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SUMMARY

The Aerosol Release and Transport (ART) Program at ORNL is develop-
ing a technique for using electrical energy stored in capacitors to place
small samples of LMFBR fuel into very high energy states representative
of those calculated for severe hypothetical core-disruptive accidents
(HCDAs) . The ART program is sponsored by the Advanced Reactor Safety
Research Division of the Nuclear Regulatory Commission. The capacitor
discharge vaporization (CDV) tool is used in the program in a variety of
experiments related to the HCDA source term a..! to the resultant fuel
aerosol properties and behavior,

This tecimnique is being developed in the CRI-III/CDV portion of the
ART program in which the high-energy molten fuel (UO;) is allowed to
undergo free expansion into the CRI-IIT vessel filled with room-temperature
argon at 1 atm pressurc, As part of this development effort, tests have
been conducted in which the major objectives have been to establish the
airborne mass (yileld) and the size distribution of the primary aerosols
as functions of the maximum energy content of the fuel before free expan-
sion, The results of these so-called "upper~limit" tests are discussed
in this report.

In general, at high energy (V3000 J/g) the yields (measured airborne
mass) have been considerably less (about a factor of 1/5) than would be
expected from equilibrium thermodynamic expansion calculations. At lower
energies (<2000 J/g) the yields exceeded the predicted values. Attempts
are made to explain the difference at high energies in terms of potential
energy losses and errors in the experimental measurements. Some potential
effects were identified, but a definitive explanation for the differences
was not established. Additional tests were identified that may be useful
in resolving the unanswered questions in future experiments, and the ana-
lytical efforts to explain the differences will continue,

The size distributions of the primary aerosol particles formed by
nucleation and growth from the vapor state were measured directly from
electron photomicrographs of samples collected on precipitator grids.

The primary sizes were sma'l, ranging from >0.004 to 0.1 Y in diameter.

The distribution of sizes was essentially independent of the initial
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energy state of the molten fuel over the range covered. The size distri-
bution 18 log-normal with a mean geometric diameter dg of 0.014 y and a
standard deviation 0 of 1.8,

The measured sige data may be useful in determining the properties
of the agglomerates for direct input into aerosol behavioral codes when
applied to the HCDA bubble or for cases of direct fuel vapor release

into the secondary containment.
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EFFECT OF ENERGY DENSITY ON AEROSOL YIELD AND PRIMARY
PARTICLE SIZES PRODUCED BY THE CAPACITOR
DISCHARGE VAPORIZATION (CDV) OF UO,

y A. L. Wright
H. W. Bertini M. J. Kelly
T. B, Kress L. F. Parsly
M. L. Tobias J. 8. White
ABSTRACT

This report documents experimental results obtained in
the CRI-ITI/CDV portion of the ORNL Aerosol Release and Trans-
port (ART) Program, sponsored by the Advanced Reactor Safety
Research Division of the Nuclear Regulatory Commission. In
the CRI-111/CDV program, the capacitor discharge vaporization
(CDV) technique is used %o bring simulant LMFBR fuel samples
(U02) to energy states representative of those calculated
for severe hypothetical core-disruptive accidents (HCDAs).
The high-energy molten UO; undergoes a free expansion in
the CRI-1I! vessel, and the vapor produced converts te an
aerosol. This report discusses the results of tests where
the major objective was to establish the U0z aerosol mass
made airborme (yield) and the size distribution of the pri-
mary aerosol as a function of the energy content of the UO;
before expansion.

1. TINTRODUCTION

The capacitor discharge vaporization (CDV) experiments were described
in the work plan for the ART program.1 Briefly, the aim of the CDV effort
is to develop a technique using electrical energy stored in capacitors to
place LMFBR fuel into high energy states representative of those calcilated
for severe hypothetical core-disruptive accidents (HCDAs). The sudden
disruption of the fuel element samples (U0z) by internal pressure ,-ner-
ated by the capacitor discharge and the expected unattenuated character
of the subsequent expansion give these experiments the name of "upper-
limit source term" tests.

The CDV techniquc is discussed in detail in Section 2, aud an exten-
give discussion of the development of the method is given in another re-
port.2 The main features of the method at its present stage of develop-

ment are the following. Test specimens of U0z in specially designed



sample holders are preheated by the direct application of electrical
energy until a substantial portion is molten, and then four banks of
2500~V capacitors are applied to the circuit. The subsequent capacitor ;
discharge increases the energy content of the molten U0, and internal »
prussure ruptur=s a quartz containment. On expanding into the argon-
filled CRI~1.i vessel, the U0, flashes into vapor. The discharge is
monitored “w a high~speed color camera; voltage, current, and sample
temperature are also recorded using high-speed recording oscilloscopes.
The CDV system produces energy deposition rates and total energy per
gram comparable to those expected in an HCDA (10° J/g~-s and up to 3000
J/g total).

Aerosol sampling begins about 2 min after capacitor discharge. The
samples taken include transient airborne mass concentrations, transient
aerosol sizes, and electrorn microscope grid samples of the settled ag-
glomerates.

Section 2 of this report describes the CRI-III/CDV facility in more
detail, Section 3 gives the measured yield results (ratios of airborne
mass to initial mass of molten U0,), a discussion of the modeling of the
energy deposition during preheat and capacitor discharge, and methods of

determining vapor yield by assuming constant internal energy and isen-

tropic expansion of U0, after capacitor discharge., Large discrepancies
between predicted and observed aerosol yields are noted, and possible
energy losses and measurement errors which might account for the low
yields are discussed. Rough estimates are made of effects such as radi-
ation losses from an initial cloud of vaporizing drops and of cooling and
condensing of hot vapor onto U0; microspheres.

