovelace Centrifuge [operated at Los Alamos Scientific Laboratory
(LASL)] with those derived by an impactor, he concluded simply that im-

[ ctor samples were always smaller in diameter than those obtained with
the centrifuge.

The photograph in Fig. 14 shows the two types of cascade impactor
plates (oil and paper). The apparent concentrations around plates 4 and 5
indicate that the usual aerodynamic mass median diameter (AMMD) measured
by this method is about half the centrifuge value.

Thus, previous nmeasurements made by the impactors on U0, (arc-
furnace) aerosol are questicnable, and the tests should be repeated using
the spiral centrifuge. One such test has been completed with approxi-
mately the same results as with the U3;0g aerosol. Maximum particle
diameters were ~l4 u, compared to arout 12 u for U30g aerosol. This was
at a significantly lower maximum concentration, which tends to agree with
the extra bulk density of U02 vs U30g. These comparative measurements are
to be continued with both Naz® and mixed U30g8-Nap0y aerosols generated
in the NSPP tests and with (e more f.nely subdivided U0, generated in the
CDV/CRI-III tests.

In the two photographs in Fig. 15, the relative deposition profiles
for U30g oxide (run PT-19) and U0, oxide (run AF-11) are conpared to
illustrate the nearly identical size distribution. The AMMDs for run
PT-19 were about 6.5 pym; analytical results not vet obtained for run AF-11

are expected to be nearly the same or slightly larger than 6.5 um.
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2.3.2 Size of aerosol agglomerates calculated from
experimental data

Using the observed condensation nuclei count (Fig. 16), the airborne
mass concentration (Fig. 17), and the average primary particle diameter
derived from the BET surface area measurements of the settled aerosol, a

sample calculation has been performed to obtain an "effective” agglomerate
diameter.

From the condensation nuclei count (Fig. 16), we have

b ) -3
N =4 x 10% e=0.486F 4 1.1 x 105 6.9 x 10 't | (2.1)

In the above equation, the initial value of N, 4 x 109, is calculated
from the initial aerosol mass concentration (C = 20,15 ug/mf at t = 0) and
the initial primary particle diameter (D = 1,05 x 10”5 cm at t = 0),
which was determined from BET surface area. By the definition of the ef~-

fective diameter, we have

3
No (“2 ) = C x 1076 , (2.2)

where D is effective diameter and C is aerosol mass concentration in

ug/me,

C(6 x 10°°) _ 20.15(6 = 10°%)
onD3 8.37(1.05 x 10~%)3

N = =4 x 10? . (2.3)

From the airborne mass concentration data (Fig. 17), we have

C =17 8‘0.0.‘17It + 3.15 e~-0.f)lﬂ;‘t X (2.4)

where t is in minutes. Substituting Eq. (2.2) into the equation above
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(2.5)

b = gfL:91 x 1076 17 e-0-0871t 4 3 15 ¢-0.0162t
P 4 x 10% e=0.484¢ 4 (1.1 x 105 e=6.9 % 107%¢)]"

The effective particle diameter results are listed in Table 4 using

selected values of p of both 8.3 and 1.0 gm/cm3,

The theoretical or bulk

density (8.3 for Uj0g) has no real meaning in the calculation, because the

shape, fluffiness, and large v:id volumes between chains and branches make

the aerosol behavior dependent on the exact nature of these properties,

which are presently not measured.

However, with p = 1, the calculated ef-

fective diameter is in fair agreement with the measured impactor diame-

ters, whereas Stokes diameters more nearly confirm the centrifuge data.

Table 4. Calculated effective particle
diameters of U30g agglomerates
Time Nuclei c o’ o
(min) (em™3) (ug/me)  (u) (w)
5 3.6 x 108 13.9 0.21 0,42
10 3.2 x 10’ 9.8 0.41 0.83
15 2,9 x 108 7.1 0.82 1.7
20 3.4 x 10% 5.3 1.5 3.0
40 8.3 x 104 2.8 1.8 3.6
60 7.3 x 10" 13 1.6 3.2
80 6.3 x 10* 0.88 1.5 3.0
100 5.5 x 104 0.63 1.4 2.8
150 3.9 x 10% 0.28 1.2 2.4
200 2.8 x 104 0.12 1.0 2,02
250 2.0 x 104 0.054 0.8 1,7
300 1.4 x 10 0,026 0,74 1.5
ao = 8.3 g/mt,
p=1g/mk,
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The following equation® is used to calculate the Stokes diameter of

an average agglomerate
JleV g‘g n
d,‘ = r——grE--—~ > (2.6)

dg = St kes diameter (cm/sec),

V = volume of CRI-II vessel,

C = aerosol mass ccncentration (gm/mg),

L = time (sec),

n = viscosity of gaseous medium (= 2 x 107 p),
g = gravitational acceleration (= 980 cm/sec?),
p = particle density (gm/mk),

