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L. Leibowitz, R. A. Blomquist, J. K. Fink, P. A. Finn,
D. F. Fischer, D. W. Green, J. J. Heiberger, C. Kim, R. Kumar,

G. T. Reedy, A. Sheth, F. A. Cafasso, and L. Burris

ABSTRACT

A report of the work on Reactor Safety and Physical
Property Studies performed in the Chemical Engineering Division
at Argonne National Laboratory is given for the period July
1975-June 1976. The report includes the following: a progress
report on the measurement of the enthalpv of uranium-plutt'nium
carbide by drop calorimetry; progress on development of pulse-
heating techniques for high-temperature heat capacity and vapor
pressure measurements; study of the vapor pressures of reactor
fuels by matrix-isolation spectroscopy; evaluations and extra-
polations of thermophysical property data for uranium carbide
and nitride; a discussion of efforts to develop a standard set
of thermophysical property values for safety analysis; a dis-
cussion of studies aimed at measuring the thermal diffusivity
of molten U0 2 ; an investigation of the interactions among various
reactor materials; a report on preparations to measure the
viscosity of molten ceramics; an analysis of some phases of
post-accident heat removal following a hypothetical core-dis-
ruptive accident; and a report of calculations dealing with the

release of radiological material in hypothetical GCFR accidents.

SUWMARY

Chemical Engineering Data for Fast Reactor Safety Anasis

High-Te!Terature Physical Properties and Equation of State: EnthalpieN

and Heat Capacities by Drop Calorimetry. An induction-heated drop-calorimetric
system was modified to allow enthalpy measurements at temperatures as low as
1000 K. This system was used to measure tae enthalpy of (Uo sPu0..)C from
1039 to 2421 K. By combining the measured enthalpy values with previously
estimated low-temperature enthalpy data (900 K and below), an equation was
derived that is applicable over the temperature range from 298 to 2548 K.
Thermodynamic functions of (U0 .8Puo. 2 )C as a function of temperature are also
given.
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Pulse-Heating Technique. In collaboration with the National Bureau of

Standards, a technique of high speed (microsecond) pulse-heating is being

developed to measure the heat capacity and the vapor pressure of uranium

dioxide and other reactor materials at temperatures greater than 3300 K.

Vapor Pressures of Reactor Fuels at High Temperatures. The matrix-
isolation technique in combination with Fourier transform infrared spectro-

scopy has been used to study high-temperature species of interest to reactor
safety. Vibrational frequency data and molecular geometries obtained in
these studies are used to calculate thermodynamic functions and vapor
pressures using methods of statistical mechanics. Progress is reported in
three areas: (1) the published value for the bending mode frequency of
U0 2 has been shown t, be erroneous. but an alternative assignment has not
been made; (2) the vibrational frequency of UN, as well as the stretching
modes of a linear N-U-N molecule, has been measured; and (3) systems design,
fabrication, and testing are nearly complete in preparation for the study of
matrix-isolated plutonium oxides.

Analysis and Extrapolation of Measure. Physical Property Data. As a
part of a program to extrapolate various low-temperature thermophysical
property data for candidate advanced fuel materials to the liquid region,
which are of interest to reactor safety analysts, attention was devoted to
nitride fuel. The various techniques used to estimate physical property
values for carbides were applied to nitrides as well. The properties extra-
polated here include 'iquid density, heat capacity, enthalpy, vapor pressure,
thermal conductivity, and viscosity. The lower temperature data, as well as
the basis for the extrapolations, are presented.

Data Analysis and Compilation. A handbook, "Properties for LMFBR Safety
Analysis," ANL-CEN-RSD-76-1, has been issued. Thermophysical and mechanical
property data for oxide fuel, sodium, and steel, of interest to reactor
safety analysts, have been evaluated and compiled. Revisions, corrections,
and auditions are planned.

Chemical Engineering Data and Modeling for Post-Accident Heat Removal Analysia

Physical Properties and Interaction Studies. Analysis of the experimental
data is continuing in an effort to reconcile the differences between the U02
thermal diffusivities computed by the two different methods used earlier.
The complex computer program AMPHAS had given values about a factor uf three
greater than those obtained with a simple model using the Cowan method extended
to three layers in series. It has been concluded that the simple model is
inapplicable to the three-layer system. Results from AMPHAS have been compared
with results from another two-dimensional model TWODE, a one-dimensional model
ONED3L, and a one-dimensional four-layer model ONED4L. Some, as yet unexplained,
differences have been observed. Further analysis is continuing, and some
experiments are planned to test the various models.

Interactions of Reactor Materials. To study potential interactions
among reactor materials at high temperatures, a system capable of attaining
temperatures on the order of 3300 K in an inert atmosphere by rf induction
heating was designed, constructed, and tested. Some scoping tests at tem-
peratures below 2000 K were performed using a resistance furnace. These
were done in preparation for experiments in which the rf induction-heating
system will be used.



Viscosity of Molten Reactor Matrials. Viscosity measurements are
needed for modeling studies being perf armed for post-accident heat removal
to analyze the behavior of sac r if I ' i a beds. The osc i llat ing cup method
was chosen, wherein the logarithri decrement of a torsionally oscillating
cup is measured and can then he r 'ated to viscosity. Preliminary measure-
ments are being made on water.

Chemical Ergineering Modelinj r :-Accident Heat Removal. The
modeling work has been focused in thre. areas: the growth of core debris
pools in sacrificial barriers, the thermal attack on the melting of stainless
steel reactor internals by the decay heat-generating fuel debris settled on
them, and the upward heat loss from bare fuel or fuel-steel layers. The
computer program GROWS has been further improved by ,Haking provisions for
transient heat conduction in the barrier; this improvement results in a
reduction of the computed ultimate size of thE debris pool. Results from
GROWS are sensitive tr the melt viscosity used; similar sensitivity studies
are continuing on other physical properties. A computer program DEBRIS is
being written to study the melting of the in-vessel thermal baffle and core
support plate in the FFTF, and the bottoms of the reactor vessel and guard

vessel in the FFTF and the CRBR, by the hot fuel debris. The analysis of
the upward heat loss from a fuel or fuel-steel layer to a gas-filled enclo-
sure has shown that heat loss by convection is lower than that by radiation

by about two orders of magnitude; heat loss by fuel evaporation is still
lower by at least another order of magnitude.

GCFR Safety Analysis: Radiological Release Assessment

A scoping study was conducted to assess the radiological release

consequences of hypothetical core disassembly accidents in Gas Cooled Fast

Reactors (GCFR). The accidents considered are: (1) reactor depressuriza-
tion without scram, (2) flow coastdown with scram (with and without the

assumption of duct fallaway prior to fuel melting), and (3) flow coastdown

without scram.

Accident analyses were conducted for the reference 300 MWe demonstra-
tion GCFR. Some of the important conclusions derived from the study are:

(1) For depressurization without scram, when 5% of the fuel inventory
has vaporized at the time of core disassembly, it is estimated that about
2.5 to 15 x 10-1 kg of fuel will be released to the environmen! in the form
of mixed-oxide aerosol.

(2) For flow coastdown with scram, no fuel release is expected so long
as at least one auxiliary cooler is active. In the case of complete failure
of the core auxiliary cooling system (CACS), the amount of fuel aerosol
released is negligible.

(3) For flow coastdown without scram, fuel aerosol release up to
2.5 x 10-4 kg is estimated.
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REACTOR SAFETY AND PHYSICAL PROPERTIES STUDIES

The primary objective of these studies is to provide thermophysical
property data for use in reactor accident analysis, phenomenological modeling,
and post-accident heat-removal analysis. Some of the values produced in the
program are the result of experimental work, whereas other values result from
the extrapolation of experimentally determined data to higher temperatures by
theoretical and analytical techniques. In addition to providing reactor
analysts with consistent and accurate data, areas are being pinpointed where
additional experimentation is needed.

1. CHEMICAL ENGINEERING DATA FOR FAST REACTOR SAFETY ANALYSIS
(L. Leibowitz)

A. High-Temperature Physical Properties and Equation -f State

Experimental .:ork is being done to obtain data needed to provide data
values on various thermophysical properties from near normal reactor-operating
temperatures to the much higher temperatures involved in hypothetical core-
disruptive accidents.

1. Enthalpies and Heat Capacities by Drop Calorimetry
(D. F. Fischer)

Enthalpy data are needed for many reactor materials. One of these
is uranium-plutonium carbide, a material of increasing interest as a reactor
fuel. Because no enthelpy measurements have been reported on the mixed
carbides, enthalpies of (U0 .8Pu0 .j)C were measured from 1039 to 2421 K.

An induction-heated drop-calorimetric system' developed for high-
temperature enthalpy increment measurements of materials containing plutonium
was modified to enable experiments to be performed at temperatures as low as
about 1000 K. Previously, this system could not be used for measurements
below about 2300 K.

In an experiment, a sample sealed in a tungsten capsule* was sus-
pended by tungsten wire in an induction coil and heated to the desired tem-
perature. The capsule temperature was measured by sighting a disappearing-
filament-type optical pyrometer with automatic matching onto a blackbody
cavity (length-to-diameter ratio "14O) extending into the capsule. 141hen
temperature equilibrium was reached, the suspension wire was vaporized by
means of a condenser discharge, whereupon the hot capsule fell into a com-
mercial adiabatic calorimeter which had been modified by adding a drop tube
and a sample receiver. The temperature rise of the calorimeter was measured
using a quartz tnermometer. The procedure was repeated with an empty capsule,
and the enthalpy of the sample was found by difference.

An essential aspect of the experimental program to measure the enthalpy of

(U,Pu)C In the solid phase was sealing the (U,Pu)C in tungsten capsules by

elect ron-eam welding. The filling, -tiving. and t-srting of the capsules

were done by Lawrence Livermore Livermore Laboratory.
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A schematic view of the calorimeter system is shown in Fig. 1.
Details of construction and operation have been presented elsewhere.It,
During the series of runs, pyrometer calibrations were performed regularly
and were based on a pair of tungsten-ribbon lamps that had been calibrated
by the National Physical Laboratory, Teddington, England. A valuable feature
of the calorimeter system is that the calibration of the pyrometer and
optical system can be checked at any time during an experiment.

Electrical calibration of the calorimeter was performed over the
same temperature change as that of each experimental drop. The energy
equivalent of the calorimeter was measured by means of a small electric heater
mounted on the radiation-shield housing inside the calorimeter bucket.
Typically, a sc-ies of 19 electrical calibration- gave an energy equivalent
of J0 341 J/K, with a standard deviation of 4 J/K.

A series of eight calibration drops was made between 1055 and
2048 K using standard reference material 720, which is synthetic sapphire
(A120 3) obtained from the National Bureau of Star.dards (NBS). All the results
were within 1% of the NBS recommended values, with the average deviation
being 0.68%.

The samples used were high-purity, ningle-phase (U. 8 )'uO.")C
prepared by the Fuel Fabrication Group of the Los Alam's Scientific Laboratory
(LASL). The composition of this material was typicall': 76.43 wt % uranium.
18.84 wt % plutonium, 4.71 wt % carbon. Major impurities were 225 ppm
nitrogen and 200 to 343 ppm oxygen. The density of these samples ranged
from 1.253 x 104 to 1.263 x 10 kg/m3.

Results of the mixed carbide enthalpy measurements in the experi-
mental temperature range from 1039 to 2421 K are given in Table 1. The
highest experimental temperature is about 100 K below the 2548 . 26 K solidus
temperature for (U0 .8Puu. 2)C reported by Reavis.3 The gram formula weight
o1 the uranium-plutonium carbide was taken as 247.8.

The experimental data in Table 1 were fitted, within the experi-
mental temperature range, to a cubic equation: Hf - H 9 8 " -48.3832 x 10'
+ 121.652 T - 42.9573 x 10-3 T2 + 10.2309 x 10-6 T3, where T is in kelvins
and the enthalpy is in joules/mole; this equation is represented by the
solid line in Fig. 2. The estimate of the standard deviation for the fit
is 663 J/mol. The dotted line in Fig. 2 represents estimated enthalpies of
Tetenbaum, Sheth, and Olson4 for (U0 .8Pu0 .2 )C over the temperature range
from 298 to 1900 K. Their equation is

Hf - H798 - -20.0288 x 103 + 58.0823 T + 59.7601 x 1G-5 T2

+ 95.6713 x 10-8 T3 + 78.7303 x 104 (1)

where enthalpy is given in joules/mole, and T is in kelvins. As seen in
the figure, the agreement'between our data and those of Tetenbaum ct at. is
very good in the overlapping temperature range. In order to develop an
equation for use from 298 K to the solidus temperature, we have applied th.i
following constraints: HT - H198 - 0, where T - 298 K; and Cp 2 98 - 49.62
J/mol-K (a value recommended by Tetenbaum (t al.4 ). In addition, we have
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TABLE 1. Relative Heat Content of Solid (U0 .8Pu0 .2 )C

Calculated
Observed (Eq. 2) Deviation

Temp., Run IIT-I'9H, HT-Hy, Obs.-Calc.,

K Sequence .J/mol. J/mol J/mol Deviation

1038.9 2 43 361 43 222 139 0.32
1043.8 13 43 006 43 526 -520 -1.21
1198.1 12 53 531 53 117 414 0.77
1294.8 1 59 593 59 133 460 0.77
1305.5 11 60 107 59 719 308 0.51
1316.0 10 60 521 60 453 68 0.11
1504.5 14 70 964 72 2:2 -1268 -1.79
1505.5 5 73 197 72 294 902 1.23
1732.7 4 86 350 86 793 -448 -0.52
1734.3 7 86 644 86 902 -258 -0.30
1903.6 3 98 653 98 227 426 0.43
2081.5 6 111 686 110 9E5 701 0.63
2167.4 15 116 596 117 596 -1000 -u.86
2283.7 8 127 594 127 158 436 0.34
2421.1 9 139 499 139 581 -82 -0.06

150

125
-a

100

50 -

o---o THIs WORK
------ EQUATION I (REF 4)

0 ' I a
0 500 1000 1500 2000 2500

TEMPERATURE, K

Fig. 2. Comparison of Experimental and Estimated
Enthalpy Values for (U 8Pu0 .>)C

used their estimated enthalpy values4  for the lower temperature range
1900 K and below), along with our measured values, to obtain the following
equation, which is considered to be applicable over the entire range from
298 to 2548 K:

H* - H29- -12.4866 x 113 + 32.5225 T + 37.2021 x 10-3 T2T 298

-20.8151 x 10-6 T3 + 43.8487 x 10-10 T". (1)
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The enth lpy is given in joules/mole, and T is in kelvins. The estimate of

the standard deviation for this fit is 701 J/mol. The calculated enthalpy

values from Eq. 2, corresponding to our measured enthalpies, are presented

in Table 1. Our enthalpy measurements and the fit of Eq. 3 (solid line) are
shown in Fig. 3.

115 - ____ __ 7 T

150-

*125-

100--

Q T-

50--
o o o THIS WORK

- - EQUATION 2

0 500 1000 1500 2000 2500 3000
TEMPERATURE. K

Fig. 3. Recommended Enthalpy of (U0 .8Pu0 .2)C
from 298 K to the Melting Point

Heat capacity values derived from Eqs. 1 and 2 are shown in Fig. 4.
The solid line shows the values derived from Eq. 2; and the broken line,
those from Eq. 1. Table 2 presents thermodynamic functions of (U0 .PuO. 2)C

from Eq. 2 as a function of temperature in the range from 298 to 2548 K.