The primary siz¢ measurement results, taken directly from the elec-
tron photomicrographs, are presented in Section 4. These show that the
primary aerosol sizes are small (ranging from 0.004 to 0.1 M in diameter)
and that the size distribution is relatively insensitive to CDV energy
density. A cumulative probability plot of the datz shows that the dis-
tribution is log-normal with a mean geometric diameter dg of 0.014 p and
a standard deviation 0 of 1.8. The significance of these size measure-
ments to HCDAs is also discussed in Section 4.
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firing; (b) four-chaunel tape recorder for transient data acquisition
and storage; (¢) digital two-channel storage oscilloscope used for
temperature recording during sample disassembly and other selected
measurements; (d) two-channel storage oscilloscope to record sample
voltage and current during capacitor bank firing; (e¢) four-channel
recorder tc¢ measure preheat cycle voltage, current, and power.

3. Master safety interlock.
Capacitor bank charging control panel.

5. X~-Y plotter used to convert data to graphical format.

6. Video tape recorder to pro.ide permanent preheat cycle visual record.

The test vessel is approximately 107 c¢m (42 in.) in diam and 89 cm
(35 in.) high; it has an available internal volume of 0.56 m® (1.98 x 10!
ft?). The vessel is code certified to 1.06 MPa (140 psig) at 811 K
(1000°F)., A lower chamber, flanged to accept the CDV vaporizer unit, is
equipped with quartz view windows to permit tests to be recorded by high-
speed photography and to permit radiation pyrometer temperature measure-
ments. Aeroso' characterization equipment, described later, is attached
to the upper vessel ports.

Two CDV vaperizer designs are shown in Figs. 2.3 and 2.4. Electrical
current flows through a central conductor, a tungsten electrode, and then
through the test samp’=>. The lower electrode receives current from the
sample and conducts it to the outer stainless steel tubing return pach,
which is coaxial with the U0,.

Test samples consisted of a stack of U0z pellets surrounded by loose
U0, microsphere [diameters from 0.035-0.050 em (0.014-0,020 in.)] or pow-
der packing. The pellet/microsphere assembly is housed in an outer quartz
sheath, which is necessary for containment during preheat. The micro-
sphere packing serves as thermal insulation to prevent quartz melting
during sample preheat and inhibits bypass arcing around the pellet stack
during capacitor discharge. The pellets are spring-loaded between tung-
sten electrodes to allow for expansion during preheat.

Samples for the test cases varied in length between 9 and 11.5 cm
(3.54 and 4.53 in.) and had 0.5-cm (0.20-in.) diameters. The microsphere
packing extended to the inner surface of the quartz tube, which had an
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inner diameter of about 1 em (2.54 in.). Nominal sample loading is 2 g
of pellet and 3+ g of microspheres per centimeter of length.

The sample configuration shown in Fig. 2.3 was used in CDV tests

1-15. A new design, shown in Fig. 2.4, was used in subsequent tests in
order to reduce arcing between the upper tungsten electrode and the cur-

rent return path and to reduce the amount of surface area exposed to the

expanding hot vapor.

In a typical experiment, pellets are preheated to an assumed fully
melted condition (preheat tests indicate that full melting occurred).
Uranium dioxide has a highly negative dependence of resistance with

temperature proportional to T™°., At room temperature, the resistance
of U0, is approximately 10° ; therefore, preheating is needed to bring
the sample to a conductivity at which it can accept high rates of power
input (v10° w/g).

However, stable control of this preheat is difficult due to the
large change in resistivity with temperature, A constant power con-
troller was designed® to deliver a full-range average load power of 4 kW
from a single-phase, 120-V, 60-Hz source. Power control is achiesed using
conduction angle control (phase firing) of inverse-parallel silicon-
controlled rectifiers (SCRs). The test sample is first heated until its
resistance is V100 Q; then the constant power preheater is used to melt
the pellet stack. Sample resistance at the end of preheat is <0.5 Q.

After the preheater is disconnected from the sample, the capacitors
are discharged through the pellet stack until the internal pressure frac-
tures the qua: .z containmant, High-pressure U0, then flash-evaporates
into the argon atmosphere and, after mixing with the argon, condenses

into an aerosol.

The capacitor bank system consists of four modules, each containing

ten capacitors rated for 3 kJ at 2500 V. The modules are connected in

parallel, allowing various combinations of module discharge to be employed.

Energy deposition rates between 0.4 and 1.2 MW/g have been achieved, and

the U0, samples have been placed into average energy states calculated to
be as high as 3000 J/g,
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Data acquisition for the CRI-IIT experimente is concentrated on two
phases: (1) energy input to the pellets and (2) the history and properties
of the aerosol produced.

Voltage, current, and power into the sample during high preheat are
recorded on a four-channel strip-chart recorder, and the sample is moni-

tored by a television camera.

During capacitor discharge, the transient voltage and current into
the sample are converted to suitable amplitudes and recorded. Signal
conditioners for load voltage and current can reproduce the transient
waveforms within $2% with a response time of 30 usec. Also during this
phase, the sample is monitored using a high-speed color camera (10,000
frames/sec) and a high-speed radiation pyrometer focused on the sample.

Pyrometer measurement results for two CRI-III teste are shown in

Fig. 2.5. These results indicate that high UO, energy states are achieved

ORNL DWG 77 - 580

PYROMETER RESULTS I
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Fig. 2.5. Optical pyrometer temperature measurements for selected
CRI-IIT tests.
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corresponding to temperatures greater than 6000 K (10,340°F) in the ex-
panding vapor cloud.

A two-channel storage oscilloscope and a two-channel digital storage
oscilloscope are used to record the fast-rcsponse signals. The former
produces permanent photographic records of data and the latter digitizes
analog data as rapidly as 0.5 usec/point. As a backup storage system, a
four-channel 15-kH frequency response tape recorder is connected in paral-
lel to the storage oscilloscopes.

Sampling of the particulate matter suspended in the vessel begins
“2 min after capacitor discharge. Within the first 2 min, any large
(»4-pum~diam) particles that may have been produced by fractionating of
the liquid are expected to have been precipitated to the vessel floor.

