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FOREWORD

ApvaNceEs IN CHEMISTRY SERIES was founded in 1949 by the
American Chemical Society as an outlet for symposia and col-
lections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented,
their papers distributed among several journals or not pub-
lished at all. Papers are refereed critically according to ACS
editorial standards and receive the careful attention and proc-
essing characteristic of ACS publications. Papers published
in ApvANcEs IN CHEMISTRY SERIES are original contributions
not published elsewhere in whole or major part and include
reports of research as well as reviews since symposia may em-
brace both types of presentation.
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PREFACE

To get things done in this world, we need men of action and common
sense; to see that more good is done than harm, we need men of reflec-
tion and uncommon sense. Both types play their role in maintaining the
balance between the extremes of recklessness and stagnation. These days
both types could hardly avoid being aware of the difficulties and unfore-
seen consequences resulting from our unprecedented technical achieve-
ments. The problems of environmental pollution have attracted attention
and concern at all levels of responsibility and from all fields of com-
petence.

Radionuclides constitute a special kind of environmental pollution.
Their artificial production rate has increased exponentially since the
development of the first nuclear reactor. They have brought us blessings
in the form of power, of new research tools, and of new knowledge; they
have brought us problems in the form of the release of hazardous radio-
nuclides and of the management of large quantities of radioactive waste.

The responsibility for overseeing the development of nuclear power
and the acquisition and utilization of nuclear resources is important, diffi-
cult, and expensive. At the June 1967 meeting of the American Nuclear
Society in San Diego, it was noted that it costs as much money to prove the
safety of a Snap device as it does to develop it. Obviously, decision mak-
ers are conscientiously exercising their responsibility. As scientists we are
in the fortunate position of giving advice without having to make deci-
sions. However, we still have responsibilities and difficulties—only of a
different kind. As scientists our job is:

(1) To foresee hazards and to forewarn decision makers

(2) To provide the most reliable information possible in the most
economical manner possible

(3) To help maintain perspective.

To maintain perspective, we must consider artificial radioactivity in
comparison with the natural radioactivity with which man has learned
to live, and some with which he hasn’t (such as the radon and thoron
daughters of uranium). To provide good information efficiently we who
are working on various aspects of this problem need to trade ideas and
criticisms and techniques of sampling, analysis, data reduction, and
interpretation.

We undertake our responsibility out of scientific self interest and
out of concern for the technical progress of our nation and the benefit of

xi
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mankind. Itis to our advantage as scientists to have the maximum free-
dom for the use of radioactive tracers consistent with regard for the
common safety. It will benefit our nation to be able to exploit the peace-
ful application of nuclear explosives under the same constraints. The
prudent utilization of nuclear energy offers many potentials for develop-
ing underprivileged nations.

The task of providing input for the man who must calculate the
risk has problems of its own which discourage the fainthearted. A
nuclear detonation, a runaway reactor, a radioisotopic power source that
is entering the atmosphere—these are examples of highly irreversible
processes occurring under unfamiliar conditions of temperature, pres-
sure, cooling rate, and admixture of new material into the system. Nuclear
detonations, which have been primarily responsible for the uncontrolled
release of radioactivity into the environment, are characterized by frac-
tionation processes that send one fission product aloft on small particles
and bring another to the ground on large particles and require almost
individual consideration of every nuclide.

Encouragement can be taken in the simplification offered by ‘the
limited number of fundamental processes that unify this diversity: the
process that governs the uptake of radon or thoron on dust particles in
a uranium mine is the same process that governs the uptake of fission
product molybdenum oxide on a coral particle. Fission-product conden-
sation onto a particle is essentially the same movie as the one for fission
product escape from a reactor particle, but run backward. The same
ion-exchange processes are considered in waste disposal, in the leaching
of fallout parti¢les in the gut, in ground-water contamination from Plow-
share events, and in the release of radionuclides to the ocean. The aero-
sols that would result from a re-entering isotopic power source are not
greatly different from those produced by a nuclear detonation in air. The
atmospheric transport of these and naturally occurring aerosols bearing
cosmic-ray induced nuclides are governed by the same laws.