0 - T

1 00

to
V o -- -s*

ro-

10 -- -- ..r---MC

40
.oo SOC 110 1600 t00o : 00

T1115ATUN ,u

Fig. 4. Heat Capacity of (U0 .8Pu0 .2)C

For measurements of the enthalpy of (UPu)C in the molten phase,
Leafy and Reavis5 recommended the use of tantalum carbide-lined tantalum
capsules. These capsules have been fabricated and are in the process of
being loaded with (UPu)C material and electron-beam welded shut at tho
Lawrence Livermore Laboratory. Upon receipt of these welded capsules., masure-
ments of the enthalpy of molten (UPu)C will begin.
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TADLE 2. Thermodynanic Functions (UO.bPu0 .2)C

Temp., HI-HOq8, C*, ST, -(G-H*,d)/T,
K J/mol J/~.ol-1. .1/mol-K .J/ool-"K

298.15 0
300 92
400 5 255
500 10 747
600 16 492
700 22 421
800 28 479
900 34 620
1000 40 808
1100 47 018
1200 53 235
1300 59 457
1400 65 689
1500 71 949
1600 78 265
1700 84 674
1800 91 226
1900 97 979
2000 105 004
2100 112 380
2200 120 200
2300 128 563
2400 137 583
2500a 147 380
25483 152 398

aExtrapolated data.

46. 62
49.70
53.42
56. 31
58.47
60.02
61.06
61.69
62.02
62.15
62.19
62.25
62.42
62.82
63.55
64.71
66.42
68.77
71.86
75.82
80.74
86.72
93.87

102.30
106.84

61.92

62.23
77.05
89.30
99.77
108.90
116.99
124.22
130.74
136.66
142.07
147.05
151.67
155.99
160.06
163.95
167.69
171.34
174.95
178.54
182.18
185.90
189.74
193.73
195.72

61.92
61.92
63.92
67.80
72.28
76.87
81.39
95. 76
89.94
93. 92
97.71

101.32
104.75
1 8.(12
111.15
114.14
117.01
119.78
122.44
125.03
127.55
130.00
132.41
134.78
135.91

2. Pulse-Heating Technique
(P. A. Finn)

Heat capacity and vapor pressure data are needed at temperatures
greater than 3300 K to correctly assess the consequences of various hypo-
thetical accidents in reactor safety studies. To evaluate a high-speed
(microsecond) pulse-heating technique for use in determining these properLies,
a feasibility study was carried out by A. Cezairliyan and C. W. Beckett of
the National Bureau of Standards. They have nominally divided the measure-
ment system into three parts: (1) the discharge and associated control
equipment, (2) the sample and the experimental chamber, and (3) the measuring
and recording equipment. Their study has shown the following. The electrical
circuitry for the high voltage capacitor discharge does not present any
serious problems because a 20 kV capacitor bank will probably be sufficient
and techniques for constructing and operating such a circuit are available.
The samples will have to be preheated to decrease their electrical resistance,
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and also to reduce the possibility of cracking during the pulse-heating. The
samples will also have to be uniform and homogeneous in composition to sustain
a successful discharge. The design of the experimental chamber, which
includes the preheating furnace and the electrodes used for the discharge,

presents some serious problems which stem from the combination of high

voltage, high temperature, and sigh pressure. However, these problems are

not insurmountable. The measuring equipment and techniques required to
yield microsecond resolution are only partially developed. The development
of a high-speed two-color pyrometer is considered crucial. Within the state

of the art, it is possible to construct a digital data acquisition system

for recording several quantities every 0.5 usec. Because none of the
problems appear insurmour.table, the pulse-heating technique holds considerable
promise.

As a consequence of the feasibility study, we have begun a collabo-
rative effort with Cezairliyan and Beckett to develop the pulse-heating
technique for use with nonconductive material such as uranium dioxide.
Currently, work is being done in three areas: the preparation of reproducible,
homogeneous samples; the design of a suitable sample chamber; and the develop-
ment of a high-speed two-color pyrometer.

Cylindrical samples of U0 2 were prepared by cold-pressing, followed

by sintering under an atmosphere of moist hydrogen. During sintering the

furnace temperature was slowly raised to 1973 K over a 3-day period and the

samples were maintained at this temperature for 1 hour. To avoid cracking,

the samples were allowed to cool below 343 K before being removed from the

furnace.

The cylindrical samples were 5.8 x 10-3 m in diameter and 2 to
2.5 x 10-2 m long. The average density for 100 samples was 90.4% of the

theoretical density of 1.096 x 104 kg/m 3; the range was from 89 t.> 92% of

theoretical. The oxygen-to-metal ratio, determined by conversion to U308 ,
was 2.007 + 0.003. The room temperature resistivity was reproducible for a

given sample but varied among samples from 64 to 76 ohm-m. The resistivity

of the samples decreased to 0.2 ohm-m at 1773 K. Tests with the U02 samples

indicated that they sustained cycling between room temperature and 1773 K

without cracking.

The success of the pulse-heating technique depends largely on the

uniformity and homogenity of the U02 samples. Although the above results

are encouraging, other preparatory techniques, (.;1., isostatic messing, will

be used if this method proves unsuitable.

A platinum wire-wound resistance furnace, with a small optical

window located at right angles to the central cavity, has been designed for

preheating the samples to 1973 K. The sample will be positioned within the

furnace by being clamped between molybdenum electrodes, which are connected

to water-cooled molybdenum tubes that extend out of the furnace. After

preheating the sample to 1973 K, it will be heated rapidly to high temperature

(>3700 K) by an electrical pulse. The furnace is presently under construction

at NBS.
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The temperature of the sample during and immediately after pulse-
heating will be determined by a high-speed two-color pyrometer that is
being developed. The electrical and the optical sections ot the prototype
instrument are being designed, reLpi(t ivvlv, by G. Ruffino of Leeds and
Northrup and G. M. Foley, a private consultant. The ctual construction and
testing of the instrument will occur at NBS.

When all parts of the experimental setup (discharge equipment,
resistance furnace, and pyrometer) are operation I at NBS, some preliminary
experiments will be performed to determine (1) t..e mechanical stability of
the sample under high electromagnetic fields, (2) the sample integrity
under pulse-heating conditions, (3) the level of sample vaporization and
its effect on the optical and electrical measurements and (4) the effect
of the resistance furnace on high voltage breakdown and on argon gas ioniza-
tion.

When these preliminary tests are completed and any problems fou.id
are resolved, the heat capacity of uranium dioxide will be determined.

3. Vapor Pressures o. Reactor Fuels at High Temperatures

(D. W. Green and G. T. Reedy)

The consequences of a hypothetical core-disruptive accident (HCDA)
in a liquid-metal fast-breeder reactor cannot be easily studied empirically;
therefore, computer simulations are necessary. Input data needed for such
computer studies include physical properties if reactor materials and fuels
at temperatures up to at least 6000 K. Because the total energy release
in a HCDA is sensitive to the total vapor pressure of the fuel," accurate
thermodynamic functions are needed for the vapor species above uranium and
plutonium oxides.

Empirical studies of the vapors over uranium oxide -11 are largely
limited to temperatures below 3000 K because suitable container materials
are not readily available for studies above this temperature range. Equations
of state have been proposed12-15 to fit the data observed in this temperature
range, but extrapolations of these equations beyond this range are subject

to large uncertainties.

Alternatively, the thermodynamic properties of the vapor species
UO, U02 , U0 3, PuO, and PuO2 may be calculated by applying statistical
mechanics to spectroscopic data on the molecular energy levels. This approach
has the advantage of yielding accurate thermodynamic functions over the
entire temperature range of interest in computer simulations of HCDA.

Empirical data on molecular geometries and vibrational frequencies
can be obtained using infrared spectroscopy. These data are necessary for
accurate statistical mechanical calculations. The purpose of our experimental
program is to obtain these data for the important high-temperature vapor
species UO, U02, U0 3, PuO, and Pu02.

The matrix-isolation technique was employed in our studies of
the vibrational-mode frequencies. The high-temperature vapor species were
trapped in an excess of argon or other condensed gas at 14 K. The species
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surrounded by solid argon are very much like the high-temperature vapor

species, except that rotational, vibrational, and electronic thermal excita-
t.ons are eliminated. The resultant spectrum, much simplified in comparison
with that of the gas phase, can be used to obtain the needed vibrational
frequencies, which are assumed to closely match the gas-phase vibrational
frequencies.

A closed-cycle helium refrigerator was used to cool a polished
gold mirror to the low temperatures needed. A temperature-control unit
consisting of a thermocouple and a resistance heater was used to maintain
the temperature at 14 K.

A Fourier transform spectrometer was used to obtain the infrared
spectra by reflection from the gold mirror deposition substrate upon which
the matrix was formed. With various combinations of infrared light sources,
detectors, and beam splittors, the spectral region 4000-50 cm 1 was studied.

Two methods have been employed to produce the high temperature
species of interest. A tungsten Knudsen cell resistance-heated to about
2300 K, was used to vaporize hypostoichiometric U02 , which, in some experi-
ments, contained 50% 1 0. Alternatively, a uranium hollow-cathode was
sputtered with 02/Ar mixtures. This sputtering device, which is similar to
the one described previously,16 consists of a uranium screw cathode with a
2 mm hole in which a platinum wire anode is positioned. Argon or 02/Ar
mixtures flow into the hollow cathode where a discharge is initiated. The
Ar+ ions produced are accelerated into the cathode with sufficient energy
to cause U atoms to be sputtered from the surface. If oxygen is present
in the sputtering gas, oxides of uranium are produced.

The stretching-mode vibrational frequencies of UO, U02 , and U0 3

have been measured1 7'1 in argon matrices at low temperatures. Calculated
thermodynamic functions based on these frequencies have been tabulated1 9 '0
for the uranium oxides.

The calculated thermodynamic functionc of UO; depend upon a
knowledge of the bending mode (v2) as well as the stretching modes. The
bending mode frequency of U02 in Ar matrices has been reported 21 to be
81 cm-1 for U 16 02 and 73 cm-1 for U 1 802 . The v 2 mode for U160160 was
not reported. Despite extensive efforts, 22 we have been unable to confirm
these assignments. Argon matrices containing sufficient U1602-U1601lH0-Ui 802
to cause 100% absorption at the stretching mode frequencies17 do not show
any detectable absorption at the reported frequencies of v2 . We conclude
that the 81 cm- 1 absorption peak is almost certainly not due to the v2
mode of U02 and is likely to be due to either (1) an apparent absorption
caused by the polyethylene windows which are part of the optical system
or (2) the bending mode of one of several unidentified uranium-oxygen species
which we have observed in the stretching mode spectral region in highly
concentrated matrices.

Other absorption peaks were observed in the spectral range

500-50 cm-1 in Ar matrices containing large amounts of U02 .22 Two sets

of peaks showed the frequency and absorbance pattern that would be expected

for the v2 mode of U02 isotopomers. However, further experimental work on
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these sets of peaks has indicated clearly that neither set can be assigned
to U02 isotopomers. Annealing experiments, in which the matrix was warmed
to 30 K and then recooled to 14 K, resulted in the growth of these two sets

of peaks, which is not consistent with their assignment to UG' because under

these conditions the U02 stretching mode peaks in the mid-ir diminish.

It is evident from the completed experiments that the bending
mode of U0 2 must be very weakly absorbing compared with the stretching
mode. This unexpected result has not been explained. It is anticipated
that instrumental improvements will increase the signal-to-noise ratio.
No further experiments are planned until at least a factor of four improve-
ment in this ratio is achieved.

In the course of testing the sputtering device, results were
obtaineJ which suggested that uranium nitrides could be easily produced
in Ar natrices with this method. Although a study of nitrides was not the
primary purpose of our experimental program at that time, it was clear that
the identification of uranium nitrides species would assist in the inter-
pretation of the results of the oxide studies because nitrogen impurities
are difficult to avoid. Information on the vapor species UN and UN, is
also important in safety considerations concerning the use : advanced fuels
in nuclear reactors. Although some information on UN vapor species has
been reported, 2 3 information on the species UN; has not, and no infrared
spectral data are available for either species.

Several experiments have been completed that (1) identify the
vibrational frequencies of the matrix-isolated UN molecule, (2) tentatively
identify the stretching mode frequency, v3, of a linear N-U-N molecule,
and (3) help characterize an unidentified infrared absorber labeled "X-UN."

It has been demonstrated2' that UO and NO~, as well as neutral
uranium oxides and nitrogen oxides, are produced by cocondensing UO and U02
with NO or NO in an Ar matrix. The species produced by cocondensing U
atoms with Nlb02 include those whose infrared spectra are shown as (A) in
Fig. 5. The fact that a spectrum identical to (A) was obtained in experi-
ments in which 18 0-enriched NO 2 was used led to the conclusion that the
species responsible for these peaks contained no oxygen.

The possibility that uranium nitrides might be responsible for
some of the observed peaks was examined by sputtering the U hollow cathode
with 14 N2/Ar and 

14N2 /
15N2 /Ar mixtures. S ectrum (B) in Fig. 5 is from a

matrix containing approximately a 1:1:800 4N2:15N,:Ar mixture and spectrum
(C) is from the same matrix after annealing to 30 K. The isotopomer frequency
patterns are consistent with the assignments in Table 3 for UN and in Table 4
for UN2. From the data of Table 4, the UN2 molecule is found to be linear.

A comparison of spectra (B) and (C) in Fig. S shows that the peaks
at 1001 and 969 cm-1 grow slightly upon annealing, whereas the other two
peaks of each UN triplet diminish. This behavior suggests the presence of
one stable and two unstable sites for the UN molecule in the Ar matrix.

The peak labeled "X-UN" has a single 15N-counterpart, but the
frequency shift due to isotopic substitution shown in Table 3 precludes its
assignment to UN. The observed frequency and the isotope shift tit "X-UN"
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Fig. 5. Infrared spectra obtained from an Ar matrix
at 14 K. (A) products of cocondensation of
U atoms with NO2 ; (B) roducts of sputtering
U with a 1:1:800 14N2 : 

5N2 :Ar mixture; (C)
the same matrix as (B) after annealing to
30 K and recooling to 14 K.

TABLE 3. Comparison of the Observed and Calculated
Frequencies Assuming Four Sites for UN

Obs. vb Obs. vb Caic. vc Calc.d Calc.e
Sitea U 1 N U15N U15N We Wexe

1

2

3

4

1000.97

995.52

991.90

983.70

969.25

963.97

960.50

953.37

969.04

963.77

960.26

952.32

1007.7

1002.1

999.6

3.3

3.3

3.8

aOnly sites 1, 2, and 3 can be assigned to matrix-isolated UN.

b10. 5 cm 1.

cFrom v of U14N assuming the harmonic oscillator approximation
with o - 0.968103.

d 1.6 cm-1.

ej0.8 cm-1.
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are close enough to those of UN to suggest that the observed peak is a U-N
stretch, but of a species other than UN. Since this species contains no

oxygen and one nitrogen, the species is labeled "X-UN," where X represent's
the probable presence of one or more additional atoms. Several additional

experiments have failed to identify the absorber responsible for the "X-UN"
peak.

Observation of the spectrum of UN2 is incomplete at this time owing

to the overlap of the observed UN peaks with the calculated frequency of the

v1 mode of 14N-IJ- 1 5N (Table 4) pre\,-nting observat ion of this mode and, thus,
also preventing confirmation of the assignment for UN-. Further experiments
are planned.