Aerosol mass concentration is determined using a sequential mass
sampler as shown in Fig. 2.6, The normal sample volume taken through
each filter is 5 liters. The collected mass determines the suspended
acrosol concentration at a given time after capacitor discharge.

Plateout samplers equipped with electron microscope grid precipi-
tators are also used; they are shown in Fig. 2.7 with the sampler cover
plate removed. Chemical analysis of collection coupons for a given
exposure time allows plateout rates to be determined. The transmission
electron photomicrographs of the grid samples are analyzed directly to
determine the size distribution of primary particles and the nature of
agglomerates. Both the plateout and sequential mass samplers are mounted
flush with the vessel wall at its midline.

Other aerosol samplers used include electrostatic precipitators,
Andersen cascade impactors, and condensation nuclei counters. The aero-
dynamic size distribution of the agglomerated aerosol is determined from
cascade impactor samples. Particle number counts (number/cm?) are de-
termined with the condensation nuclei counter. This device has an upper
limit of 107 particles/em’; the number count generally does not fall to
this level in the CRI-III vessel until about 15 min after capacitor dis-
charge.

A more detailed description of the facility and measurement instru-
mentation can be found in Ref. 2.
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2.2 Data Reducticn in CRI-III/CDV Tests

Table 2.1 presents a physical description of the test samples, two
of which had thorium oxide (ThO,) microsphere packing rather than U0,
packing.

Table 2.2 presents raw data for the preheat and capacitor discharge
phases and values of the initial aerosol yield. The preheat values are
preset on the power controlier; the amount of energy deposited during
capacitor discharge is determined from the voltage and current data re-
corded on fast-response oscilloscopes. Input power to the sample (power =
voltage X current) is integrated over time up to the time of arcing to
determine total CDV energy into the pellet stack. By comparison of cur-
rent vs time traces with the high-speed movies, the occurrence of arcing
is found to correspond io the time when the quartz ruptures. Once an arc
is produced, either to the electrical return path or to argon in the
vessel, energy is no longer deposited into the sample.

Aerosol yield is determined by fitting the mass concentration vs
time¢ data with an appropriate curve. Typical plots of concentration vs
tim for CRI-III tests are shown in Fig. 2.8. Initial yield is esti-
mated by extrapolating a least-squares fit of the data to zero time,
assuming a first-order exponential dependence of corcentration vs time.

Table 2.3 presents the energy vs yield data determined on a con-
sistent basis — net energy into the pellet stack, calculated from 298 K
(73°F) per gram of pellet, and aerosol yield in grams per gram of pellet.
Tests that included ThO, microspheres were used to determine the parti-
tioning of input energy between the pellets and microspheres during pre-
heat and capacitor discharge. Thorium oxide is a good electrical in-
sulator compared to U0, and has similar thermal properties. Comparison
plots of preheat power vs sample resistance for samples containing UO,
and ThO; microspheres show that, at powers of 250 W/cm, approximately
25% of the input power went into the U0, microspheres. Thus, gross power
inputs were scaled to input power per gram of pellet by using a 0.75 cor-
rection factor. CDV energy input per pellet gram is found using a (s Bl .
scaling factor for low energy depositions and 0.8 for high energy inputs.
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. gable 2.1,
L] ror energy density tests

Physical description of samples

Quartz Nominal Pellet Microsphere
o 1D-0D length mass mass
T (mm) (em) (g) B
2 - 10.4-18 9 19.71 36,6
3 10.4-20 9 20,44 34.8
4 10, 4-20 ] 18.98 36.8
7 10, 4~20 9 1752 37.4
14 10.4-20 9 18.98 35.8
15 10, 4-20 9 17.52 32,9
17 10,420, 4 11.0 21.90 36.8
- 19 10.0-20. 4 10.8 21,90 35.4
: 22 10.0-20 115 23.36 37,3
by 29 10, 4-20 i & .. 23,36 35,1
ry 29 10.0-20.4 115 23.84 37.3
i 9 10,518 9 18.98 30,28
§ 21 10.4~20 11 21.90 30, 67
24 10.4=20 1 21,90 33,50
; “also 1.8 % of stainless filings.
' bTho; microsphere packing,
Table 2.2. Observed data and results
for energy density tests
4 chy pg:gzat Final : anng Aerosol
; B bovar resigtan(e deposived yleld3
(W) (£2) (kJ) (ug/em®)
2 2080 .40 27,98 3. 34
B 2280 0.38 A 0.58
4 2400 0.31 B 1.29
2 2400 0435 19.8 2,04
L2360 0,27 I+ ) e 1
1960 0,24 32 i 704 |
2000 0.42 25.2 2,81
2200 0.41 29.7 2.99
2400 0.31 4.3 0.81
_ 2200 0,39 8.0 0,97
300 0.41 i B B 1.07
2650 0.135 5,8 0.92
2400 0,35 29.2 3.61
2200 0.51 33.9 2,50
0,60 32.9 1.96
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Table 2.3. Firing conditions and results
for energy density tests

High Net 1
CDV  CDV power?  preheat CDV energy® J/g Ae'“sg
a yield
No. (MW/g) power (J/g) from P
(W/g) 298 K4 8/8
2 0.64 87 1240 2910 0.166
3 0,34 95 152 1832 0.018
4 1.21 100 548 2228 0.040
7 1.02 100 880 2560 0.064
12 0.38 98 124 1754 0.042
15 0.81 82 131 1731 0.038
16 0.64 71 960 2560 0.075
17 0.62 75 1080 2690 0.076
19 0.40 83 150 1790 0.021
22 0.60 ;7. 263 1873 0.023
25 0,59 5 364 1974 0.026
29 0.49 86 188 1848 0.023
9 0.99 100 1292 2967 0.113
21 0.45 100 1540 3160 0.064
24 0.40 100 1500 3110 0.050
“per gram of pellet; based on pellet mass given in
Table 2.1.