A = floor area of the ve sel (= 22,000 en?),

Substituting V/¢ = 209,4 cm into the equation above yields

- P,
oy e L i
s 980 ¢ C c o

‘

Equation (2,4) can be written in the following form, in which time is

in seconds:
C =17 e‘[?.l;)Dlh‘}'. + 3.15 e'0.0CC.'?t . (2.8)
and

dc/dt = —0.00145(17)e~0-00145t _ o 00027(3.15)e” 000027 (2.9)

Substituting Eqs. (2,8) and (2.9) into Eq. (2.7) yields

d, -‘/:;IJEL;_AQZf ~0.00145(17) e~0-00145¢t _ O‘oqgilil;Lél_s:?;l{liig] b
‘ - 17 ¢™0.0014SE 4 3,35 ¢=0.00027¢

W
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Table 5. Calculated Stokes diameters
of U308 aerosol particles from mass
concentration measurements

Stokes diameters
Time (u)

(min)

p = 8,3

©
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Stokes diameters calculated from Eq. (2.10) for two density values

are presented in Table 5.

2.3,3 Calculation of number of primary particles per average

agglomerate

The determination of primary particle dfameters of various fuel-oxide
aerosols [either by the surface area (BET) method or by electron micros—
copy] gives an approach to calculate the number of particles per ag-
glomerate for the branched-chained particles. An example is given in
Tahle 6, where the calculation has been made for a typical run with each
of the present aerosols. The number of primary particles per microgram of

an agglomerate is simply

N (% n-‘) p=1x 1078 , (2.11)

Using the BET surface aveas and the equivalent average primary parti-
cle diameters at the material density of fuel oxides (10,9 for U0, and 8.3

for U30g), values of >10,000 particles per agglomerate are calculated for

-
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Table 6. Average number of primary particles per
agglomerate for various aerosols

Average primarv

Aetosol  Surface area parpjcle diameter Time Primary particles
type (nzlgn) (ym) (min) per agglomerate

(voy,) 13 0.044 20 6,600

cov 16 200 15,600

(voz) 5.14 0.14 20 280

AF-10 200 610

(U30g) 6.6 0.11 16 1,446

PT-20 80 3,065

the CDV aerosol, about 450 for the arc-furnace aerosol, and 2200 for the
plasma torch aerosol. Photomicrographs and individual optical counting
with a size comparator agree with these calculations. Tor the plasma

torch aerosol, a typical photograph of agglomerates (Fig. 18) shecws many

particles with about the same average number of primary particles.

=D
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D
=
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particles from run PT=17 initial fall-
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3. ANALYTICAL PROGPAM

Js« T. Han

3.1 Evaluation of Fullout Model Using
NSPP_Data of Tests 106 and 107

The fallout model, which has been widely used in aerosol behavioral
codes, including HAARM-3,® was utilized to estimate the fallout rates from
the mea rements of particle size distributions and aerosol mass concen-
trations obtained in the NSPP experiments. Comparisons of the (alculated
fallout rates with the experimental values were made to provide an evalua-
tion of the fallcut model. The present study presents the calculations
obtained for the rec~nt sodium spray fire experiments (tests 106 and 107)}
along with previously obtained results for the sodium pool fire experi-
ments (test 103 and 104),3

In the fallout model, the settling velocity of spherical particles,

determined from Stokes' law neglecting buoyancy force,? is given as

v = d%pCg | (3.1)
18u,
where
V = particle settling velocity (cm/sec),
d = particle diameter (cm),
p = particle density (g/cm?),
C = Cunningham slip correction factor (=1 for NSPP sodium oxide

aerosoi),
g = acceleration of gravitation (cm/secz).