Support for the assignments of all species is obtained from the

relative absorbances shown in Table 5. The three peaks assigned to U14N
and the X-U'4N peak all have absorbances relative to their 15N-counterparts
which are consistent with 54.6 at. % 15N enrichment. Using this for the

enrichment, the peak assigned to U14N 2 has an absorbance relative to U'SN2
which is consistent only with the presence of two N atoms in the absorber.
Further details of these experimental results are available elsewhere.'

No spectral data are available on the vibrational frequencies of
PuO and Pu02. Thermodynamic functions have been calculated26 for these
oxides by assuming that the vibrational frequencies are identical with those
of the corresponding uranium oxides. Although this assumption is reasonable e
in the absence of other information, experimental observation of t:.
stretching-mode frequencies of PuO and PuO 2 and the bending-mode frequency
of Pu02 would yield significantly more reliable thermodynamic properties and
vapor pressures.

Study of the plutonium oxides in low-temperature matrices requires
extensive preparations so that hazardous materials do not come into contact
with people or instruments. A mirror system2 7 has been designed, constructed,
and tested to allow the spectrometer to remain outside the contaminated
area. With this system, the infrared spectrometer beam is reflected into the
glovebox, through the matrix to the gold substrate, back through the matrix,
3nd to the detector.

TABLE 4. Observed Infrared Absorption Frequencies
of the v3 Modes of Isotopomers of UN2 in
Ar at 14 K and the Calculated Frequencies
of the v1 Modes for a Bond Angle of 180*

Molecule Mode Obs., cm-1  Calc.,a cm-1

U14N2 v1 1001.66
V 3 1050.93

U 41N15N v 1  979.11
V3 1040.74

U1bN2  v1 967.8)
V j 1019.39

f - 8.215, :' - 0.062 mdyn A~.
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TABLE 5. Observed Relative Absorbance of "'N

Species to 1 5N Species Compared with
that Expected for 54.6 at.% "JN

(cm- 1) of Absorbance Ratioa
1 N Species Obs. Calc.b Identity

1050.93 0.70 0.70 UN2

1000.97 0.84 0.84 UN

995.52 0.86 0.84 UN

991.90 0.86 0.84 UN

983.70 0.83 0.84 X-UN

aRatio of 14N species to 1 5N species.

bWith 54.6 at.% 15N.

A sputtering device was selected to produce plutonium oxides, rather
than Knudsen cell vaporization, in order to minimize material handling. If
vaporization were used, several samples would be required with different
0/Pu ratios and various enrichments of 180. By using the sputtering technique,
a single hallow cathode should suffice for all the experiments, because the
0/Pu ratio can be controlled by varying the 02/Ar ratio of the gas mixture
and the 180 enrichment can also be varied outside the glovebox. A schematic
diagram of the sputtering device is shown at the top of Fig. 6, and an
enlargement of the hollow cathode is shown at the bottom. The cylindrical
Pu insert, which will be placed in a copper support, is presently being
fabricated from 2 4 2Pu-enriched metal at ORNL.

A copper hollow cathode has been sputtered with 02/Ar mixtures to
ensure that any new spectral features observed will result from plutonium
oxides sputtered from the insert and not from copper oxides sputtered from
the insert support when the hollow cathode shown at the bottom of Fig. 6 is
used. A copper hollow cathode containing a uranium insert was fabricated
with the same dimensions as the cathode which will be used in the plutonium
oxide study. This cathode was tested by sputtering for five hours to pro-
duce matrix-isolated UO, U02 , and U0 3. The cathode was then cut along the
axis so that the insert could be examined under magnification for damage
due to sputtering. There was no evidence to indicate that the 0.25-mm-thick
walls of the uranium insert would be breached by prolonged sputtering.
Although the Pu insert might have different sputtering characteristics, the
test with the uranium insert suggests that the hollow cathode being fabricated
at ORNL will have a sufficiently long life for all the experiments planned in
the PuO-Pu02 study.

Figure 7 shows a diagram of the system to be used for the study of
matrix-isolated plutonium oxides. roth the closed-cycle helium refrigerator
and the Fourier transform spectrometer will be outside the glovebox atmosphere.
The dual-chamber vacuum shroud, which separates the refrigerator vacuum system
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Oxide Molecules (Top), and Cross Section of the Hollhi Cathode
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Fig. 7. Diagram of the System to be Used to Study
Matrix-Isolated Plutonium Oxides

from that of the deposition subatrata, has been tested an' will achieve a
minimum temperature of 20 K. No temperature rise was observed due to the
argon flow onto the gold mirror deposition substrate.
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Upon completion of thie glovebox connections for water, gas, and
electricity, several tests will be conducted using a uranium hollow cathode.
Conditions and methods employed in these experiments will be identical to
those to be used with the plutonium sample. The study of matrix-isolated
plutonium oxides will be initiated after completion of these tests.

B. Analysis and Extrapolation of Measured Physical Proper Data

1. Advanced Fuels
(A. Sheth)

Carbides and nitrides of uranium and plutonium are being considered
for use as fuels in breeder reactors. These fuels have better neutronic
properties and higher thermal conductivities than oxide fuels. These
properties will permit operation of fuel pins at higher linear power ratings
and will also allow enough flexibility in design to optimize the breeding
ratio and minimize fabrication cost and fissile-material inventory.

In their calculations to pre-Jict system behavior resulting from
various hypothetical core-disruptive accidents, reactor safety analysts

need information on various thermodynamic and transport properties of the
materials employed in the reactor from normal operating temperatures to as

high as 6000 K. Whereas adequate data exist for lower temperatures, values
are scarce for the region of interest to the safety analysts. To overcome

this deficiency, low-temperature data are being extrapolated by us to these

higher temperatures. In an earlier report, 22 the work done in extrapolating

various properties of UC was described. Similar techniques were applied in

extrapolating and estimating data for the density, heat capacity, enthalpy,

vapor pressure, thermal conductivity, and viscosity of UN. The UN work is

described below.

a. Density

The density of molten ceramic fuels is an important property
in safety analyses. Since reliable data on the density of liquid UN are not
available, we made use of the appropriate literature data on solid UN and
related compounds to derive an equation that shows the temperature dependency
of the density of UN in the liquid phase. Alexander et al. 21 recently
reviewed the density and thermal expansion Bata of nitride fuels in the solid
phase. From their recommended data, an estimate was made of the value for
the average linear thermal expansion coefficient of solid UN, «s, for the
temperature region from room temperature to the melting point. Fee and
Johnson's 2 , recently recommended melting-point value for UN was accepted for
tee present work. For volume change on melting, we took a value of 15%,
wl'ich had been estimated for PuN by Alexander ct al. 28 As was done with UC,
on the basis of data for NaCl, the ratio of linear thermal expansion coeffi-
cients for the solid and liquid states was assumed to be 0.5. Using this
ratio, we estimated the average value for the thermal expansion coefficient
of liquid UN, at, from the melting point to a higher temperature, '., to be
21.6 x 10-( m/m-K. Taking the theoretical density of UN at 298 K to be
14.32 g/cm1 (from Alexander et at.2'), and following the same approach as was
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used for UC, we derived the following equation for the liquid density of UN:

14.24 x 0 (O)
L 1+8.07x10- T TT (Tm

where

L = liquid density, kg/m3

T = temperature, K

Tm = melting point, K

The above equation stiould be used cautiously in calculating the liquid density

at temperatures far above the melting point, since the value for uk may
change with temperature, and the method of calculation (i.e., the assumption

that the ratio of as to ai is equal to 0.5) may introduce more serious errors

at higher temperatures. Moreover, in real situations, the chemical composi-

tions of UN may change, giving rise to unknown effects on density. We are
still working on some of these problems in order to establish an equation for

the liquid density of UN that will be consistent with vapor pressure and other
property values up to the critical temperature, Tc.

b. Heat Capacity and Enthalpy

The low-temperature heat capacity' and enthalpy data for UN
were taken from the report by Alexander et al.28 for the purpose of extrao-

lating these properties into the liquid region. Their recommended data,
with the appropriate equations, are presented in Table 6 up to the recommended

melting point of UN.

To extrapolate the low-temperature data beyond the melting

point, a correction, equivalent to the heat of fusion, must be made to the

enthalpy value evaluated at the melting point. As in the case of UC, the

equation recommended by Winslow
3 0 was used to calculate heat capacity values

above the melting point. This equation is

Cp - Cv(1 + y4T) (2)

where

Cp - heat capacity at constant pressure

Cv - heat capacity at constant volume

y - Gruneisen constant

0 - volumetric expansion coefficient

T - temperature

Following the procedure used for UC, 2 2 we assumed that y - 2, and that

Cv - 3 R per atom; we calculated a from the at value estimated earlier. The

value for the heat of fusion (AHf) was estimated from the recommended melting
point and an estimated entropy of fusion euqal to 4.2 eu. The calculated value

for the heat of fusion of UN is 53.35 k/mol.
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TABLE 6. Recommended Values for Heat Capacity and
Enthalpy of UN below the ?Melting Pointa

Temp., Co, HT-H2 9 8 , Tem
J/mol"K J/mol K

300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700

47.66
50.75
52.80
54.39
55.81
57.11
58.37
59.58
60.75
61.92
63.09
64.22
65.35
66.53
67.65

5
10
15
21
26
32
38
44
50
56
63
69
76
82

92
029
213
573
087
736
510
409
426
564
815
178
659
253
960

1800
1900
2000
2100
2200
2300
2400
2500
2600
2700
2800
2900
3000
3035

p., C, HT-H298
J/mol-K J/mol

68.78
69.87
71.00
72.13
73.26
74.39
75.48
76.61
77.74
78.83
79.96
81.09
82.17
82.59

89
96

103
110
118
125
133
140
148
156
164
172
180
183

780
713
759
914
185
566
060
666
381
210
151
201
364
251

aRecommended data of Alexander et al.2 8 Values are based on:

Co = 48.873 + 1.1121 x 10-2 T _ 4.1053 x 10'

HT - H2 98 = -16436 + 48.873 T + 5.5605 x 10-3 T
2 + 4.1053 x 10

5

Usually, as temperature increases, Cp values initially increase
slowly, but, at a value of the reduced temperature (Tr = T/Tc) equal to about
0.8, C0 increases very rapidly with increasing temperature and approaches an
infinite value at the critical temperature. The constant value of 0 used in
Lfn abhc' equation will give Cp values that are too low at temperatures close
to the critical temperature. The critical temperature for UN is not known;
however, the same assumption was made as for UC2 2 (Tc i 3.5 Tm), giving an
estimated critical temperature for UN of 10,620 K. On the basis of the above
information, heat capacity and enthalpy data for UN were calculated (up to
8500 K); these data are given in Table 7.

c. Vapor Pressure

Consideration of the vapor pressure over UN is complicated
because of the various gaseous species that may exist over the solid and
liquid phases. Moreover, in uranium nitride vaporization, kinetics plays
as important a role as thermodynamics. In the recent critical evaluation
of low--temperature vapor pressure data of UN, Alexander et al.28 reported
that the evaporation coefficient of uranium, av, lies between 0.3 and 1.0,
and that of nitrogen is of the order of 0.01. On the basis of these values,
Alexander and co-workers 2 8 showed that while UN appears to vaporize congruently
up to about 2000 K, this congruency may be the results of kinetics, not
thermodynamics. Therefore, for practical purposes, vaporization of UN can
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TABLE 7. Estimated Values of Heat

Enthalpy of UN in Liquid

Cpo
J/mol'K

69.51
69.93
70.57
71.22
71.87
72.51
73.16
73.81
74.45
75.10
75.75
76.39
77.04
77.69
78.33
78.98
79.63
80.27
80.92
81.57
82.21
82.86
83.50
84.15
84.80
85.44
86.09
86.74

HT-HI,9 8,
J/mol

236
241
248
255
262
269
276
284
291
299
306
314
321
329
337
345
353
361
369
377
385
393
402
410
419
427
436
444

597
129
154
244
399
618
902
250
663
141
683
290
962
699
500
365
296
291
350
475
663
917
235
618
066
578
155
796

Temp.,

K

5800
5900
6000
6100
6200
6300
6400
6500
6600
6700
6800
6900
7000
7100
7200
7300
7400
7500
7600
7700
7800
7900
8000
8100
8200
8300
8400
8500

Capacity and

Region

Temp.,
K

aValues are based on:

C* = 49.8867 + 6.4651 x 10-3 T;

HT - H2 9 8 = 55415 + 49.8867 T + 3.2326 x 10-3 [2.

be considered to be incongruent vaporization by preferential loss of nitrogen
to form a two-phase system comprising nitrogen-saturated liquid uranium
and uranium-saturated nonstoichiometric uranium mononitride. In such a
case, increasing the temperature of a stoichiometric UN sample is certain
to yield substoichiometric UN due to incongruent vaporization. Study of
the phase equilibrium of UN is not yet complete, and beyond the melting
point (or decomposition temperature) of UN, the system is not well understood.
We decided to use the data of Gingerich, 3 1 who investigated, by the Knudsen
effusion technique in combination with a mass spectrometer, the two-phase
region of U() + UN(s). He expressed the overall vaporization reaction of
uranium-saturated uranium mononitride by the expression

UN[UN (s)] = U(g) + 0.5N2(g)

HI-H g,
J/mol

C*
J/mol-K

87.38
88.03
88.68
89.32
89.97
90.62
91.26
91.91
92.56
93.20
93.85
94.50
95.14
95.79
96.43
97.08
97.73
98.37
99.02
99.67

100.31
100.96
101.61
102.25
102.90
103.55
104.19
104.84

3035
3100
3200
3300
3400
3500
3600
3700
3800
3900
4000
4100
4200
4300
4400
4500
4600
4700
4800
4900
5000
5100
5200
5300
5400
5500
5600
5700

453
462
471
480
488
498
507
516
525
534
544
553
563
572
582
591
601
611

621
631
641
651
661
671
681
692
702
713

503
273
109
009
974
003
097
256
479
767
120
537
019
566
177
853
594
399

269
203
203
266
395
588
846
168
556
007

(3)
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where y designates the temperature dependence of the uranium-saturated solid

UN phase in equilibrium with nitrogen-saturated liquid uranium. The

corresponding partial reaction for the formation of 0.5 mole of N>(g) was
expressed-by the equation

UN[UN (s)] = UN[UNh() ] + 0.5N 2 (g) (4)

and the partial reaction for the formation of 1 mole of U(g) was given as:

U[UNhM 1 = U(g) (5)

In Eqs. 4 and 5, UNh() represents nitrogen-containing liquid uranium that
is in equilibrium with nitrogen-deficient UN phase, and h is temperature
dependent. At loser temperatures, the reaction represented by Eq. 4 is

dominant over the reaction represented by Eq. 5, an] there is a continuous

shift in the N/U atomic ratio toward lower values as vaporization proceeds.

From his experimental work, Gingerichi1 derived the following equation
representing partial pressures of U and N2 in the two-phase region of U(X)
+ UN(s):

26854
log PU (Pa) = 10.8307 - T ; 1900 <T <2231 K (6)

-30464

log PN2 (Pa) = 13.9097 - T ; 1900 <T <2231 K (7)

In a number of experiments at Battelle Columbus Laboratory, 32

gaseous UN was observed experimentally. In the absence of precise measure-
ment of UN(g) species, Alexander and co-workers29 made some estimates and
suggested the following vapor pressure equation:

log PUN (Pa) = 13.3957 - 3809 (8)

A series of experiments was directed toward the observation
of gaseous U2 at Battelle.

2A At no time was the dimer observed, even when
uranLum pressures were as high as 0.1 Pa in the effusion cell-mass spectro-
meter. On the basis of these Studies, Alexander et (1.28 suggested that
gaseous U 2 is of little concern in safety analysis work, even when very
high temperatures ace being considered.