The particle size distributions produced in CRI-TII tests will be
discussed in Section 4. Electron photomicrograph grids were used to col-
lect particles from plateout or electrostatic precipitator samples.
Photographs of these grids taken at 5000 to 30,000% were used to determine
the size distribution by measuring the sizes and counting the number of
particles in a given size range. The method of collection and length of

sampling time apparently did not influence the size distribution,
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3. PREDICTION OF AEROSOL YIELD AS A
FUNCTION OF ENERCY DENSITY

3.1 Introduction

The purpose of the analysis described in this section is to predict
the dependence of initial aerosol (vapor) yield in the CRI-1TI tests on
energy density in the U0, pellets after capacitor discharge. Calcula-
tions described below, except for low CDV energy inputs, predict vields
much higher than those that have been experimentally determined., Pos~

sible reasons for these differences are discussed below.

3.2 Analysis to iredict CRI-I1I Test Aerosol Yield

The theoretical modeling to predict the aerosol yield in CRI-IIT ex-
periments can be divided into tiree phases: preheat, capacitor discharge,
and expansion after quartz ruptare.

The pellet stack was assumed to be fully molten after preheat (this
assumption was verified experimentally). The preheat steadv-state tem-
perature distribution through the pellet stack was estimated by modeling
the configuration of U0, pellets and microspheres as concentric cyiindrical
regions and equating the sum of the electrical energy deposited into each
region (for a given region temperature, i.e., resistivity) with the radi-
ation heat loss from the outer microsphere surface. An iterative pro-
cedure is used to match measured and calculated preheat power. Thermal
expansion is accounted for by holding known region masses fixed while
adjusting radial boundaries according to saturation densities a- the cal-
culated region temperatures. Boundaries are held iive? jor partially
voided regions, and excess liquid U0, is moved into adjacent available
vold space where mass mean temperatures are calculated. The "pellet
mass" is then redefined as the mass contained in all regions with no void
space. A sampie calculated temperature distribution for test 17 (preheat
power = 2200 W) is shown in Fig. 3.1.

Two similar models were used for the energy input during capacitor
discharge. In the nodel developed by Kelly,? the energy addition by
capacitor discharge was assumed to be so rapid that heat losses and

R T T ER TA IR VTR N MU (VO S e
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Fig. 3.1. Caleulated pellet/microsphere temperature distribution
after preheat for test 17.

internal heat transfer are negligible. The power distribution in the
sample is assumed to be spatially dependent on the local temperature.
The test sample is divided into concentric cylindrical regions with the
region boundaries held fixed. Because heat losses and heat exchange be-
tween nodes are neglected, an arbitrary rate of power addition can be
used. Electrical energy is added to the pellet regions at a rate of 15 MW
per 10-usec time step.

At the start of each time step, temperature dependent equations are
used to calculate the region densities and their electrical conductivities.
For the arbitrarily fixed power addition rate, a pseudovoltage can be cal-
culated from the total sample resistance (parallel conductors). The dis-
tribution of the energy deposition into each region is then determined <

]
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from the voltage and each separate region conductance. The local energy
addition over the time step is allocated to the heat of fusion and to
sensible heat. Because node boundaries are fixed and liquid densities
are assumed to be at the saturation values, the calculated mass in a
given node will vary with time. Excess liquid U0, calculated in a given
time step is moved arbitrarily to outer adjacent regions, and mean tem-
peratures are calculated for those regions. Calculations are continued
in time until a given total energy input is reached.

The second modeling tool used for the capacitor discharge phase was

a modified version of the PAD code,’ a one-dimensional reactor disassembly

code. The modifications to the PAD code essentially consisted of removing
all consideration for neutronic prompt-critical power generation and re-

placing this with electric power generation equations similar to those used
in Kelly's model.

The power routine inputs a time history of measured voltage and cur-
rent through the test sample. Finite-region electrical resistances, again
functions of temperature, are used to determine region currents normalized
to match the total input current. The calculated energy deposited into
each region is then determined from the voltage and region current.

The thermodynamic routine allows energy to be allocated to the fol-
lowing areas: heat of fusion, heat of vaporization, expansion work, and
sensible heat. An energy balance is used to determine the temperature
distribution throughout the test sample; region pressures are then de-
termined from a density~ and temperature-dependent equation of state,

The vapor fraction is determined by equating pressures from the perfect
gas equation of state and an integral form of the Clausius-Clapeyron
equation,

The driving force for material motion, which occurs in the radial
direction in the 1-D PAD code, is the pressure difference between adjacent
regions. Boundaries of partially voided regions are held fixed throughout
the calculation; thus, region temperatures can increase only due to direct
eleetrical energy deposition.

Each approach (Kelly's code and PAD) produces an energy and tempera-

ture distribution in the fuel pellets and in the microspheres at the end
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of the capacitor discharge phase. A sample calculated temperature dis-
tribution using the PAD code (for test 17) is shown in Fig. 3.2. An
estimate (f the vapor yield is then made by assuming that the material

in each roncentric region in the pellet stack flashes and vaporizes inde-
pendeutly of material in other regions.

The vaporization process was treated as an equilibrium thermodynamic
process. An overestimate of the expected yield can be obtained by assuming
that the expansion is adiabatic with no work being done on the surroundings
(constant internal energy). A less conservative estimate of the yield is
made by assuming an isentropic expansion. The appendix contains a descrip-
tion of these calculations.

A plot of percent vapor yield as a function of energy density in a
pellet region is shown in Fig. 3.3. The curves for both constant internal

energy and isentropic expansion yields are essentially linear with respect
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Fig. 3.2. Calculated pellet/microsphere temperature distribution
after capacitor discharge for test 17 (using PAD code).
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Fig. 3.3. UO, quality after expansion as a function of initial
saturated liquid state.

to energy level. This implies that the U0, vapor quality can be estimated

based on the average temperature (energy) in the U0,, provided that all
regions are above the U0, boiling point.