Mg = air viscosity (g/cm-sec).
The fallout rate per unit floor area F is estimated by
F=Vm, (3.2)

where m is the aerosol mass concentr: ion (g/em®) measured in the ex-
periment.
Figure 19 shows the aerodynamic diameter d; distributions measured

with Andersen impactors in NSPP test 106 at two instances of time after
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Fig. 19. Andersen stack impactor data for sodium oxide aerosol ex-
periment of NSPP test 106,

the termination of aerosol generation. The actual particle diameter d
can be estimated by d = dI/(c)llz, assuming tha* _he Cunningham slip cor-
rection factor is unity. Similarly, Fig. 20 shows the aerodynamic diame-
ter distributions measured in NSPP test 107 at two Instances of time after
aerosol generation was completed. Calculations of average fallout veloci-
ties for tests 106 and 107 are presented, respectively, in Tables 7 and 8,
where each settling velocity was determined by subs _ituting the corres—
ponding value of particle diameter d into Eq. (3.1) (using air properties
at the corresponding measured temi=rature of 65 to 70°C).

Substituting tte average fallout velocity for each case (from Tables
7 and 8, respectively) and the measured aerosol mass concentration into

Eq. (3.2) yields the corresponding fallout rate per unit floor area.
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Table 7, Particle diameter and estimated settling velocity of
Na; 0 aerosol in NSPP test 106

Range of Aerodynamic Settling Average velocity
mass Midpoint diamet&r d elocity Vy V=0,20IVy
(%) (z) (um) "em/sec) (cm/sec)

At t = 147 min

80—100 %0 12,7 0.4327 0.667
60-80 70 7.15 0.1371
4060 50 4.79 0.0616
2040 30 3.18 0.0271
0-20 10 1.74 0.0081

At t = 216 min

RO—100 90 8.61 0.1989 0.342
60-80 70 5.37 0,0774
40-60 50 3.84 0.0396
2040 30 2.76 0,0204
D-20 10 1.45 0.0056

%pctual diameter = aerodynamic diameter/(p)}’/2,

Table 8. Parcicle diameter and estimated settling velocity of
Na0 aerosol in NSPP test 107

Range of Aerodynamic Settling Average velocity
mass Midpoint diameter d velocity Vy vV =0,20 vy
(%) (%) (um)?® (em/sec) (cm/sec)

At t = 145 min

80—100 90 9.23 0.2265 0,351
6080 70 5.50 0,0804
40—60 50 3.59 0.0343
2040 30 1.88 0.0094
0-20 10 <0.53 <0,0007

At t = 226 min

80—100 90 7.29 0.1413 0.213
60-80 70 4,39 0.0512
40—60 50 2.73 0.0198
2040 30 0.50 0,0007
020 10 <0,50 <0.0007

@Actual diameter = aerodynamic diameter/(p)!/2,
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Fig. 20. Andersen stack impactor data for sodium oxide aerosol ex-
periment of NSPP test 107,

Table 9, Comparison of fallout rates calculated
by the model and NSPP data

Fallout rate per

Aerosol mass unit floor area
Test 1M L concentration (ug/sec=cn?) Fmode1/Fexp
(min) (ug/em?)
Fmodel Fexp
106 147 0,215 0.,0287 (G.0229 1.25
106 216 0,112 0.,00766 0,0103 0.74
107 145 0,197 0,0138 0,0275 0.50
107 226 0,092 0,00392 0.,0119 0.33

These results, along with the comparison with experimental data, are pre-
s-ated in Table 9. The fallout rates calculated by the model are of the
same order of magnitude as the experimental data.

Figure 21 presents a summary of the comparison of the calculated and

experimental fallout rates for tests 103, 104, 106, and 137. The agreement
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rig. 21. Comparison of calculated and experimental fallout rates
obtained in NSPP sodium oxide aerosol experiments of tests 103, 104, 106,
ark’ 1070

is reasonable, considering the uncertainty involved in the aerosol particle
size measurements. Since the present fallout model is basically the same
model as contained in the HAARM-3 code, this study provides some verifica-

tion of the HAARM-3 fallout model.