From Eqs. 6, 7, and 8, the total pressure, P , was determined
by summing all partial pressures (i.e., PT - PU + PN9 + PUN) to obtain low-
temperature (1900-3000 K) vapor pressure data. These are given in Table 8.

Fitting the standard form of the vapor pressure versus tempera-
ture relation to the total pressure data given in Table 8 yields the following
equation:

log P - 11.4408 - 29695 + 0.6386 log T (9)T T

(1T in pascals, T in kelvins)
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TABLE 8. L.ow-TemperaLure Vapor Pressure of UNd

Temp., P. = l
K P' N , Pa PUN, Pa P r-tsure , Pa

1900 4.98 x 10~'
2000 2.53 x 10-'
2100 1.10 x 10~-
2200 4.21 x 10- '
2300 1.43 x 10-1
2400 4.38 x 10-1
2500 1.23
2600 3.18
2700 7.67
2800 17.38
2900 37.21
3000 75.75

aPr = P11 + PN. + PUN

7.52 x 10~ 1.95 x
4.76 x 10- 1.98 x
2.53 x 10-1 1.60 x

1.15 1.08 x
4.62 6.12 x

16.46 3.01 x
52.98 1.30 x

1.56 x 10- 5.05 x
4.23 x 10" 1.77 x
1.07 x 103 5.66 x
2.54 x 10' 1.67
5.69 x 10' 4.60

10-

10~
10-
10-.
10-
10~
10-~
10-10--
10~

8.01 x 10-
5.01 x 10~
2.64 x 10-i

1.20
4.76

j 16.90
54.20

1.59 x 101
4.31 x 102
1.09 x 10'
2.58 x 103
5.77 x 103

In the absence of low--temperature data for single-phase UN,
the data from the two-phase study of Gingerich'1 were extrapolated to the
liquid region and represent a higher limit. Since with increasing tempera-
ture, the N/U atom ratio shifts towards lower values, substoichiometric UN
will have lower vapor pressures than those calculated by mere extrapolation.
In the absence of any information on the nature and extent of the effects

of this substoichiometry on the results, it is recommended that the data
in Table 9 (the extrapolation to the liquid region) should be used cautiously.
There is also another danger in using low-temperature vapor pressure data

ro estimate high-temperature values, namely, that vapor species which may be
important at high temperatures may not be adequately represented by the
lower temperature data. The empirical approach that we have taken is similar
to the one used for UC; 22 it involves extrapolation of the equations for
the pressures of individual vapor species and the addition of the pressures
to give the total pressure above the condensed phase. In making these extra-
polations above the melting point, an adjustment is required for the heat of
fusion. Following the suggestion of Blackburn,33 each partial pressure
equation was corrected by a multiple of the heat of fusion (AHf), the multiple
depending on the number of condensed-phase molecules that are required to form
the gaseous molecule, e.g., Ahf for U(g) and 2AHf for N;(g). Using the values
from Table 8 and the estimated value fer the heat of fusion, the corrected
equations for the partial pressures of individual species were obtained;
these are given in Table 9, along with the values of the partial pressures
from 3100 to 8000 K. The equation for the total vapor pressure as a function
of temperature was derived for UN using the data of Table 9.

The equation Is

log PT - 10.0025 - 14-4- + 0.51735 log T (10)
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TABLE 9. Estimated Vapor Pressure of UNa

Temp., PT =.Total
K PU, Pa PN2, Pa PUN, Pa Pressure, Pa

3100 1.38 x 102 1.10 x 104 11.39 1.12 x 104
3500 1.07 x 10 3  9.15 x 104 2.30 x 102 9.28 x 104
4000 7.78 x 10 3  7.09 x 10 J 4.22 x 103 7.21 x 105

4500 3.63 x 104 3.49 x 106 4.06 x 10 4  3.56 x 106
5000 1.25 x 10 5  1.25 x 10' 2.49 x 105  1.28 x 107
5500 3.42 x 10 3.53 x 107 1.09 x 106 3.68 x 107
6000 7.93 x 10 5  8.43 x 107 3.76 x 106 8.88 x 107
6500 1.61 x 106 1.76 x 108 1.07 x 10 7  1.88 x 108
7000 2.97 x 106 3.30 x 108 2.62 x 10' 3.59 x 108
7500 5.04 x 106 5.70 x 108 5.70 x 107 6.32 x 108
8000 8.00 x 106 9.19 x 108 1.12 x 108 1.04 x 109

aValues are based on:

log PU = 9.9157
24100
T

log PN2 = 12.0757 - 24900

35400
log PUN = 12.4757 - T

log PT = PU + PN2 + PUN

where PT is in pascals and T in
normal boiling point is 3520 K.

kelvins. According to this equation, the

d. Thermal Conductivity

As with carbide fuels, UN has a NaCl-type crystal structure,
and, therefore, displays many metallic characteristics. At high temperatures,
heat transfer is mainly electronic, obeying the Wiedemann-Franz law, that is,
thermal conductivity is proportional to the product of temperature and
electrical conductivity. At low temperatures, a large phonon component will
also be present. Alexander et al.28 recently made a critical evaluation
of low-temperature thermal conductivity of nitride fuels. The same approach
as that used for UC 2 2 was used here to extrapolate data for UN beyond the
melting point. This approach was an empirical rule proposed by Turnbull, 34

which states that the ratio of thermal conductivity of a liquid to that of
a solid at the melting point is about 0.86 i 0.13. In the absence of any
knowledge on hL' the thermal conductivity of UN would vary as a function of
temperature beyond the melting point, a constant value was used for the
liquid thermal conductivity, as was done for UC.

Since the recommended low-temperature thermal conductivity
data for UN by Alexander and co-workers 28 did not extend up to the melting
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point, we extrapolated their data to determine the thermal condutivity of
solid UN at the melting point. Using this extrapolated value and Turnbull's
empirical rule, we calculated the thermal conductivity of molten UN as being
equal to 24.27 W/m-K.

e. Viscosity

Viscosity data for molten fuel materials are very scarce.
From experimental measurements, Tsai and Olander 3 5 reported a viscosity o
8 1 cP for U02 at the melting point. More recently, Woodley f' measured
viscosity of molten U02 with an oscillating cup viscometer and reported a

median viscosity of 4.2 cP. Chasanov 3 7 recommended a mean value of about

5 cP at the melting point of mixed-carbide fuel. Sheth and Leibowitz2 2 used
the empirical rules given by Bird, Stewart, and Lightfoot 3 8 and by Andradae 39

to calculate the viscosity of UC at the melting point. The calculated and
recommended values for UC seemed reasonable compared with the literature values
for U02. Hence, we decided to use a similar approach for UN.

Bird, Stewart, and Lightfoot 38 presented the following empirical
equation for the viscosity of liquids:

,L Nh
p - exp (3.8 b/T) (11)

where

p = viscosity, poise [g/(cm)(sec)]

N = Avogadro's number, (6.023 x 1023 molecules/mol)

V = molar volume at temperature T, (cc/mol)

rb = normal boiling point, (K)

T = temperature, (K)

h = Planck's constant, (6.624 x 10-27 erg-sec or g-cm2/sec)

Andradae's 3 9 equation, based on the quasi-crystalline structure
of liquids, states that at the melting point:

u = 5.1 x 10-4 (MTm)1/2/Vm2/3 (12)

where

u = viscosity, poise [g/(cm)(sec]

M = molecular weight

Tm = melting point, (K)

Vm = molar volume, (cc/mol)

Viscosity is usually related to the inverse of temperature by
a logarithmic relation; however, in the present case, the use of a constant
value is recommended until more experimental data are available. By means
of Eqs. 11 and 12 and the other information given earlier on the density
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and vapor pressure of UN, the viscosity of UN was calculated to be 1.5 x 10~3
Pa's (from Eq. 11) and 5.7 . 10-3 Pa-s (from Eq. 12). Combining these two
estimates, we recommend a value of 4 x 10-3 Pa-s for UN near its melting
point.

2. Data Analysi and Compilation
(L. Leibowitz)

The need for a widely accepted compilation of materials property
data for reactor safety analysis has long been recognized. In an effort to
meet this need, we have prepared and issued during the past year an initial
set of recommended values. This report, "Properties for LMFBR Safety
Analysis," (ANL-CEN-'SD-7b-1 Supplement 1) was developed by a committee with
the following membership: L. Leibowitz (ANL, Chairman), ~. C. Chang (GE),
M. G. Chasanov (ANL), R. L. Gibby (HEDL), C. Kim (ANL), : C. Millunzi (ERDA),
and D. Stahl (ANL). The compilation includes informatics on UUL, (U,Pu)02 ,
sodium, and stainless steel (types 304 and 316). TherieocynamiZ and transport
property data, and some mechanical property data, are iil~luded.

The emphasis in preparing this handbook was to summarize and select
data of importance to reactor safety analysts, although, inevitably, informa-
tion appropriate to normal operation was included. The present handbook will
be extended, updated, and revised, as needed. In addition, we intend to
collaborate with other individuals and organizations involved in similar
efforts. Specifically, these include people involved in the preparation of
the Nuclear System Materials Handbook, J. E. Irvin, Chairman (from whose
efforts we have already derived considerable benefit) and the National
Standard Reference Data System (Dr. R. Lide, Jr., Chief).
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11. CHEMICAL ENGINEERING DATA AND MODELING FOR
POST-ACCIDENT HEAT REMOVAL ANALYSIS

(L. Leibowitz)

Following a hypothetical core-disruptive accident, one might envision
penetration of the primary vessel resulting from a core meltdown. To

analyze such a situation, information is needed on the thermal load that
would result from the accident and on the properties of potential sacri-

ficial barrier materials that may be used to contain the molten core. The
work reported below deals with various phases of the problems associated

with such a hypothetical accident.

A. Physical Properties and Interaction Studies

1. Thermal Diffusivi ty Measurements
(R. Kumar and C. Kim)

Information on the thermal conductivity of molten U02 is needed

in the safety analysis of reactors fueled with oxide fuel. A method has

been developed to experimentally determine data on the thermal diffusivity
of molten UO'. These data can be combined with heat capacity and density

data to yield the thermal conductivity. The method consists of sealing
U02 in a tungsten capsule so as to obtain a thin (,1 x 10-3 m) horizontal
layer of UO sandwiched between two layers of tungsten. The technique
used to measure the thermal diffusivity is derived from the phase shift
method of Cowan.1 The cell is heated to the test temperature by electron
bombardment from above and below, with the uppermost tungsten surface being
maintained at a higher temperature than the lowest surface so as to preclude

natural convection in the liquid UOQ layer. The temperature of the top
surface is then varied sinusoidally, thereby producing a modulated tempera-

ture wave in the cell. The phase lag between the input wave at the top
surface and the resultant temperature wave at the bottom surface is then

used to obtain the thermal diffusivity of the test sample.

As reported earlier, 2 reasonably consistent and reproducible
phase shifts have been measured with two different cells over a temperature
range from 1725 to 3250 K. So far, the data analysis has been carried out
using two different treatments. A simple treatment in which the Cowan
single layer method was extended to three layers gave thermal diffusivity
values of about 2 x 10-7 m2/s at 1725 K and about 8 x 10-7 m2 /s for molten
U02 at 3250 K. The complex computer program, AMPHAS, using a rigorous model
of the thermal diffusivity cell, gave somewhat greater scatter; the program
yielded values for U07 thermal diffusivity of about 8 x 10-7 m2/s at 2075 K
and about 2.4 x 10-6 m2/s at 3250 K. Since the two treatments of the experi-

mental data yielded significantly different thermal diffusivity values, a
detailed analysis of the data reduction procedure has been undertaken.

The simple treatment consisted of applying the Cowan method to
the three layers separately, and then adding the three phase shifts to
obtain the total phase shift across the cell. However, Cowan's method
deals with a single layer of the test material, with both surfaces of the
layer losing heat chiefly by radiation. Amplitude modulation and phase lag
of the temperature wave ab it progresses through the single layer are
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affected by the boundary conditions. The boundary conditions for the

three layers in our test cell are different from those to which Cowan's

treatment is directly applicable. It is therefore inappropriate to use the
simple treatment for calculating the theral diffusivity of UO from the

experimental measl'remenLs.

The complex computer program, AMPHAS, computes the phase shift
across the cell by a method different from Cowan's. In AMPHAS, the transient
node temperature is expressed as a sinusoidal function of time, and this
function is determined numerically for each node. To test the significance
of the results given by AMPHAS, the results were compared with another
numerical, two-dimensional, transient heat conduction program TWODE, written

for the same thermal diffusivity cell geometry. Also, comparisons were made
with analytical-numerical one-dimensional three-layer (ONED3L) and four-
layer (ONED4L) models. The ONED4L program includes a radiation gap between
the U02 layer and one of the tungsten layers.

The four computer programs, AMPHAS, TWODE, ONED3L, and ONED4L, were
used to calculate the total phase shift for U0 2 thermal diffusivity values
ranging from 4 x 10-7 m2/s to 5 x 10-6 m2 /s. The ONED4L program computes a
substantially greater phase shift than the other programs because of tie
additional phase lag across the radiation gap. ONED3L and TWODE give fairly
similar results across the range tested. AMPHAS computes substantially lower
phase shifts at low values of the U02 thermal diffusivity than those computed
by TWODE and ONED3L, with the difference decreasing at higher values of the
thermal diffusivities. AMPHAS also gives some other anomalous results. When
tungsten properties are substituted for all three layers in the cell, the
results given by the various programs should correspond to the phase shift
for a single disc of tungsten, as given, for example, by the Cowan method.
For an all-tungsten cell, TWODE gave a result close to that given by the
Cowan procedure; AMPHAS, however, computed an approximately 32% greater phase
shift. Moreover, AMPHAS failed to compute a phase shift under certain input
conditions of temperature and thermal diffusivity of U02 .

These differences are presently being analyzed, and some further
experiments are planned to clarify the situation.

2. Interactions of Reactor Materials

(J. K. Fink and J. J. Heiberger)

An important part of reactor safety analysis is the study and
understanding of potential interactions between reactor materials at high
temperatures. Specific interactions of interest include (1) uranium oxide
with graphite, (2) solid uranium ixide and molten stainless steel with
graphite, (3) refractory metals with molten stainless steel, (4) uranium
oxide with refractory ceramic oxides, (5) control materials with molten
uranium oxide, (6) fission products with uranium oxide in the molten state,
and (7) silica with graphite.

a. Description of the Apparatus

To study these potential interactions at high temperatures,
a system which uses induction heating to obtain temperatures on the order
of 3300 K has been designed and constructed and is being tested. The system
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consists of a vacuum chamber in which the experiment is performed, a 100 kW,
450 kHz induction generator to provide power to the induction coil, a

vacuum system, an inert-gas regulating system, a water-cooling system, and

safety devices.

Figure 8 is a schematic of the payload inside the test chamber.

The material to be melted is placed in a primary container which rests inside
a secondary container made of graphite. The graphite secondary container also
serves as the susceptor for induction heating. The temperature of the test

sample is measured with an optical pyrometer via a prism system directing
the light beam from a black body cavity in the base of the graphite susceptor.
Since the greatest heat losses are by radiation, axial and radial heat shields

made of tungsten (for temperatures above 3100 K) or of tantalum (for tempera-
tures below 3100 K) are used.