3.3 Interpretation of Results

Table 3.1 presents the calculated results for tests 7, 17, and 19,
using Kelly's code and the PAD code for both constant internal energy
and isentropic assumptions. A comparison of the calculated results for
isentropic expansion with repre.entative experimental data is shown in
Yig. 3ot

The computer model greatly overpredicts the yield for higher energy
densities (e.g., tests 7 and 17) but predicts a somewhat lower yield for
the test with low energy density (test 19). Predictiors for tests 7 and

17 are about a factor of 5 greater than measured values. The predicted
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Experimental and calculated yield
results for CRI-III tests 7, 17, and 19

Theoretical yield (g)

Experi-
Test mental Lashteonte Constant internal
yield energy
(g) —

PAD Kelly PAD Kelly

Y 1.14 5.83 4.83 7.14 6.13

17 1.67 8.23 227 10.58 6.79
19 0.45 0.012 0.143 0.014 0.160

ORNL -DWG 7810211
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Fig. 3.4.
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Calculated and experimental aerosol yield vs energy input.
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yield is less than that measured for test 19; however, if a somewhat
greater energy deposition that was still within the experimental uncer-

tainty was assumed for test 19, the predicted yield could be equal to
that measured,

Yields predicted using the PAD and Kelly codes are smaller than
those predicted by assuming a uniform energy state because of differences
in model equations of state and some redistribution of energy. For
example, Kelly's code includes energy redistribution due to the pseudo-
transport of hot liquid U0, into the colder microsphere region.

Speculated effects that might account for the differences in calcu-
lated and measured yields include (1) energy losses during the capacitor
discharge phase, (2) energy losses during the flashing of liquid to vapor,
and (3) errors in measuring the initial aerosol yield.

Energy loss mechanisms that were investigated and found to be negli-
gible were (1) the kinetic energy imparted to the liquid fragments during
expansion, (2) rediation heat loss between the *ime of preheat cutoff and
capacitor discharge, and (3) the energy necessary to produce small drop-
lets by fragmentation.

A mechanism for energy redistribution during capacitor discharge is
the potential movement of hot liquid U0, into the cooler microsphere re-
gion. This mass removal from the region of greatest energy input reduces
the quantity of liquid that can potentially produce vapor. Kelly's code
simulates this effect by arbitrarily moving excess pellet liquid (change

in volume due to thermal expansion) into the microsphere region. This

technique accounts for part of the yield discrepancy (see Fig. 3.4);
therefore, improvements in the modeling of this mechanism will be con-
tinued to obtain a better estimate of its effect on vapor yield.

A sensitivity study using the PAD code is also being conducted.
Such a study should delineate the range of calculated yields that could
result from lack of precisec krowledge of U0, properties such as specific
heat, electrical and thermal conductivity, and the vapor-pressure re-
lationship.

Any energy lost from the liquid U0, before production of vapor will
reduce the yield. Figure 3.5 illustrates the calculated reduction of
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adiabatic expansion fuel quality for arbitrary energy losses. The ini-
tial U0, condition for this figure is assumed to be saturated liquid at
6000 K (which was approximately the energy content of the U0, pellets in
tests 7 and 17), and the firal pressure after expansion is taken to be
0.101 MPa (1 atm). Two heat loss mechanisms that could occur during
expansion are (1) liquid U0, may lose heat by radiation rapidly at the
expense of vapor production; (2) vapor mav recondense onto U0, micro-
spheres, which have a large surface area and could be V1000 K cooler

than the vapor.
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After quartz breakup, U0, is assumed to be ‘n the form of droplets
at temperatures greater than 4000 K., Radiation cooling may rapidly re-
duce the liquid temperature to that corresponding to 1 atm pressure (the
surrounding argon pressure), below which vapor will not be produced.

Drop cooling times can be estimated by a lumped system analysis for the

liquid temperature TR' The governing equation is

dT

ey u
PV 2= = —Acot? |, (3.1)

where

V= % nr’,

A= 4 ﬂrz,
r = drop radius,

P = liquid density, assuming p (5000 K) = 8.1 g/cm® (Ref. 4) is
representative,

= 0.62 J/n-K,
cp /

¢ = 5,67 (107'?) W/em?=K (assume £ = 1),

Equation (3.1) can be solved to give the time tc required for a drop to

cool from T1 to ’I‘f = 3761 K, saturation temperature at 1 atm, as follows:

DCQ!‘ gt | 3
tc s 7 ('rf - 'r1 34 (3.2)

Table 3.2 presents estimated cooling times for values of Ti and drop

radius r. Note that these times are of the order of 1 msec or less for
drops of 10 um (0.001 cm) radius. This indicates that radiation cooling

can be a powerful heat loss mechanism if the drop sizes produced are small

If the rate of radiation heat cooling is comparable to or greater

than the net evaporation rate, much of the potential for vapor formation
could be lost.

A kinetic theory expression for the evaporation rate (neglecting
self-condensation) is®

aepaat(Tk)

JZerT2

Evaporation rate = g/cm’-gec (3.3)
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Table 3.2. Drop cooling times
for di‘ferent initial
temperatures and

drop sizes

T1 (K) r (um) tc (sec)

6000 1000 0.139
100 Th-n 4G"*
10 1ok % a0

5000 1000 0.106
100 1.1 x 10°*
10 1.1 = 302
4000 1000 3.4 » 0~*
100 5.1 =30t
10 3.1 k0™

where oe = an accommodation coefficient and Psat(TK) = UO2 saturation

pressure at T; = exp [~4.34 ln(Tl) - (76800/T2) + 69.979) dynes/cm®.

The comparable equivalent amount of heat loss due to evaporation is

g P t(T )h

R0 iy
Evaporat »n heat loss = EL = ——-22 J/em?-gec , (3.4)
VZHRTR
where hlv = 1800 J/g for VO,.

Table 3.3 shows EL compared with the radiation heat loss rate, as-
suming Ue =1 and € = 1. For oe = 1, evaporation rates are much greater
than radiation heat loss rates. However, . 1 is the theoretical upper
limit, and, in fact, 0e << 1 18 not unrealistic. 1If O is of the order

of 0.01, radiation heat loss will certainly become important. 1In
addition, we have not accounted for recondensation of vapor on drops,

which would reduce the net evaporation heat loss rate.