3,2 Preliminary Calculation to Estimate Buoyancy-Induced
Air Velocity in NSPF Vessel

Sodium oxide (Na,0) aerosols have been generated in the Nuclear
Safety Pilot Plant (NSPP) vessel? to simulate the aerosol release and
transport in the (MFBR secondary containment during an HCDA. One of the
objectives of the experiment is to provide data to validate the aerosol

behavioral code, HAARM-3, in which the aerosol system is assumed to be
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well-mixed. The purpose of the present study is to estimate the magnitude
of the buoyancy-induced air velocity required to maintain a well-mixed
aerosol system in the NSPI vessel.

Since the aerosol concentrations and temperature measurements at var-
ious locations in the vessel were approximately uniform, a practically
well-mixed aerosol system did exist in the NSPP experiment. This was
physically achieved by having a heated pan maintained at a constant tem-
perature throughout the test (except in the first 1C to 20 min of the
sodium fire, during which higher pan temperature occurred).

Figure 22 shows the location of the heated pan in the NSPP vessel.
The vessel has a volume of 38.3 w®, an average height of ~5.24 m (= vessel
volume/cross-sectional area of the vessel), and a diameter of 3.05 m., The
heated surface is located about 1 m above the center of the vessel fleor
and is maintained at a constant temperature Th. It is assumed that the
vessel wall is maintained at a constant temperature T,, and the bulk air
temperature is at T_.

Theoretically, the value of T_ can be estimated from the values of

Th and T.. Assuming quasi-steady-state heat transfer in the vessel,
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Fig. 22, Simplified representation of NSPP vessel with heated pan.
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the following equation is obtained:
hpAp(Th = T ) = [hyA} + (hy + hy)A (T — T¢) , (3.3)

where

hP = pnatural-convection heat .ransfer coefficient at the heated
pan,

Ap = surface area of the heated pan = (.805 m? (= 4,33 x 2 ft2),
A} = area of the internal vertical surface = 50,2 n? (540.5 ft?),
A, = area of the vessel ceiling or floor = 7,31 m® (78.7 ft?),

h; = heat transfer coefficient at the vessel internal vertical
surface,

h; = heat transfer coefficient at the vessel ceiling,

hy = heat transfer coefiicient at the vessel floor.

In the equation above, the heat transfer coefficients are dependent
on the value of T ; the trial-and-error iterative technique has to be used
to calculate T_. The values of T calculated from Eq. (3.3), in com-
parison with those measured in NSPP tests 103 and 104, are given in
Table 10, The calculated values fall within the range of the data mea-
sured by 20 thermocouples at various locations inside the vessel. The
average heat transfer coefficient at each surface is calculated from the
empirical formulas given in Holman.®

To estimate the plume rise velocity U at the horizontal midplane of
the vessel (Fig. 22), the solution presented by Morton et al.,gnlo is
used, assuming a point heat source and uniform velocity profiles in the

plume. Thus,

U= 3,73 Q73 x -1/3 | (3.4)

R = 0.12x , (3.5)
and

Q = R%Ug(p_ — 0)/p  » (3.6)
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Table 10,
lated T_ and the experimental

values for two NSPP tests
at 50 < t < 67 min

44

Comparison of the calcu-

NSPP test

103 104
Ty °C 250 250
T 49 68
ocb 59—60 6890
Hp, W/m2-°C 7.34 7.02
Hy, W/m?-°C 2.67 2.55
Hp, W/m2-°C 2.88 2,75
Hy, #/m?-°C 0.805 0.734
T, cal, °C 56 74

aAverage of two thermocouple

readings.

where

bMeasured by 20 thermocouples at
various locations inside the NSPP
vessel,

X = vertical distance between the plume and the virtual point source
(located below the heated pan),

R = radius of the plume at liocation x,

Q = buoyancy flux of the plume = a constant.

To determine the location of the virtual point heat source, the

rectangular heated pan is replaced by a disk at the same surface tempera-

ture Ty and with the same surface area.

For the conditions presented in

T2%le 10, the fictitious disk will release approximately the same amovnt

of heat into the ambient vessel air as the heated pan. The radius of the

fictitious disk is found to be 0.506 m, and the corresponding value of x

from Eq. (3.5) s 4,22 m.