Experiments are performed in an argon atmosphere to simulate

reactor conditions and to insure no interaction due to the presence of

any gas other than that produced in an experiment. The carbon monoxide

content of the chamber's atmosphere is continuously monitored throughout

the experiment for indication of reactions as well as for safety.

b. Test Experiments and New Design

Several test runs were made and an experiment was run to

study the possible formation of uranium carbide from uranium oxide and
carbon by heating UO2 in a graphite crucible to a temperature of 2273 K.
In these tests, temperatures up to 1773 K were obtained in an argon atmos-
phere and temperatures up to 2173 K were obtained when operating in a vacuum.
The repeated occurrence of arcing from the induction coil to the radial heat
shield and back to a lower potential of the coil forced termination of the
tests so that higher temperatures were not obtained. It is interesting to
note that the occurrence of arcing in the UO:-graphite experiment coincided
with a small rise in the CO level in the atmosphere of the test chamber.

Minor modifications to lessen the probability of arcing anu
thus eliminate the arcing problem proved unsuccessful. Consequently, the
system has been redesigned. To decrease the potential difference available
for arcing, the maximum voltage of the induction coil will be reduced by
the use of a one-turn coil instead of the four-turn coil and the size of
the coil and susceptor were reduced. The modified equipment necessitates
the use of smaller samples of test material (e..g. 0.1 kg UO. e. I kl Zto.).
However, the modification in size was needed to retain the capability of
attaining 3273 K.

c. Scoping Tests

In preparations for the experiments at high temperature in
the induction heated apparatus, several scoping tests at temperatures below
1973 K are being made using a platinum-wound tube furnace. These experi-
ments include (1) tantalum rod in molten stainless steel at 1773 K, (2) UO
in a graphite crucible at 1973 K, (3) t'O>i and staIniless .tvvj in a graphite
crucible at 1973 K, and (4) graphite and si ica at 1821 K.
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Fig. 8. Schematic of Crucible Assembly in 100 kW Induction Furnace

A blanket of inert gas is kept around the sample by flooding
thu interior of the furnace liner with high-purity argon. Even so, some
oxidation of materials has been evident in some of the tests. The primary
test crucible is contained within a vented zirconia secondary crucible. The
thermocouple used to monito- the temperature is located outside the secondary
crucible, as in previous experiments on the interactions of refractory

materials with sodium. 4

In the first experiment in this series, a study was made of
the rate of dissolut ion of tantalum in 304 stainless steel at about 50 K
above the melting point of stainless steel. A tantalum rod partly imbedded
in a pellet of 304 stainless steel was heated in an argon atmosphere in
an alumina crucible to 177 1 K and held at temperature for five minutes.
visuall examination indicated that the stainless steel had melted. The
tantalum rod was deformed and eroded near its interface with the stainleft
steel, where the diameter of the rod was reduced from 6.4 mm to 5.0 mm.
Where the rod was imbedded in the molten steel, the diameter of the rod
was reduced to 5.5 mm.

To study the possible formation of uranium carbide by an
interact ion of uranium oxide and graphite at 1973 K, pellets of U02 were
heated in a graphite crucible to 1973 K and held at that temperature for
approximately 2 1/2 hours. After cooling, a black powder was found on the
pellets and in the crucible. The top third of pellets had eroded. X-ray
diffraction analysis of the powder and scrapings from the pellets and
crucible indicated that no uranium carbide was formed. Similar experiments
at higher temperatures will be carried out In the rf induction furnace.
The effect of molten stainless steel on the U0,-C interaction will also
he studied.



The possibility of an interaction between silica and carbon

at 1823 K was studied by placing ATJ graphite powder in a quartz tube

Standing in a graphite crucible and heating the sample in an argon atmosphere.

The test sample was held at this temperature for about 2 1.12 hours. Pre-

liminary visual examination revealed that the quartz had turned white.

X-ray diffra',tion analysis indicated that the sil ica was an i-crisLobolite
forn;, and tha. t-SiC was present in the black powder.

3. Viscosit t _Molten Reator Materi ils
(R. Blomquist )

Viscosity measurements on molten fuel-sacrilical barrier material
mixtures are needed f-r the analysis of containment and heat-removal prob-
lems associated with a hypothetical reactor accident resni ting in the loss
of core integrity. Specially, the viscosity measurements are needed fo:
modeling studies being performed ior post-accident heat removal to analyze

the behavior of sacrifical beds involved such materials as urania, thoria,
aluminia, and magnesia. The melt viscosities greatly at tect convective

patterns within liquid pools and the proper values are needed for computa-
tional models. The systems that will be studied will be determined from
the results of the reactor material interaction tests.

The methods available for the mmssurement of tihe viscosit ies of
these materials are limited by the nish temperatures (ahout 3000 K) and by
the relatively low viscosities (0.001-0.1 Pa-s) that are anticipated in
this experiment. The oscillating cup method' is an excellent means of
making viscosity measurements at high temperatures on materials with low

viscosities. The method involves the torsional oscillation of a fluid-
filled cup suspended from a wire. The attenuation oh the oscillating cup
is measured by shining a narrow beam of light through a furnace window
onto a mirrored reflector. Each time the suspension system passes :m point
slightly offset from the null point tahe light beam strikes a photosensitive
detector. The time period between a known number of successive ret elections
is measured and then used to calculate the logarithmic decrement of the
amplitude attenuation which is used to calculate the viscosity of the liquid
under study.

Measurements are now being made on water at room temperature. The
measured values agree within approximately 10% of the literature. Eftorts
are being directed towards improving thi- accuracy.

B. Chemical Engineering Modeling for Post-Accident Heat Removal
(R. Kumar, C. Kim, and .. K. Fink)

The general problem addressed is the behavior of the core debris after
it has become sub-critical following a postulated vore-disruptive accident
in a fast reactor. The major concern is the long-term removal ot tie
fission-product decay heat from the reactor fuel in an in-vessel or an
ex-vessel situation. Analyses are being made to assess the interaction of
the core debris with the in-vessel or the ex-vessel environment. During
the reporting period, these analyses were focused on three general areas.
One was a continuation of the study of fuel-pool growth in sacrifical long-
term or short-term core-retention systems. Another one was a study of the
time required for the heat-generating core debris to melt its way through
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stainless steel plates, which may or may not be cooled by sodium. This is

of interest since the core debris is expected to settle out on certain

horizontal components of the reactor's internal structure. The third area

was that of heat loss from the top of hot fuel layers, or layers of fuel-

steel mixtures, in the absence of an overlying layer of sodium or other

liquid coolant. This situation is of interest in safety studies of the

GCFR in which certain hypothetical core-disruptive accidents are considered

to result in the fuel lying on the bottom of the reactor cavity, with various

amounts of steel mixed with the fuel. In LMFBRs also, bare fuel surfaces

can hypothetically be exposed after the sodium present has been boiled off.

1. Fuel Containment in Sacrificial Beds

The computer program GROWS described earlier 2 for computing the

growth of core-debris pools in sacrificial materials has been developed

further. Briefly, the modei consists of striking a heat balance over thl

debris pool and determining the heat fluxes at the top, side, and bottom

surfaces of the pool. The heat flux to the side and bottom surfaces is

absorbed as the heat of .usion of sacrificial material.

One of the major improvLuents to the model has been to include

two-dimensional, transient-heat conduction in the solid part of the sacrifi-

cial bed, with allowances being made for variable physical properties of the

bed mater.,l. One of the variations considered involves the changes caused
by the soaking of sodium into the solid bed. With the inclusion of heat
conduction in the solid bed, it was found that for engineered core-retention

systems in which the boundaries are maintained at constant temperature, the
final pool size is much smaller than that computed before. This results

from the heat being conducted to and absorbed by the bed coolant, rather
than being absorbed by melting of the sacrificial barrier.

The program GROWS has been generalized to accommodate postulated

reactor cases, as well as experimental data obtained with simulant materials.

It is presently being tested with experimental test data. The program is

also being used to determine which of the reactor material properties affect

the calculations most. Runs with somewhat different melt viscosities yield
significantly different pool-growth rates. For example, decreasing the

molten barrier viscosity while keeping all other properties unchanged
increases the downward progression of the debris pool significantly. This

points up the need for good melt viscosity data. Effects of other fuel and
barrier material properties are being investigated similarly.

2. Melting of Steel Plates by Core Debris

One of the parameters needed in the study of ex-vessel postaccident
heat removal is the time required for the fuel debris to melt through the
reactor vessel following a hypothetical core-disruptive accident (HCDA). To
estimate this time precisely, it is necessary to know the time required for
the fuel debris to melt through the various steel barriers in the reactor.
Thus, an understanding of the heat transfer from the fuel to the steel inter-
face and of the melting of the interfaces is needed. The molten fuel-stain-
less steel mixture produced in the core region will probably solidify upon
contacting the cooler sodium, and will then settle on horizontal surfaces
forming a particulate debris bed composed of fuel particles and stainless
steel particles in sodium.
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To provide a better understanding of the melting of the steel
interfaces by a debris bed and thus a better estimate of the time required

to melt through the interfaces in a reactor, a computer model is being
developed. This idealized computer code, which is called DEBRIS, models

the heat transfer from the fuel debris to the steel interface and sodium

both before and after dryout has occurred and the subsequent melting of

the steel layer. For simplicity, various assumptions have been made: The

heat transfer between the debris bed and steel is hv conduction. Heat trans-
fer to the sodium above the debris bed and to the sodium, which, for some

interfaces, is beneath the steel, is by convey ion. Heat loss to the sides
of the reactor vessel is assumed not to occur. The steel interface may be
flat or curved in shape and of variable thickness. Cylindrical synmetry is
also assumed.

a. The Mathematical Model

The equation for heat conduction for a material in which
there is internal generation of heat ist

a 7T + -= (I)
c t

where

Q' = Q' (r,O,z,t) = the heat generated per unit volume per unit time

T = temperature

p = density

cp = specific heat

t = time

a = k/(pcP) = thermal diffusivity

where

k = thermal conductivity

In cylindrical coordinates, which are generally appropriate for the geometry
of LMF3Rs, Eq. (1) becomes

(32T + 1 +T 1 aT +JT ' = 3T (2)
3r2 r ar r2 30- 3z" joc it

p

Assuming cylindrical symmetry, this reduces to,

a2T 1 LT 2 T ' 1 T(3)

ar2  r Dr z- k a ;at

The equation represents conduction heat transfer in the debris bed. For the
steel layer, Q' is set equal to zero in Eq. 3.
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Before dryout, the boundary conditions are:

(a) Insulation on the sides

T =0
tr=a

where a = the radius of the debris bed;

(b) Convection to sodium above the debris bed

-k T = h(T - T )
) 'z Iz=()

where

TB = the bulk temperature of the sodium

T = the temperature of the debris bed

h = the convection coefficient

kD = the conductivity of the debris bed

(c) Convection to sodium below the steel

-k5 -- = h(T - T )
z=E

where

To = the bulk temperature of the sodium below the steel

T = the temperature of the steel

h = the convection coefficient

ks = the conductivity of the steel

t = bottom of the steel layer

(d) Continuity at the boundary between the debris bed and the steel

SAz aT
kD )D =S

The boundary conditions after dryout are the same as above except that
boundary condition (b) is replaced by an isothermal condition (b') for the
top of the debris bed.

(h') The top boundary is kept at the boiling point of sodium

Tlz=o TBP



where

TBP = the boiling point of sodium.

In tile computer code DEBRIS, which is being written to model

the debris bed, the partial differential Eq. (3) is solved numerically by
use of the alternating direction implicit (ADI) method,7'' using central
differences. The ADI method's main advantage over other implicit methods

is that it results in tri-diagonal matrices for three-dimensional problems.
To solve the tri-diagonal matrices which result from the two sets of

difference equations, a Gaussian elimination method, specialized to tri-

diagonal matrices and known as the "Method of Thomas", is employed. The
method consists of a triangularization followed by back substitution. Unlike
sme applications of Gaussian elimination techniques, the use of this method

to solve the difference equations resulting from the ADI method produces a

negligible ac cumulation of round-off error.lo

b. The Computer Model

In the computer model of the debris bed, it is assumed that

the debris bed is composed of sodium, fuel debris, and stainless steel.
The masq of steel in the bed is assumed to be 0.57 times the mass of fuel.

The ringe of 0.4 to 0.6 is used for the volume fraction of sodium. The
thermal and physical properties of the materials comprising the debris bed

and of the steel are inputs to the code, and a subrouLine calculates the

effective properties of the debris bed from them. 1 All the calculations
are straightforward except for the effective thermal conductivity. It is

calculated using the equation '

- k-

k = k [l-i~ + icl ) 4

k+ (1 - L)1/' 1 -
. c c

where

k = effective conductivity of the mixed bed

kc thermal conductivity of the continuous phase

k = thermal conductivity of the particulate phase

c = porosity of the bed

Equation (4) is applied twice. First the effective conductivity of a bed
of steel in sodium is calculated. Then this value is used in the calculation
of the effective conductivity for fuel in the steel-sodium mixture.

Initially there is sodium in the debris bed. Thus, until
dryout occurs, the maximum temperature of the debris bed is limited to
the boiling point of sodium. The occurrence of dryout Ls determined by
comparing the upward heat flux from one node to another with the experimental
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heat fluxes for UO and stainless steel beds in sodium.13 The experimental
data are given as bed depth vs. heat flux. In the code, the bed depth used

for comparison is the depth of the hottest portion of the bed. Since the

depth of the debris bed may vary as a function of r, the dryout heat fluxes

are calculated for the center of the bed or for the part of the bed that

physically is the deepest. After dryout has occurred, the temperature

limitations of the debris bed are removed.

The melting of the steel interface is handled by a subroutine
MELT which calculates whether a node has melted or not. Once a node reaches

its melting temperature, heat is accumulated until the heat of fusion is

reached. The node is then marked as having melted, and again its temperature

increases.

c. Application to FFTF and CRBR

The computer model DEBRIS will be used to model debris beds

located on the steel interfaces of FFTF and CRBR. The interfaces of

interest in FFTF are the thermal baffle above the core, the core support

structure, the lower dome of the reactor vessel, and the bottom of the

guard vessel. In CRBR, a debris bed could be formed on the reactor vessel's

lower dome and on the bottom of the guard vessel. In its present form,
the code DEBRIS models the debris bed in FFTF located on the core support
structure. In the model, it is assumed that approximately 40% of the fuel

inventory will come to rest on that interface. Minor modifications to the

code are still being made, so that results for this part icular configuration

are not yet available.

Since the core support structure differs from the other

interfaces that may be considered, additional modifications to the code

will be necessary before these interfaces are studied.

3. Upward Heat Loss from the Core Debris Layers

Upward heat loss from a hot fuel or fuel-steel layer not covered

by sodium occurs by one or more of three major mechanisms: (a) radiative

heat transfer through an absorbing and emitting gas layer, (b) convective

heat transfer due to the motion of a gas medium above the core debris, and

(c) heat loss due to the evaporation of fuel or fuel-steel mixture. The

three heat-transfer processes take place simultaneously, while interacting
with one another. In the present study, each mode of the upward heat transfer
was considered to take place independently of the others. However, potential
interaction between radiation and convection was estimated.

The heat-transfer rate by radiation from the fuel surface was
obtained by solving simultaneously the energy balance equations representing
radiative exchange in a three-surface enclosure filled with an absorbing
and emitting gas (a participating medium). The enclosure above the fuel layer

was considered to be a circular cylinder filled with helium and fuel vapor.

It was assumed in this analysis that the gas medium is gray, is in thermo-

dynamic equilibrium, and is a diffuse absorber and emitter. It was further

assumed that the fuel surface and enclosure walls are isothermal, opaque, and

gray.