Radiation heat loss could also be important ia a reactor accident
because fuel will be at very high temperatures. In addition, the but hle
expansion time is tens of milliseconds in a reactor, meaning that radiant
loss could be even more important than in the CDV tests, where expansion
times are much shorter.

D N N N S ATy S N S Y S T I u TSR
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Table 3.3, Comparison of evaporation and radiation
heat loss rates for . AR TN |

Oepsat(Tf)h"v
. P :?____‘l___ e Py
EL /zx;ﬁR:T? o L(ﬁlgu
TQ (K) EL (J/cm?-sec) RL (J/em?-sec) EL/RL
6000 4.55 x 108 7.85 % 10° 619
5000 8.51 x 10° 3.54 x 10° 240
4000 5,98 ¥ 10" 1.45 x 103 37

Condensation on the cold microspheres could also reduce the apparent
vapcr yield because of their low temperature [Vv2500 K (4041°F) after CDV
discharge] and large surface area. A simple scoping analysis was used to
estimate the magnitude of this effect. A solution of the heat equation
in spherical coordinates, assuming constant initial microsphere tempera-

ture and constant suiface temperature for t > 0 gives:®

. = 28 v (1" anr) -agn’nt/a’
s AR S I 'ro)[1+r " sin(a)e . (3.5)

n=1

where

a = microsphere radius,

r = radial coordinate,

T = microsphere temperature = Ts(r,t),

T° = initial microsphere temperature, assured to be 2500 K (4041°F),
T = drop surface temperature,

a_ = UO; thermal diffusivity = 4.84(107?%) 5‘5-2- :

The heat gained by a microsphere per unit surface area, assumed to be due
to condensation, ie

£ . 41 e o 7\ 0 3 ( 8 -asnznztlaz)
q, -[ k ar, dt By ol R . (3.6)
a 8 n=1

where k. = U0, thermal conductivity = 0.03 W/cm-K.
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Microspheres used in CRI-III tests were from 0.018 ecm (0.007 in.)
to 0.025 em (0,010 in,) in radius.
of 36 g and a microsphere surface temperature of TBo = 3761 K (6310°F)

Assuming a total microsphere mass

(saturation temperature at 1 atm pressure), values of possible heat loss

due to condensation on microspheres were calculated. These are presented

in Table 3.4,

Table 3.4. Estimated heat loss
to microspheres for various
sphere sizes and contact

times
Contact time a Qe
(msec) (em) (J)
9.3 0.025 2389
0,018 3291
a2 0.025 7141
0,018 9609 |

For a U0; heat of vaporization of 1800 J/g, these calculations indi-
cate that more than 5 g of vepor could condense in a contact time of 1 msec.
However, contact times are likely to be of the order of 0.1 msec or less —
the time scale for vapor to convert to an aerosol. For a 0.l-msec con-
tact time, approximately 2 g of vapor could condense. This would account
for part (roughly a factor of 2) of the factor of 5 difference in experi-
mental and calculated vapor yields at high U0, energy densities.

Future tests must be relied on to determine the amount of condensa-
tion on microspheres, Posoible ways to evaluate condensation on micro-
spheres in future tests are to (1) change the microsphere size (and thus
the microsphere surface available for condensation) to determine the ef-
fect on the aercsol yield; and (2) use therium oxide microspheres which
could be collected and chemically analyzed after a test to determine how
much UO,"had condensed onto them.

Certain aspects of the experimental procedure suggest that the de-

termination of the measured yield may be lower than that which is actually
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produced in the CRI-IIT tests. The major possibility for error is in the
estimate of the initial aerosol concentration from the plot of aerosol
concentration vs time., As discussed in the explanation of data reduction
in Section 2, aerosol mass measurements commence V2 min after a test
begins. The initial (time = 0) aerosol concentration is estimated by
fitting a first-order exponential . -ve to the first few data points in
the plot of concentration vs time. Some concentration vs time data are
presented in Fig. 2.8.

The trend of the data in Fig. 2.8 for tests 21 and 24 indicates that
very rapid changes in the aerosol concentration are occurring early in
the transient, meaning that initial concentrations could exceed present
estimates. In future tests, mass sampling will be performed automatically
as soon as possible to provide a better estimate of the yield. This will

be accomplished by installing solenoid valves in the mass sampling system,

Other possible aerosul loss mechanisme are plateout of liquid and
condensation of vapor on the vaporizer housing and aerosol plateout on
the side walls of the lower portion of the CRI-III vessel (see Fig. 2.1).
After the first 15 CRI-III tests, the vaporizer design was changed to
minimize cool structure previously in the path of expanding material;
this change appears to have had little effect on aerosol yield. However
in future tests the housing will be examined in an attempt to determine
the actual amount of material deposited there.

After capacitor discharge, the aerosol expands from a confined area
into the entire vesscli volume. To determine whether much of the aerosol
has plated on the lower vessel walls, tests should be performed with the
vaporizer mounted at the vessel midline so that adjacent wall structure

is less likely to interfere with the expanding aerosol cloud.
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4. SIZE DISTRIBUTION OF PRIMARY PARTICLES
PRODUCED IN CRI-ITI/CDV TESTS

An important measurement in the CRI-ITI/CDV tests is the determina-
tion of the size distribution of the "primary" aerosol particles. The
dependence of the size distribution on energy density and the nature of
the distribution are discussed here, as is the possible importance of

these results in assessing the consequences of HCDAs.
ChV~-produced aerosol agglomerates are collected on both diffusion

and electrostatic grid precipitators for observation under a transmission
electron microscope. Figure 4.1 is a photomicrograph of a typical CDV

U0, aerosol. These high-magnification photographs are analyzed by manually
counting and measuring the particle sizes.