Therefore, the distance between the horizontal

midplane of the vessel and the virtual point heat source of the plume is
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5.846 m (= 4,22 m + 1,62 m). The air density at the horizontal midplane of
the vessel can be calculated from the temperature measurements in the NSPP
experiment. Substituting the values of density p and the vertical dis-
tance x of 5.84 m into Eqs. (3.4) through (3.6), the plume velocity U at
the vessel hor.zontal midplane is obtained. The results are presented in
Table 11 for NSPP tests 103 and 104, The maximum downward velocity U,

at the vessel horizontal midplane (Fig. 22) is also presented in Table 11,
Since the buoyancy-induced boundary layer flow along the cold vertical
wall was turbulent (at Gry > 4 x 108), Chees sright's datal! were used:

Ue =0.29 [gx(T_-— Tc)/T_lo's, with x = 2,62 n, Should the boundary
layer flow have been laminar, Ostrach's analytical result!? would yield
Uo = 0.56 ero's v/x, which is also presented in Table 11,

Table 11, Estimated plume velocity U
and maximum downward velo. ty U, at
horizontal midplane of ti= NSPP
vessel at 50 < t < 67 min

NSPP test

103 104

U, m/s (ft/sec) 0.36 (1.2) 1.0 (3.3)
Uey m/s (ft/sec) 0.21 (0.69) 0,19 (0.62)
Uey m/s (Et/sec)® 0,40 (1.3)  0.38 (1,2)

a
Based on laminar boundary laver calcu~
lation,

In summary, the buoyancy-induced air velocity has been estimated for
NSPP tests 103 and 104 using a simple analytical method. A practically
well-mixed aerosol system was found to exist in the NSPP vessel when the
midplane plume velocity was at an estimated value of 0,36 m/sec (1.2 ft/

sec) or larger.

3.3 Drag Coefficient of Spherical Aerosol Particles

In the HAARM-3 aerosol code,®’!3 the drag coefficient of spherical

aerosol part.cles is calculated with one of the following formulas!“*l5 as
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specified by the user: (1) Stokes' law of Cp = 24/Re, and (2) Klyachko's
correlation of Cp = 24/Re + 4/Rel/3, Stokes' law is applicable only for
Reynolds number values less than unity, whereas Klyachko's correlation has
been recommended for Reynolds number values in the range of 3 < Re < 400,
For aerosol systems containing a wide spectrum of particle sizes, the drag
coefficient may not be accurately calculated by use of either formula
alone. Therefore, the HAARM-3 code could be improved by the incorporation
of a built-in capability to choose the appropriate formula for the drag
coefficient calculation based on the Reynolde number of the particle. The

following correlation is recommended:

26, 4
Cp = o + =73 f(Re) , (3.7)

where

Cp = drag coefficient = D/(nd?p,v2/8),
D = the drag of the particle,
d = particle diameter,
Pa = density of the ambient air,
V = relative velocity between the particle and the air,
Re = Reynolds number of the particle = p,Vd/¥,,
M, = air viscosity,
f(Re) = a function of the Reynolds number,
f(Re) = 0 at Re < 0.3,
f(Re) = 1 at 0.3 < Re < 650,

Table 12 shows the excellent agreement between the drag coefficients
calculated with Eq. (3.7) and the experimental measurements,!“ with a de-
viation of <5Z at Re < 650, The recommended correlation is, therefore,
applicable for most aerosol systems in which the particle Reynolds numbers

seldom exceed 100,
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Table 12. A comparison of the calculated
drag coefficients and the experimental
measurements for spherical

particles in air

Re CD,cafz Cp,exp CD,cal/CD,exp
0.05 480 483,1 ".994
0.1 240 243,8 9384
0.2 120 123.6 0,971
0.25 96,0 99,32 0,967
0.3 95.98 83.21 1.03
0.5 53,04 50,90 1.04
1 28,0 26,92 1.04
3 10,77 10,58 1.02
10 4,257 4,325 0,984
100 1.102 1.094 1.01
200 0.8040 0.7980 1.01
400 0.6029 0.6114 0,986
500 0.5520 0.5680 0.972
600 0.5143 0.5368 0.958
650 0.4987 0.5241 0,952

%Cp.cal = 24/Re + 4f(Re)/Rel’3,
where f(ﬁe) = (0 at Re < 0,3 and f(Re) = 1 at

0.3 < Re < 650,
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