*
Fuel in this analysis represents either fuel or a fuel-steel mixture.
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For the case where auxiliary coolant gas flow is available, the

heat- and mass-transfer rates from the fuel surface were obtained from
convection in the stagnation-point region. It was assumed in the calculation

that the flow is laminar and in steady state, and the properties of the
gas are constant. It was also assumed that the mass transfer at the fuel-gas
interface does not significantly affect the velocity profiles in the neighbor-

hood of the stagnation-point. First, the continuity, momentum, species, and

energy equations with the appropriate boundary conditions were written for

the two-dimensional stagnation-point flow. These partial differential

equations were converted into a set of ordinary differential equations through

the Blasius transformation. The solution of the momentum equation is avail-

able elsewhere (see Schlichting,14 for instance). The solutions of the

species and energy equations could be obtained with the use of the similar

solution of the b-equation by Evans.' 5 Convective heat- and mass-transfer

rates were then calculated from the wall gradients given as functions of flow

properties, and Prandtl and Schmidt numbers. Heat loss due to fuel evapora-

tion was obtained by multiplying the fuel evaporation rate by the latent heat

of vaporization.

When the radiation-convection interaction is to be included, the

energy equation contains an extra term which represents the contribution by

radiation. Macken and Hartnett 16 obtained the numerical solution to the

energy equation for the case in which the heat transfer due to mass transfer

across the interface is negligible compared with other modes of heat transfer.

Interaction effects on heat transfer in the stagnation-point region were given

as functions of an interaction parameter and a dimensionless optical thickness.
The interaction parameter was defined as a function of the thermal conductivity

and absorption coefficient of the gas, and the surface temperature. The dimen-
sionless optical thickness was defined as a function of the absorption coef-

ficient of the gas medium, Reynolds number, and the distance from the
stagnation point. The results showed that the interaction between radiation

and convection is not significant for a dimensionless optical thickness smaller

than 10- 3 . When the optical thickness is greater than 10-, it was found

that the radiative heat transfer rate decreases, while the convective heat
transfer rate may increase or decrease, depending upon the surface emissivity.

In addition, the degree of interaction effects on radiation or convection

was found to become greater as the optical thickness increases or the inter-

action parameter decreases.

The absorption coefficient ci the gas layer is an important
factor in determining both the interaction parameter and the dimensionless

optical thickness. The presence of particulates, such as fuel and/or steel
aerosols, increases the absorption coefficient. The absorption coefficient
of the gas layer containing such particles can be calculated from the surface
emissivity and radius of the particle and the particle number concentration

in the gas layer under the assumption that the particle size is greater

than the wavelength of the radiation propagation.17 For the GCFR, the
dimensionless optical thickness was calculated for the gas layer containing
fuel aerosols. It was found that, for all the flow coastdown cases considered,

the optical thickness was no greater than 10-3. Therefore, radiation-con-
vection interaction may be neglected in the calculation of upward heat-transfer
rates from the fuel surface in those cases.
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Calculations of heat-transfer rates were carried out for the

following conditions expected for the 300 MWe Demonstration GCFR:

diameter of fuel layer = 6.25 m

height of enclosure = 12.74 m

emissivity of fuel surface = 0.8

emissivity of enclosure walls = 0.63

total gas emissivity = 0, 0.5, 1.0

feel surface temperature = 2000-4000 K

enclosure wall temperature = 825 K

pressure in enclosure = 8.62 x 106 Pa (85 atm)

superficial flow velocity = 1, 5 m/s

Some of the numerical results are shown in Table 10. The results

of the analysis indicate that the rates of heat loss by convection and by

fuel evaporation are much Lowe: than those by radiation. The results also

show that the effect of the total gas emissivity on the radiative heat-trans-

fer rate is small. It may be seen in Table 10 that the rates of heat lo-;s
by convection and by evaporation are proportional to the square root of the

superficial flow velocity of the gas. Table 10 also shows the effect of

fuel surface temperature on heat loss rates by the three processes. As the

surface temperature increases, the relative increase in the rate of heat

loss is greatest for fuel evaporation, and smallest for convection.



TABLE 10. Relative Magnitudes of Heat Loss from the Hot Core Debris by the Various Mechanisms

heat Transfer Rates (W/m2 )
By Convection; By Evaporation;

Fuel By Radiation; e = Gas Emissivity U0 = Flow Velocity UW = Flow Velocity
Surface
Temp., K g =0 g = 0.5 E = 1.0 Um = 1 m/s Um = 5 m/s Uc = 1 m/s Um = 5 m/s

2000 6.90 x 105 6.61 x 105  6.28 x 105 3.56 x 104 7.95 x 104 5.44 x 10-4 1.21 x 10-3

2400 1.45 x 106 1.39 x 106 1.32 x 106  4.27 x 104 9.54 x 104 5.40 x 10-1 1.21

2800 2.69 x 106 2.59 x 106 2.47 x 106 4.94 x 104 1.10 x 105 3.22 x 101 7.20 x 101

3200 4.60 x 106 4.44 x 106 4.23 x 106 5.56 x 104 1.24 x 105 4.31 x 102 9.58 x 102

3600 7.41 x 106 7.11 x 106 6.78 x 106 6.15 x 104 1.38 x 105 1.86 x 103 4.15 x 103

4000 1.12 x 10 7 1.08 x 107 1.03 x 107 6.74 x 104 1.51 x 105 3.33 x 103 7.45 x 103
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Ill. GCFR SAFETY ANALYSIS: RADIOLOGICAL RELEASE ASSESSMENT
(R. Kuma,, A. Sheth, and C. Kim)

A study vas conducted to estimate the radiological release from hypo-
thetical core disruptive accidents in Gas ooled Fast Reactors (GCFR). The
basic models, the assumptions involved, and typical results for the hypo-
thetical accident cases considered for the reference 300 MWe demonstration
GCFR are described below.

Consideration of the radiological consequences of such accidents was

focused mainly on the atmospheric release of plutonium, in the form of
mixed oxides, from the reactor building to the environment. Although the

release of other species also presents a radiological hazard, the release

of the mixed-oxide fuel was taken as a relative measure of the total radio-

logical hazard from the GCFR under accident conditions. As such, the primary

concern in the analyses was the transport of the mixed-oxide fuel from the

fuel subassemblies inside the reactor core to the environment outside the

reactor containment building. Since this was essentially a scoping study,
several simplifying assumptions were made in order to estimate the fuel

transport in the GCFR. These assumptions are discussed under the specific

accident cases investigated.

During normal operation there are several barriers between the fuel and

the atmosphere outside the reactor containment building. The first barrier

is the stainless steel (Type 316) fuel cladding. Before the fuel is released

from the fuel pins, the cladding must fail. The failure may be caused by

mechanical stresses, thermal stresses, or a combination of these two factors.

After the cladding has failed, the fuel is released to the inside of the
prestressed concrete reactor vessel (PCRV). The steel-lined PCRV thus forms

the second barrier to fuel release to the environment. The most likely ways

in which this barrier may be breached are a loss of integrity of the liner,
by failure of one or more of the penetration closure seals, or by over-

pressurization of the coolant gas, which would result in pressure relief

through the rupture disk(s) and the pressure relief valve(s). In such a
case, fuel or fuel-laden coolant gas is released to the inside of the
reactor containment building, which forms the th .rd and last barrier to
fuel release to the surroundings. The building, hcwever, is not a perfect
barrier; but because it is designed to limit the leakage rate to less than

0.1% of the air volume per day, it precludes sudden large releases of the

building contents to the ambient atmosphere.

In all of the accidents considered, the primary barrier fails by melting,
which results from inadequate cooling of the fuel rods. Depending upon the

type and severity of the accident being considered, the amount of fuel

exposed to the helium coolant may range from a small fraction to the entire

inventory of the reactor core. Also, the initial temperature of the fuel

exposed to the coolant may range from well below the fuel melting point to
values well above it. The corresponding fuel vapor pressures range from

less than 1 x 10-7 to t15 x 106 Pa. In addition, there may be direct injec-
tion of the fuel vapor into the coolant by flashing of superheated liquid
fuel. Cladding failure, therefore, may result in significant quantities
of fuel vapor being introduced into the helium coolant. The bulk of the
fuel, however, would remain as solid or liquid, either close to the initial
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location of the ccre or on the lower axial shield assembly.

The second barrier, the steel-lined PCRV, is thus required to contain

fuel-laden coolant, as well as any of the core debris lying at the bottom of

the reactor cavity. The core debris is not likely to peuetrate the lower

axial shield assembly. Therefore, in the radiological-release assessment,

the potential breaching of the second barrier was considered only in terms

of the release of the fuel-laden helium from the PCRV to the reactor contain-

ment building.

From the reactor building, the release of the mixed oxides to the

environment was assumed to proceed via channels that would account for a

leakage of up to 0.1% of the building volume per day.

In the radiological-release assessment, therefore, the most important

phenomenon is that of gas-phase transport of the mixed-oxide fuel. Also

of interest, because of the potential for overpressurization, is the heat

pickup by the helium from the hot core debris and the heat loss from the

helium to the auxiliary coolers and the walls of the gas containment in the

PCRV. The gas-phase transport of the fuel would be mostly in the form of
aerosol particulates, and very little would be transported as fuel vapor

since the vapor pressure of fuel at the normal helium temperatures is very

low. In the following paragraphs, general aerosol behavior is discussed;
this is followed by a more detailed discussion of the specific accident
situations analyzed.

A. Behavior of Aerosols

A general definition of an aerosol, or aerodisperse system, is a system
having a gas phase as the dispersion medium and a solid or liquid dispersed

phase. In analyzing the behavior of aerosols, it is important to differentiate
between aerosols formed by dispersion and those formed by condensation, and

to distinguish between systems having solid and liquid dispersed phases.

Some of the methods of forming dispersion aerosols are by the commutation of

solids, atomization of solids and liquids, and by the transfer of powders into
a state of suspension. Condensation aerosols are formed when supersaturated

vapors condense. Dispersion aerosols are generally coarser than condensation
aerosols and contain a wide range of particle sizes. When the dispersed
phase is solid, the dispersi:n aerosols usually consist of individual or
slightly aggregated particles of irregular form. In condensation aerosols,
solid particles are often loose aggregates of a very large number of primary
particles of a regular crystalline or spherical form. Two aerosol-generation
mechanisms are of interest in studying the radiological release from the GCFR:
one is the vaporization from a pool of molten fuel (or a solid debris bed,
depending upon the temperature) containing stainless steel and other materials,
followed by condensation; the second is the condensation of suddenly released
vapors formed by the flashing of superheated fu(I or stainless steel. The
aerosol formed by the condensation of these vapors results from -omogeneous,
heterogeneous, or ionic nucleation. Since the present study was directed
toward assessing the behavior and release of only the mixed-oxide fuel,
the rest of this discussion is restricted solely to fuel aerosols.

In the PCRV, the primary aerosol particles, or nuclei, grow in size by
condensation of additional vapor or by agglomeration. Simultaneously, some
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of the particles are removed by one of several Mechanisms. Any aerosol
released from the PCRV to the containment building follows a similar pxttern
of particle growth and removal. In general, by including the terms for the
source, agglomeration, and the various removal mechanisms, :nd by using
appropriate initial and boundary condit ions, a mathematical model -an be
formulated that yields the aerosols concentrations over a period of time.

Several phenomena affect aerosol particle behavior. These include
Brownian motion, diffusion, gravity, turbulence in the dispersion medium,
thermophoresis, and motions resulting from electrical forces. However,
in most cases of practical interest, Brownian motion, diffusion, and

gravitational settling are the only major contributions to the overall

aerosol particle behavior.

B. The Matnematical Model

A general model for aerosol behavior is described below. Slight
modifications needed for the specific accident cases considered in this
study are mentioned later when the individual cases are discussed.

The model is based on the following assumptions:

(1) The particles are always spherical and have a constant effective

density.

(2) The collision efficiency is unity; this implies that all the
collisions result in coagulation of the colliding particles.
(For simplicity, only binary collisions are considered.)

(3) The aerosol particles are not electrically charged.

(4) All aerosol particles are large compared to the mean free path
of the dispersion medium, so that a continuum hydrodynamic model
can be used.

(5) Free, well-stirred settling of the aerosol particles occurs,
there is no hindrance from the suspending medium or from other
particles.

(6) Particle motion takes place due to Brownian movement and diffusion.

(7) In general, the aerosol particles will show a spectrum of sizes,
but, for simplicity in the analysis, the whole spectrum may be
represented by a uniform, average size. This average particle
size is a function of time and changes until it reaches an
equilibrium value; the mass and number concentration also attain
their steady-state values. The assumption of average particle
size is discussed further, when the individual accident cases
are considered.

(8) A complete mixing of the aerosol particles occurs in the enclosed
gas space. In other words, the aerosol concentrations everywhere
in the gas space are the same. This assumption implies that the
aerosol concentration of the outgoing stream is the same as the
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concentrat ion of the gas inside the enclosed space.

(9) Ventilation or leakage, wall plat ing, and gravitational setti ing
are the only removal mechanisms. In the containment building,
particles are also removed by on-line filters, but, in the general
model, removal by filtration was not included; however, while
modifying the general model for the study of individual accident
cases, filtration was incorporated as one of the possible removal
mechanisms.

(10) All the fuel vapors condense into aerosol particles immediately,
and the fuel vapor content of the gas phase is negligible.

For aerosol behavior, the important phenomena are:

(i) Agglomeration: Usually the rigorous rate equation for

agglomeration contains two terins: one for the "formation

rate" of particles resulting from collisions between particles

of different sizes, and the second for the particle "removal

rate" which represents the loss of particle agglomerates

due to collisions with other particles. Since a uniform
average size is assumed to represent the entire particle-
size spectrum, the rate equation is approximated by

(In = -K "' 
(1)

agl

where n is the number of particles per unit mass of gas,

and K is a coagulation constant. The rate equation has a

negative sign because collisions between small agglomerating
particles yield fewer particles, although of a larger size.

(ii) Settling: Particles are removed from the suspension by

gravitational settling. Since the rate of removal is pro-

portional to the concentration of the particles,

-a - Vn(2)) V n
4 t set (

where Vs is the particle terminal settling velocity and Ii
is the effective height for settling.

(iii) Wall Plating: With the assumption of a well-stirred condition,
the concentration of the aerosol particles at any moment is
uniform throughout the gas space. The particles adjacent to

the wall surface diffuse to and stick to the walls. At the

surface of the walls, the concentration, n, is zero. Hence,
the rate of wall-plating is given by l

m Aw
(t A Vwp
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where

Dm = diffusion coefficient of the particle

Aw = area for wall-plating, m2

A = wall plating parameter or collosion distance, m

V = volume of gas space, m3.

(iv) Leakage, Ventilation: Aerosol particles can be lost to the

surroundings by leakage from a closed system. With the

assumption of a well-mixed gas phase, the rate of removal is

given byl

an L
-n

at 1 = -V

where

L = leakage rate; m3/s.

If Sn represents the source term for rate of generation of aerosol

particles, the aerosol concentration in the enclosed gas space can be
written as:

an _ (an + an + an + 3n + S
at 3t at at at n

agl set wp 1

or

at _ n2 -(A 1 + A2 + A 3 )n + ^n

where

Vs

a2 = -h = removal constant due to settling, 1/s

A= Dmtw = removal constant due to wall plating, 1/s
0V

L
a4 = V - removal constant due to leakage or ventilation,

1/s.

A similar equation can be derived for the mass concentration of the

aerosol.