Three CDV tests at low energy density (tests 19, 22, and 29) and three
at high energy density (tests 16, 21, and 24) were selected for detailed
primary particle size analysis. Figure 4.2 is a histogram of the number
of particles in logarithmically selected size groups for four of the tests.
(Tests 19 and 22 were omitted for clarity; however, they showed the same,
almost identical, size distributions as the other runs.) The figure shows
that under the conditions of aerosol formation in CRI-III, the variation
in energy density for these tests (approximately 1400 J/g) does not sig-
nificantly affect the size and distribution of the primary particles.

Figure 4.2 also shows a similar histogram from an earlier CDV test
(AEDC~14) in a different vessel. The energy density for AEDC-14 was com-
parable to that for the three high-energy density tests shown in the fig-
ure. The only significant difference between this test and CRI-III tests
is the total volume of the vessel into which the aerosol was released;
the slightly different primary size measured for AEDC-14 does not appear
significant.

The composite cumulative number distribution for the six tests is
shuo'm on log-normal coordinates in Fig. 4.3 along with the same data
converted to a mass basis assuming spherical particles of density of
10.9 g/cm’. The primary particles have a log~normal distribution with

a mean geometric diameter of dg = 0.014 u and a standard deviation of
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Fig. 4.2, Electron photomicrograph numerical counts vs particle
size for individual tests.

08 = 1.8. Although >99% of the particles have diameters less than 0.06 W,
about 607 of the total mass resides in these particles.

Figure 4.4 presents cascade impactor measurements of agglomerate
"aerodynamic" diameters at different times during the aerosol transient
in three CRI~III tests. These diameters also follow a log-normal distri-
bution and have a mean diameter (d,,) that apparently increases later in

the transient.
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The importance of the primary size distribution measurements in
ussessing the consequences of an HCDA is somewhat uncertain at this time.
Due to rapid agglomeration of aerosols at high concentrations in an HCDA
bubble, the "source'" aerosol size (as it may be released into the secondary
containment) may bear little relationship to the size of the primary aero-
sols initially formed by nucleation and growth from the vapor state.

For example, a simple scoping calculation for an HCDA can be made
by assuming that the HCDA bubble volume is "V24.9 m® (880 ft’, the cover
gas volume), of which about 20%Z is made up of noncondensable fission
gases and the rest of fuel vapor (V5 X 10° g).7 Assuming that all the
vapor becomes an aerosol of 0.001 ym in diameter and occupies the same

volume as the noncondensables, the number dencity would be

(0)g.001 ym = 10'? particles/cm® .

If the aernsol size were much larger, 1 um in diameter, the number den-

sity would be

3
= 10'? (Q;le) = 10'° particles/cm®

(n) 1

1 Um

It can easily be shown from the Smoluchowski equation8 for coagula-
tion of monodisperse fuel aerosols [(dn/dt) = —Kn?, n = number density]
that as long as n is greater than about ! particles/cm3, only a frac-
tion of a second is required for rapid agglomeration to reduce the number
density to 10'° particles/cms. Moreover, the time required to reach this
number density is not significantly increased for an arbitrarily higher
number density. Since the HCDA bubble rise time has been estimated to
be 1 to 2 sec, there is ample time for the aerosol to increase in size
before the bubble has risen significantly.

The significance of the primary size distribution may therefore lie
in the potential influence of the initial size on the characteristics and
behavior of the resulting agglomerates. A l-um-diam (equivalent) aerosol
particle made up of chains of many 0,001-um primaries may behave aero-
dynamically differently than a similar-sized particle made up, for in-
stance, of chains of 0.0l~um primary particles,
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In addition, it is possible that the release into the secondary con-
tainmeat may consist partially of fuel vapor that has not yet condensed
into an aerosol. 1In this event, vapor quenching in the secondary con-
tainment would produce primary-sized particles at low enough number den-
sities that significant time would be required to produce larger sizes.

The potential effect of small aerosol sizes on the quantity of aero-
sol that may leak into the atmosphere from the secondary containment can
be calculated using the HAARM-2 code.® Figure 4.5 shows the result of a
calculation for two greatly different assumed initial aerosol mean sizes
with a given initial concentration of 10 g/m3 and a given leak rate of
0.1 vol %/day. The figure indicates that for direct release of fuel

vapor into the secondary containment, a difference in initial size of
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Fig. 4.5. Aerosol mass leakage from a secondary containment-sized
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the primary aerosol "source" could be significant in determining the
total that could potentially leak to the atmosphere.

-

In the Fuel Aerosol Simulant Tests,'® the CDV technique will be used

|
sv
:

to psvu.ce U0, vapor bubbles under water and under sodium. Aerosol may

% T

be produced during bubble expansion — viich will occur in V10 msec rather
than the 1 mser in CRI-III tests — and during bubble rise, which may take
as long as 2 sec, Thus the CRI-IIT particle size measurements will also

provide an important basis for comparison with measured size distributions

from the FAST experiments.
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5. CONCLUSIONS AND RECOMMENDATIONS

The results of tests in the CRI-III/CDV facility to determine the
effect of energy density in the UO, pellets after capacitor discharge
on the resultant initial aerosol (vapor) yield and primary aerosol size
distribution were presented and discussed in the previous sections. The
major conclusions that were reached are:

1. At high energy content (V3000 J/g), measured airborne mass yields
have been about a factor of 5 less than those that would have been expected
from equilibrium thermodynamic expansion calculations. Attempts were made
to explain the differences at high energies in terms of potential energy
losses and errors in the experimental measurements. Some potential ef-
fects were identified, but a definitive explanation for the differences
was not established.

2. The primary aerosol sizes were small, ranging from greater than
0.004 to 0.1 um in diameter. The size distribution was essentially in-
dependent of the initial molten UO, energy density over the range covered.
The size distribution was log-normal, having a mean geometric diameter
of 0.014 u and a standard deviation of 1.8. The measured size data may
be useful in synthesizing properties of agglomerates for direct input into
aerosol behavioral codes when applied to the HCDA bubble or for cases of
direct release of fue) vapor inte the secondary containment.