C. Specific Accident Cases

Assessments have been made of the release of radiological material for
three specific accident cases. These are reactor depressurization without
scram and flow coastdown with and without scram.
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Reactor Depressurization without Scram. In this accident, the reactor

starts depressurizing from a leak formed in the PCRV, and the depressuriza-
tion is accompanied by a failure of the reactor shutdown systems. Substantial

mismatch between the reactor power and heat removal by the coolant does not
develop until the helium pressure falls to about 15% of the normal operating
pressure. Clad melting temperatures are reached and the resulting cladding
runout sharply increases the reactivity. The powei excursion melts and
superheats the fuel. The high fuel vapor pressures generated disrupt the
core, thereby causing a shutdown of the neutronic reactions. The superheated

liquid fuel flashes to thermodynamic equilibrium with the helium, and a
significant quantity of the fuel is vaporized in the process.

The above sequences were estimated to lead to a residual pressure of

1.3 MPaat the time of core disruption in the PCRV. The immediate post-burst
core average temperature was estimated to be 3800 K, with a consequent
vaporization of 5% of the core fuel inventory.

The analysis of this case was divided into two parts: (1) behavior
during the early stages of depressurization, wherein pressure equilibrium
is attained between the PCRV and the reactor containment building, and
(2) behavior during the building depressurization stage wherein final
equilibrium is reached with the surroundings. Compter program ARCHIE was
developed for the first part of the analysis, and program ROMA was prepared
for the second part.

The imporLant assumptions and features of ARCHIE were as follows:

(1) Within the PCRV, the aerosol removal is by wall-plating and by
helium leakage only.

(2) In the containment building, the aerosol removal is by wall-plating
and settling only.

(3) The program does not provide for the cooling of the gas in the
containment building by heat loss to the walls.

(4) The calculations begin at 1.3 MPa, and 5% of the fuel is instanteously
vaporized at time equal to zero. Subsequent vaporization of the
fuel within the PCRV is neglected.

(5) The calculations terminate when the pressures within the PCRV and
the reactor containment building are equal.

(6) The initial average size of the particles was obtained from the
empirical equation given by Koontz and co-workers. 2 Their equation
can be used oniy for the case of instantaneous release of aerosols
and, in the units used by them, is as follows:

r - 2.1 CR0.3// ~R p
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where

r = particle radius, um

CR = amount of vapor released, pg/cm 3

pp = effective particle density, g/cm
3

Using program ARCHIE, a parametric study was conducted in which the leak

size, effective particle density, wall-plating parameter, and amount of fuel

vaporized were varied. Some of the results are given in Table 11. These

results indicate that during the early stages of depressurization, aerosol
concentrations in the reactor assembly, as well as in the containment building

are largely affected only by the amount of fuel initially vaporized. Effects
of the leak size in the PCRV, effective particle density, and wall-plating
parameter, A, are less significant.

Program ROMA was designed to take over the calculations from the point
where ARCHIE stops. Important assumptions and features of ROMA are as

follows:

(1) A constant leakage from the containment buildings (typically 0.1%
of the building volume per day) is assumed.

(2) In the reactor assembly, the aerosol removal is by settling, wall-

plating, and leakage.

(3) In the containment building, the aerosol removal is by wall-plating,

settling, filtration, and leakage.

(4) Allowance is made for the cooling of the containment-building gas

at the building walls.

The filters that clan the containment building atmosphere are designed

to operate at 99.9% loaded efficiency for parLicles greater than or equal to

0.3 x 10-6 m and at a filtration rate of 1.5 times the building volume per

hours. Using the data in Table 11 that correspond to a leakage area in the

PCRV of 6.45 x 10-2 m 2 (100 in. 2 ), particle density of 5 x 103 kg/m3 , and wall-

plating parameter of 1 x 10-6 m, the amounts of aerosol released to the

atmosphere were calculated using program ROMA for varying amounts of fuel

vaporized initially. To check the sensitivity of the amounts of aerosol

released to the atmosphere with respect to filtration efficiency, filtration
rate, and leakage rate through the containment building, they were repeated
for conditions corresponding to 90% loaded efficiency, a filtration rate of

2.8 times the building volume per hour, and a leakage rate of 0.2% of the

building volume per day. The results, which are given in Table 12, show that

filtration and leakage conditions are as important as the amount of initially

vaporized fuel in calculating the amounts of aerosol released to the atmos-

phere.

To identify the importance Of various removal modes, as well as the
particle size, program ROMA was used for cases in which 5%, and 10% of the
core fuel had vaporized. Again the calculations considered a particle
density of 5 x 103 kg/m 3 , wall-plating parameter of 1 x 10-6 m, and 100 in. 2



TABLE 11. Typical Results Calculated Using Program ARCHIEa

Leak Size
in PCRV
(in.2)(m2)

100(6.45 x 10-2)

100(6.45 x 10-2)

100(6.45 x 10-')

100(6.45 x 10-2)

100(6.45 x 10-2)

50(3.225 x 10-2)

10(6.45 x 10-3)

100(6.45 x 10-2)

50(3.225 x 10-2)

10(6.45 x 10-3)

100(6.45 x 10-2)

50(3.225 x 10-2)

10(6.45 x 10-3)

100(6.45 x 10-2)

100(6.45 x 10-2)

Effective
Particle
Density

(kg/m3)x10-

2.5

5.0

5.0

5.0

7.5

5.0

5.0

5.0

5.0

5.0

5.0

5.0

5.0

5.0

5.0

Wall Plating
Parameter
(m)x106

1.0

0.1

1.0

10.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

1.0

Time to
Reach Final
Conditions,

(s)

35.8

35.8

35.8

35.8

35.8

71.8

360.7

35.8

71.8

360.7

35.8

71.8

360.7

35.8

35.8

Final
Particle
Radius,
(m)x10

6

8.887

6.284

6.284

6.284

5.131

6.286

6.256

3.877

3.878

3.884

7.737

7.739

7.753

0.672b
1.054c

Final Aerosol Concentration
In Reactor Assembly

kg/kg No. of Parti-

Helium cles/kg Helium

0.63

0.61

0.63

0.63

0.63

0.63

0.61

0.13

0.12

0.12

1.3

1.3

1.2

0.61

0.62

8.6

1.2

1.2

1.2

1.5

1.2

1.2

1.0

1.0

9.8

1.3

1.3

1.3

9.6

2.5

1010

1011

1011

1011

1011

1011

1011

1011

1011

1010

1011

1011

1011

1013

1013

In Containment Building
No. of Parti-
cles/kg Gas

1.0 x 101

1.5 x 109

1.5 x 103

1.5 x 103
1.8 x 109

1.5 x 109

1.3 x 109

1.3 x 101

1.3 x 109

1.2 x 109

1.6 x 109

1.5 x 109

1.3 x 109

1.9 x 1012

3.4 x 1011

kg/kg Gas

7.7 x 10-1

7.6 x 10-3

7.7 x 10-3

7.7 x 10-1

7.7 x 10-3

7.6 x 10-3

6.8 x 10-3

1.6 x 10-3
1.5 x 10-'

1.5 x 10-3

1.5 x 10-2

1.5 x 1G-2

1.3 x 10-

7.7 x 10-

7.8 x 10-3

Amount
of Fuel
Vaporized,

(: of Core)

5

5

5

5

5

5

5

1

1

1

10

10

10

5

5

(448.11

(448.11

(448.11

(448.11

(448.11

(448.11

(448.11

(89.62

(89.62

(89.62

(896.22

(896.22

(896.22

(448.11

(448.11

kg)

kg)

kg)

kg)

kg)

kg)

kg)

kg)

kg)

kg)

kg)

kg)

kg)

kg)

kg)

O

a Final particle radius and final mean aerosol concentration at the time when calculations by program ARCHIE are terminated.

b Initial particle size was arbitrarily taken as 0.5 x 10-6 m.

c Initial particle size was arbitrarily taken as 1.0 x 10-6 m.



51

TABLE 12. Effects of Amount of Fuel Vaporized, Leakage
Rates and Filtering Conditions on Amount of
Aerosol Released to the Environment

Amount of Aerosol Released Due to a Slow
Amount of Fuel Leak from Containment Building x 103
Vaporized, % Case A,a Case B,b

(of total inventory) (kg) (kg)

1 (89.62 kg) 1.40 1.93

5 (448.11 kg) 4.39 6.80

10 (896.22 kg) 6.72 10.90

a Filtration rate of 1.5 times the building volume per hour,
filtration efficiency of 99.9%, and leakage rate of 0.1%
of building volume per day.

b Filtration rate of 2.8 times the building volume per hour,
filtration efficiency of 90%, and leakage rate of 0.2% of
building volume per day.

(6.45 x 10-2 m2 ) leak area in the PCRV. As had been done earlier, the results

were obtained for two different sets of filtration and leakage conditions.

These results, which were obtained by intentionally setting various removal

constants equal to zero, are given in Table 13. They show that removal by

setting and filtration are two important modes; and because of this, the

initial particle size, which was obtained from the empirical correlation of

Koontz et al.,2 becomes more important in considering removal modes than
previously believed. The results calculated for initial sizes of 0.5 pm and

1.0 um do not differ much from each other, but they differ by about a factor

of 2 from the results calculated using the empirical correlation. Since

reliable data for estimating the initial particle size are lacking, it can

only be concluded that, due to uncertainty in the initial particle size alone,

the calculated amount of fuel aerosol released to the atmosphere may be in

error by at least a factor of 2.

The importance of removal of aerosols by settling in the containment

building was also checked in another way. In this study, the effective

height for settling was calculated from the total containment volume and the

total cross-sectional area. Since the containment building in which the
PCRV is located is a dome-shaped structure, the settling height is not the

same throughout the buildings. Therefore, calculations were made with dif-

ferent effective settling heights for the case in which the effective particle

density was 5 x 103 kgin , the wall plating parameter was 1 x 10-" m, the

leak area in the PCRV was 100 in. 2 , and the amount of fuel initially vaporized

was equal to 5%. The results, which are given in Table 14, indicate that
by changing the settling height by a factor of 3, the amount of aerosol
released changes only by a factor of about 2. The geometric height of the

containment building is given as 174 ft (53.03 m); 3 thus, the equivalent
height of 34.88 m used in all our calculations is considered to be an
appropriate average.



TABLE 13. Effects of Various Removal Modes and Initial Particle Sizes

on Amount of Aerosol Released to the Environment

Amount of Aerosol Released

Amount of Initial Various Removal Modes in Due to a Slow Leak from 3

Fuel Particle Containment Building Containment Building x 103

Vaporized, Radius,a x10 6  Wall Case A,b Case B,c

(% of Core) (m) Filters Settling Plating (kg) (kg)

5 (448.11 kg) 6.283 Active Effective Present 4.39 6.80
5 (448.11 kg) 6.283 Active Ineffective Absent 10.30 12.10
5 (448.11 kg) 6.283 Inactive Effective Present 7.52 15.00

5 (448.11 kg) 6.283 Inactive Effective Absent 7.53 15.00

5 (448.11 kg) 0.5 Active Effective Present 9.83 11.80
5 (448.11 kg) 1.0 Active Effective Present 9.85 11.90

1 (89.62 kg) 3.877 Active Effective Present 1.40 1.93
10 (896.22 kg) 7.735 Active Effective Present 6.72 10.90

a Initial particle
fuel vapors

size corresponds to the size of particles generated from a sudden-release of

b Same conditions as in Table 12.

C Same conditions as "b" in Table 12.
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TABLE 14. Effect of Settling Heights on Amount

of Aerosol Released to the Environ-

ment for the Case of Slow Leakage

from the Buildinga

Amount of Aerosol

Settling Height Released to
in Building, Environment, x 103

(m) (kg)

17.44 2.84

34.88 4.39

52.33 5.40

aFiltration rate of 1.5 times the building

volume per hour, filtration efficiency of

99.9%, and leakage rate of 0.1" of building
volume per day.

Thus far in the analysis, it has been assumed that the fuel vapors are

released instantaneously. In the real case, however, the release of fuel

vapors will be distributed over a period of time, during which the total

integral release may be 1%, 5%, or 10% of the fuel. From the results in

Table 11, the time required to reach equilibrium with the containment pressure

is available. By fitting an exponential expression for pressure decay and by

assuming the rate of release of fuel vapor to be directly proportional to

the pressure inside the reactor assembly, a simulation of the release of

fuel vapor over a period of time can be made. Progru ROMA was used in the

simulation; prior to this use, ROMA was modified so as to make it independent

of program ARCHIE by allowing ROMA to start calculations at time equal to
zero. The results given in Table 15 correspond to the case in which a total
of 5% of the fuel has eventually vaporized, the effective particle density

is 5 x 103 kg/m3 , and the wall-plating parameter is 1 x 10-6 m. Also given

in the table are results for the instantaneous release case, wherein contain-

ment building cooling and aerosol removal by settling in the reactor assembly

occur from the beginning. The results show that, as expected, the amount

of aerosol released is less for a timed vapor release than for an instan-

taneous release.

In evaluations of the health hazard effects of fuel aerosols, especially
of plutonium aerosols, the amount, as well as the size of particles, is

important. To avoid unnecessary complications in thc present analysis,
an average particle size (which itself changes with time) was assumed to

represent the entire size spectrum of particles at any instant of time.
According to Castleman,4 it has been concluded from the experimental work
done at Brookhaven National Laboratory, that the sie distribution of the
PuO 2 agglomerates is approximately log-normal with a geometric standard
deviation of the distribution of about 1.9, which with appropriate average
particle size, gives some idea of the entire size spectrum. In Table 16,
values are given for the equilibrium average particle size in the contain-
runt building for a few typical conditions. The results show that the
increase or decrease in the size of the particles -reater than 1 x 10-' m,
is not appreciable, which is of interest because coagulation and subsequent



TABLE 15. Amount of Fuel Aerosol Released to the Environment Under Various Conditionsa

Amount of Fuel
Vaporized,

(2 of Core)

Initial
Particle

Radius x 106

(m)

Leak Size
in PCRV,
(in.2 )(m2)

Time Allowed for
Release of Fuel

vapor, (s)

Amount of Fuel

Aerosol Released

to Environment, x 103
(kg)

5 (448.11 kg) 6.283 100(6.45x10-2) 35.8 3.20
5 (448.11 kg) 1.0 100(6.45x10- 2) 35.8 7.21
5 (448.11 kg) 0.5 100(6.45x10-2 ) 35.8 7.25

5 (448.11 kg) 6.283 10(6.45x10- 3) 360.7 3.06
5 (448.11 kg) 1.0 10(6.45x10- 3) 360.7 6.90
5 (448.11 kg) 0.5 10(6.45x10- 3) 360.7 6.77

5 b (448.11 kg) 6.283 100(6.45x10- 2) Instantaneous Release 4.41

5 b (448.11 kg) 6.283 10(6.45x10- 3 ) Instantaneous Release 4.17

aAssuming that all the removal modes (settling, wall plating, and filtration) are effec-

tive. Filters are working at 99.9% efficiency and at the filtration rate of 1.5 times

the building volume per hour. The leakage from building is 0.1% of building.

bAllowing for leakage to begin from the building at the same time that all of the 5. of

fuel has vaporized instantaneously. Also, allows for cooling of building and settling
in the reactor assembly right from the beginning.

U,
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TABLE 16. Typical Values of Equilibrium Average Particle

Radius in the Containment Buildinga

Amount of Fuel Leak Size Initial Average
Vaporized, in PCRV Particle Radius, x 10'

(7 of Core (in.=)(m2) (W)

b1 (89.62 kg) 100(6.45x10-2) 3.877

5(448.11 kg) 100(6.45x10-1) 6.283

10b (896.22 kg)

(448.11 kg)

(448.11 kg)

(448.11 kg)

(448.11 kg)

(448.11 kg)

(448.11 kg)

(448.11 kg)

(448.11 kg)

100(6.45x10~ 2 )

100(6.45x10- 2 )

100(6.45x10~1)

100(6.45x10-2 )

100(6.45x10- 2)

100(6.45x10- 2)

10(6.45x10- 3 )

10(6.45x1 0-3)

10(6.45x10- 3)

7.735

0.5

1.0

6.283

0.5

1.0

6.283

0.5

1.0

Equilibrium Average
Particle Radius;, x 106

(m)

3.894

6.263

7.665

0.852

1.151

6.288

0.79

1.131

6.289

0.839

1.175

a Assumes wall plating parameter of 1 x 10-b m, effective particle density of

5 x 103 kg/m3 , and normal filtration and leakage conditions, as well as the

presence of all the removal modes.

b Assumes instantaneous release of vapor. Initial particle size obtained from

the correlation of Koontz, et a7. (Ref. 2).

c Assumes release of fuel vapor distributed over 35.8 s. Initial particle
size assigned arbitrarily.

d
Assumes release of fuel vapor distributed over 360.7 s. Initial particle
size assigned arbitrarily.

settling is important in the case of the larger sized particles. However,
because removal by wall plating does not occur e:<tensively, the smaller
particles ( 1 x 10-6 m) have ample time to grow before they are removed by
settling. This is reflected in the greater increase in the average size of
the smaller particles.

In summarizing the analysis for the hypothetical accident related to
reactor depressurization without scram, one can expect about 2.5-15.0
x 10-3 kg of fuel aerosols (in the form of mixed oxide) to be released to
the environment. The average particle radii may vary from 0.5 to 10 x 10-" n.
The particle size distribution may be considered log-normal, with a geometric
standard deviation of 1.9. The amount of fuel aerosols released is for the
case in which only about 5% of the fuel is vaporized. For a higher or lower
extent of vaporization, the amounts released will vary proportionately.

Flow Coastdown. In this type of accidents, the hel Lum recirculators
lose power and begin to coast down, with a consequent decrease in the

5'

rc

5c

5d

5d

5d
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coolant flow rate. If the reactor shutdown systems operate successfully,
a mismatch between power and flow may still exist such that clad overheating
and melting would develop slowly (time )f the order of minutes) under the
influence of f ission-product decay heating. Thermal attack on the duct walls
may cause the ducts and associated fuel to drop to the bottom of the reactor
cavity. If the reactor shutdown systems fail to operate, a power burst
similar to the one for the case of reactor depressurization may occur. The

two cases of flow coastdown, with and without scram, were investigated
separately.

Flow coastdown with scram was analyzed both with and without the assump-
tion of duct fallaway prior to fuel melting. Analysis indicates that melting

of the periphery of several ducts will precede fuel melting. However, the

uncertainty of prompt duct fallaway led us to subdivide this class of accidents

into those with early duct fallaway and low fuel temperatures, and those with

delayed duct fallaway and melting fuel temperatures. In this analysis parti-

cular attention was directed toward the possibility of generating fuel aerosols,
and of their release to the reactor containment building by over-pressurization

of the PCRV. These accidents were analyzed under conditions of no gas flow,
as well as under conditions Lf auxiliary flow.

When duct fallaway prior to fuel melting was postulated, the core fuel

was assumed to fall to the bottom of the reactory cavity with an average

core-fuel temperature of 2500 K, 120 s after the HCDA. The lower axial

blanket material was also assumed to fall to the bottom and to be at the
normal operating temperature of 825 K. For the case when early duct fallaway
is assumed not to occur, the core was assumed to arrive at the reactor cavity
bottom in a molten state at 3040 K, 200 s after the HCDA. It was assumed

that the core would immediately form a debris bed together with the axial
blanket material, which is much cooler (825 K) than the core fuel.

In the case of flow coastdown without scram, the whole core is expected

to melt, with about one-half of the fuel being ejected upward and the other
half downward. In the present analysis, however, the entire core inventory

of fuel was assumed to form a molten poul at 4500 K on the cavity floor,
1 s after the HCDA. It was also assumed that no blanket material would be

present in the fuel pool, and that no auxiliary gas flow would be available.

A computer program CK was written for the study of flow coastdown

accidents in CCFRs. The following features were included in CK:

(a) Calculation of the upward and downward heat transfer rates in the

fuel layer (debris bed or molten fuel layer).

(b) Calculation of heat losses from the fuel surface by radiation

and by convection.

(c) Calculation of the optical thickness of the gas layer containing
fuel aerosols for the calculation of radiative heat transfer.

(d) Calculation of the gas temperature and pressure in the PCRV as

functions of time, thereby allowing an estimate to be made of the

potential for opening the PCRV relit.. valves.
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(e) Calculation of fuel evaporation rate either by forced convection

or by natural convection.

(f) Modified ROMA, which describes the fuel aerosol transport within

the reactor building.

Two mathematical models were taken for the study of heat transfer

in the fuel layer: (a) a conduction model for the fuel debris bed, and (b) a

convection model for the molten-fuel pool. The program CK was written in

such a way that it selects the debris-bed model or molten-pool. model when

the fuel temperature is, respectively, lower or higher than the melting

point of the fuel. The upward and downward heat transfer rates in the fuel

debris-bed, and the downward heat transfer rate in the molten fuel layer

were calculated by the conduction equation for a heat-generating slab.

Kulacki's correlation was used in the calculation of the upward heat transfer

rate in the molten fuel layer.

Upward heat loss from the fuel surface is mainly diue to (a) radiation

through the absorbing and emitting gas layer, and (b) convective heat transfer

owing to the motion of the gas medium. It was assumed in the calculation of

radiative heat transfer that the gas medium is gray, and is a diffuse absorber

and emitter. It was also assumed that the fuel surface and PCRV walls are
isothermal, opaque, and gray. The net heat transfer rate by radiation between

the fuel surface and the PCRV walls was obtained by means of the numerical

solution by Howell and Perlmutter.6 The absorption coefficient of the gas

layer is enhanced by the presence of fuel aerosol particles; this results in

an increase in optical thickness and a consequent decrease in the radiative

heat transfer rate.

Laminar flow in the stagnation-point region was assumed in calculating

the convective heat transfer rate from the fuel surface when the auxiliary

cooling system is taken to be active. When it is assumed that the auxiliary

flow system has failed to work, the correlation by Goldstein and Chu7 was used

to calculate the heat transfer rate by natural convection.

The potential of opening the PCRV relief valves ow.,ng to the over-

pressurization of the PCRV was estimated. In tne calculation of the gas tem-

perature in the PCRV, the important heat transfer processes are convection

from the PCRV walls and heat removal by the auxiliary cooling system, as well

as convection from the fuel surface mentioned earlier. The gas temperature

in the PCRV was calculated as a function of time, with the above-mentioned

heat transfer processes being taken into account. The pressure in the PCRV

was then obtained using the ideal gas law. The PCRV relief valves were

assumed to open at 9.65 x 106 Pa and to remain irproperty seated thereafter,
resulting in a continuous leakage of the gas into the containment building.

Program ROMA was used, with a slight modification, to describe the fuel
aerosol transport because the behavior of fuel aerosol is practically the

same as in the depressurization case. The flow coastdown accidents differ

from the depressurization case in that the fuel aerosols are generated
continuously by the condensation of fuel vapors during a flow coastdown.
The generation rate of fuel aerosols is directly dependent upon the fuel
evaporation rate. The evaporation of fuel at the fuel-gas interface was

calculated by analogy to convective heat transfer aL Lile interface. Forced



58

or natural convection was considered, depending on the presence or absence

of the auxiliary flow system.

The following parametric values ,ere used in the program CK:

Initial gas temperature = 709 K

Reactor cavity wall temperature = 1700 K (% melting point of steel)

Reactor cavity bottom temperature = 1700 K

PCRV relief valve leak sizes = 1, 10, and 100 in.2 (6.45 x

10-4, 6.45 x 10-3, and 6.45 x
10~' M 2 )

Effective density of fuel
aerosol particles = 5 x 103 kg/m3

Wall plating parameter = 1 x 10-t m

Initial radius of aerosol

particles = 0.1, 1, and 10 x 10-6 m

The results are as follows:

(a) When at least one auxiliary cooling system is assumed to be

active for the accidents involving flow coastdown with scram,
it was found that the gas temperatu-a and the pressure in the
PCRV decrease continuously. This is because the heat removal

rate by the auxiliary cooling system exceeds the rate of heat

gain by the gas phase by convection. Therefore, the opening

of the PCRV relief valves and the consequent fuel aerosol
release to the containment building and to the environment

are not expected.

(b) If the failure of all three auxiliary cooling systems is
postulated, the gas temperature and pressure in the PCRV
increase to the point at which the relief valves open. This
would happen in about 5 minutes after the HCDA if the early
duct fallaway occurs, and in about 8 minutes after the HCDA
if the early fallaway does not occur. Consequently, fuel
aerosol release is expected in both cases. The total amounts

of fuel expected to be released to the environment, together
with the final concentrations of fuel aerosols in the reactor

assembly and in the containment building, are listed in Tables
17 and 18. The tables show that the case with the delayed
duct fallaway is slightly worse in terms of fuel released than
the case with early duct fallaway. For all cases considered,
the total amount of fuel released to the environment is
estimated to be less than 2 x 10~11 kg.

(c) Accidents involving flow coastdown without scram were found

to be much worse than the flow coastdown accidents with scram.
The trend of the change of gas temperature and pressure in the
PCRV is very similar to that for the flow coastdown accidents
with scram in the absence of active auxiliary cooling systems.

The time between the HCDA and the opening of the PCRV relief



TABLE 17. Results of Calculations for Flow Coastdown with Scram when Early Duct Fallaway is Postulated to Uccurl

- - -------- - - - - ---- - - Fin,il Fuel Aerosol Concentration -- - --
Initial Fuel Time After Total Am-mnt T-tal Amount of

Aerosol Radius PCRV Relief HCDA when of Fuel Fo.-I Rcleased

x 10 Valve Opening PCRV Valve Vaporized x 0 In Ractor Assmbly In Co innt Building t Fnvirnmnt
(m) (in.

2
)(m

2
) Opens (s) (kg) kg/kg He No. of partirles/kg He kg/kg Gas No. of particles/kg Gas (kg)

0.1 100(6.45 x 10- ) 305 0.433 1.51 x 10~1' 7.26 x 106 2.60 x 10-IF 1.25 x 10- 7.98 x 10

1.0 1(6.45 x 10-') 305 0.233 5.10 x 10-9 2.44 x 105 1.05 x 10-1 5.03 x 10-3 1.29 x 10-1

1.0 10(6.45 x 10-3) 305 0.427 6.90 x 10~9 3.30 x 105 1.42 x 10-16 6.80 x 10-' 1.17 x 10-

1.0 100(6.45 x 10-2) 305 0.433 6.90 x 10-9 3.30 x 105 1.45 x 10-16 6.93 x 10-' 1.16 x 10'

10.0 100(6.45 x 10-2) 305 0.433 6.30 x 10-:1 3.05 3.24 x 10-19 1.57 >. 10-A 2.27 x 10

a Auxiliary cooling system is assumed to be absent.

I-p



TABLE 18. Results of Calculations for Flow Coastdown with Scram when Early Duct Fallaway is Postulated not wu :Mcurd

Initial Fuel Time After Total Amount Final Fuel Aerosol Cenrentration Total Amount of

ArslRdu PCVRelief HCDA when of Fuel - -- - - ----- '-- --- - Fuel Released
Aerosol Radius PCRV Oening HCDA V e orze- In Reactor Asser'V In Containment Building to Environment

x 106 Valve Opening PCRV Valve Vaporized No. o__HG.f r la(

(in) (in.
2
)(m2) Opens (s) (kg) kg/kg He ~No. of particles/kg Hie kg/kg Gas -No. of particles/kg Gas (kg)

100(6.45 x 10-2)

1(6.45 x 10-4)

10(6.45 x 10-3)

100(6.45 x 10-2)

100(6.45 x 10-2)

470

470

470

470

470

5.12 x 10~4

2.29 x 10'4

4.81 x 10-4

5.12 x 10-4

5.12 x 10-4

1.51 x 10-10

5.04 x 10'
9

7.38 x 10-9

7.61 x 10-9

6.28 x 10-11

7.24 x 106

2.41 x 105

3.53 x 105

3.65 x 105

3.04

2.5; x 10-1

1.03 x 10-16

1.54 x 10-16

1.58 x 10-16

3.07 x 10-19

1.23 x 10-1

4.93 x 10-3

7.38 x 10-

7.57 x 10-'

1.49 x 10-"

6.52

1.58

3.53

8.04

1.79

x

x

x

x

x

10-3

10:

10- 2

10~ 3

10-13

a Auxiliary cooling system is assumed to be absent.

0.1

1.0

1.0

1.0

10.0
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valves was estimated to be about 1 minute. Table 19 !shows the
estimated amounts of fuel lost to the environment. fhe

substantially larger amount of fuel released to the environment,

as compared with flow coastdown with scram, mainly results from
the earlier opening of the pressure relief valves and greater

fuel evaporation rates due to the higher fuel surface tempera-
tures. For the cases considered, the amount of fuel released

is expected to be less than 3 x 10-4 kg.

In conclusion, the radiological release analyses indicate that

(i) For depressurization without scram, with a leak area of
10 to 100 in. 2 (6.45 x 10-3 to 6.45 x 10-2 m 2) in the
PCRV, approximately 450 kg of fuel are expected to be
vaporized at the time of core disassembly. Of this
amount, about 2.5 to 15 x 10-3 kg is estimated to escape
to the environment.

(ii) For flow coastdown with scram, no fuel release is
expected so long as at least one auxiliary cooler is
active. With a complete failure of the core auxiliary
cooling systems, the amount of fuel release to the
environment is estimated to be less than 2 x 10-11 kg.

(iii) For flow coastdown without scram, a fuel release of up
to 2.5 x 10-4 kg is estimated.



Initial Fuel
Aerosol Radius

x 106
(m)

0.1

1.0

1.0

1.0

10.0

PCRV Relief
Valve Opening

(in.
2

)(m
2

)

100(6.45 - 10-2)

1(6.45 x 10'4)

10(6.45 x 10--3)

100(6.45 x 10-2)

100(6.45 x 10-2)

Time After
HCDA when
PCRV Valve
Opens ()

50.8

56.7

56.7

56.7

58.8

TABLE 19. Results of Calculations for Flow Coastdown without 3crau
Total Amount Final Fuel Aerosol Concentration

of Fuel In Reactor Assembly In Containment Building
Vaporized

(kg) kg/kg He No o' particles/kg He kg/kg Gas No. of particles/kg Gas

921 1.18 x 10-
3  5.53 x 109 2.37 x 10-11 1.11 x 102

1.11 1.02 x 10-5 4.69 x 108 2.14 x 10-13 9.84

1.30 1.19 x 10-5 5.57 x 108 2.50 x 10-13 1.17 x 101

47.5 4.36 x 10-4 1.24 x 1010 9.08 x 10-12 2.58 x 102

27.0 5.54 x 10-
1 1 2.68 2.78 x 10-19 1.34 x 10-1

Total Amount of
Fuel Released

to Environment
(kg)

2.45 x 10-4

1.85 x 10- 5

2.55 x 10-5

2.80 x 10-5

5.05 x 10-6
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