Additional experiments are necessary to determine the differences
in yield obtained by measurements and by calculations. Such experiments
would fall into two classes: (1) additional tests to determine if the
aerosol yield is being measured correctly (described at the end of
Section 3), and () experiments to isolate different heat loss phenomena
that could result in loss of yield. Such tests might entail using larger
diameter microspheres in pellet stacks (so that potential vapor conden-
gation on them could be reduced because of their reduced surface area)
and performing vaporizations with a material of much lower boiling point,
80 that the potential for radiation heat loss during expansion would be
reduced.
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Appendix

METHODS USED TO CALCULATE UO, VAPOR
QUALITY AFTER EXPANSTON

If U0, is initially in the saturated liquid state at some elevated

temperature T,, it can flash to a final pressure P_ with a corresponding

: i 4
final temperature 'rf and create vapor at some quality x in the process.

The quality will be greatest for an adiabatic expansion, where the system

does no work on the surroundings. The internal energy remains a constant

for the adiabatic, no-work case as can easily be seen from the first law

du = dq — pdv , (A.1)

where u, q, and v are specific internal energy, heat added to the system,
and specific volume, respectively.
A constant internal energy implies

UR(Ti) . UR(Tf) * X UQg(Tf) (A.2)

for the process; the subscripts % and g refer to the saturated liquid
state and to the transition region from saturated liquid to saturated
vapor. The quality X is determined from Eq. (A.2).

The temperature dependence of the specific internal energy of the

saturated liquid U0, is given by"
U (T) = (122,109 + 0.473014T — 2.36112 x 107°1% + 4.25418
x 107°1?) 31 + 0.370629 exp [(T — 8010)/130]( e

where U is in J/g and T in K. Since the initial temperature is given,
the first term on the left can be calculated; the final temperature is

the saturation value at the final pressure. The saturation pressure as

a function of temperature is given by"
PZ(T) = exp [—4.34 In(T) — (76800/T) + 69.979] , (A.4)

where the pressure is in dyne.a/cm2 with T in K. Equation (A.4) can be
solved for Te and Eq. (A.3) can be used to solve for UQ(Tf).
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No correlation was available for UQS(T); however, correlations are
availabtle for VR(T) and vg(T). Therefore, use of the Clausius-Clapeyron
relation will allow Ugg(T) to be determined as described below. By the

defivition of enthalpy,
his D 4 pv ., (A.5)

Since URg represents a change in the internal energy from the saturated
liquid state to the saturated vapor state at constant pressure,
hzg(Tf) = Ulg(Tf) + PQ(Tf) vlg(Tf) . (A.6)
Quantities other than Ung rust now be determined. The saturated
liquid pressure Pg(Tf) is given by Eq. (A.4). The change in specific
volume from liquid to gas at the final temperature vlg(Tf) is obtained

by calculating vg(Tf) and vg(Tf) and subtracting one from the other.

These are given by"

0.33258 Y
{1+ 2.51373 [1 — (T/8000)]0-%02581] M /8 »

vl(Tf) = (A.7)

and
& 8 ~0.,924647
vg(Tf) 4.06768 x 10°[P, (T)]
x {1 — 0.686733 exp [(T — 8000)/200]} em®/g . (A.8)

The last term in Eq. (A.6) to be specified is hls; this is calcu~
lated from the Clausius-Clapeyron equation, that is,

om  lu® Gt
dT Tvy 5 o B 3
8
where the derivative is taken along the liquid saturation curve. The

saturated-liquid pressure is given by Eq. (A.4), and its derivative is

ﬂs%ll = (7680077 %% — 4.34T7%'%%) exp [(~76800/T) + 69.979] .  (A.10)
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Hence, hkg can be calculated, thus allowing UQS and finally the quality
X to be found.

As mentioned in the text, an adiabatic-isentre»ic zxpansion is
probably more realistic because the work done on the surrounding medium
by the expanding vapor is included. The quality calculated in this man-
ner will be less than that for the adiabatic, no-~work, expansion.

For thie process, entropy is conserved by definition; therefore,

sl(Ti) = sQ(Tf) + X ng(Tf) R (A.11)

This equation can be solved for the quality x. The specific entropy of
saturated liquid U0, at temperature T(K) is given by"

8,(T) = —3.8067196 + 0.473014 &n T — 4.72224 x 107°T
+ 6.38125 x 107°T? + (0.17415 — 8.546 x 10™°T
+ 1.57672 x 107°T?) exp [(T — 8010)/130)
+ exp (-67.9445 + 2.36358 x 1072T — 3.38261 x 107°7?

# 1.74433 % 10TV TN (a/e ) . (AAD)

In order to calculate Szg(Tf)’ one again makes use of the Clausius-

Clapeyron equation (A.9), where hlg(Tf) and vlg(Tf) are quantities associ-~

ated with constant temperature and pressure processes along the saturated

liquid line. From the standard thermodynamic relation,

T ds » dh —~'v dp , (A.13)
and it follows that

T ds = dh (A.14)
at constant pressure. Hence,

hy (T)

T , (A.15)

o¢§(T) =
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and substitution into Eq. (A.9) gives

dp(T) o, A1)
[.ﬁ..] o i A 16)
Tf SN

from which 8gg can be calculated. Therefore, all specific entropies in
Eq. (A.11) can be calculated, allowing the quality X to be determined.
The methods outlined above allow the calculation of the quality,

given an initial temperature and final pressure, for the limiting case

of an adiabatic expansion, no-work case, and for a more realistic isen~-
tropic expansion., The outputs from both the Kelly and the PAD codes give
the final temperature of each cylindrical region and also the mass of
each region at the end of the capacitor discharge just prior to quartz
rupture. The total vapor fraction was then calculated by finding (by

the methods described above) the quality to be expected from each cylinder
upon independent expansion to the final state, multiplying this quality
by the mass of the cylinder, summing such products over all cylinders,

and dividing by the initial mass of the fuel pellets.
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