These are some examples of the similarities which can be exploited
when we learn more about what our fellow man is doing. The exchange
of such information was the primary purpose of this symposium, and
wherever possible, the authors point out the relation of their work to
current investigations in other phases of this general subject.

San Francisco, Calif. E. C. FREILING
June 1969
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Mass-Transfer Mechanisms in Source-Term
Definition

E. C. FREILING!

Naval Radiological Defense Laboratory, San Francisco, Calif. 94135

This paper deals mainly with the condensation of trace
concentrations of radioactive vapor onto spherical particles
of a substrate. For this situation the relation between the
engineering approach, the molecular approach, and the
fluid-dynamic approach are illustrated for several different
cases of rate limitation. From these considerations criteria
are derived for the use of basic physical and chemical pa-
rameters to predict the rate-controlling step or steps. Finally,
the effect of changing temperature is considered and the
groundwork is thereby laid for a kinetic approach to pre-
dicting fallout formation. The relation of these approaches
to the escape of fission products from reactor fuel and to the
deposition of radon and thoron daughters on dust particles
in a uranium mine is indicated.

This chapter introduces and supplies the background for the papers of
the session on mass transfer. Mass-transfer considerations are funda-
mental to source-term definition and to a basic understanding of radio-
nuclide fractionation processes. However, they are unfamiliar to many
radiochemists and environmental scientists, who may constitute most of
the readers of this volume. They represent primarily an engineering
approach, whose suitability seems too obvious to belabor.

We are basically interested in heterogeneous, high temperature
kinetics. At high temperatures, the chemical reactions occur as fast as
the reactants can get together, like ionic solution reactions. Hence, we
are concerned mainly with how fast the species can get from one part of
the system to another. These transport processes are the bottlenecks

! Present address: U. S. Naval Weapons Laboratory, FCA, Dahlgren, Va. 22448,
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that regulate the behavior of the system. We can approach them from
many viewpoints:

(1) Kinetic theory of gases (collision model or Monte Carlo
approach)

(2) Chemical engineering principles and boundary-layer theory

(3) Reaction kinetics and statistical mechanics

(4) Thermal analogs (continuum theory)

We will touch on all of these. The last is of interest because so many
of the problems worked out by thermophysicists can be applied to chemi-
cal problems by a few simple changes in notation.

Because the subject is vast, the presentation is limited to a discussion
of the uptake of a tracer from the vapor phase by spherical particles.
This is the viewpoint of one concerned with fallout formation. The re-
verse process—escape from spherical particles—is the viewpoint of one
concerned with reactor fuels. For the idealized case the treatment is
exactly the same for the two situations. The fact that we deal with trace
quantities and concentration means that we can neglect changes in the
particle properties as the reaction proceeds and that we need not be con-
cerned with surface nucleation.

Mention of fallout formation brings us to the second purpose of this
chapter. Both developers and users of fallout-formation models have long
recognized the need for a kinetic approach to predict fallout formation.
Yet, despite the availability of the highly developed kinetic theory of
gases and of a wealth of material on the engineering approach to mass,
heat, and momentum transfer, the development of such an approach has
been slow to materialize. The principal barrier has been ignorance of
the relative importance of the fundamental processes involved in radio-
nuclide condensation at high temperature—namely:

(1) Diffusion of fission-product species through the gas phase

(2) Reflection or condensation of these species at the surfaces of
particles

(3) Diffusion of condensed species within particles
(4) Re-evaporation of condensed species.

Recent work at NRDL (1) has established the rate-controlling steps
for several cases of interest, and the time is now ripe to lay the foundation
for a realistic approach to fallout formation.

Of course, the first question is, “where must the system go?” This is
formally answered by chemical thermodynamics in terms of equilibrium-
distribution coefficients or Henry’s Law constants. For our purposes
these are well described from the elementary viewpoint by MacDougall
(8) and from the viewpoint of practical application by Norman (9).

The next question is, “How does it get there?”
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Background

Table I presents six basic equations in a general way. Those on the
left apply to transfer within a phase A, and those on the right to transfer
across a phase boundary AB. The top row expresses the mutual definition
of force F, proportionality constant K, and potential ¢. The second row
expresses the phenomenological proportionality between flux J and force
F. The bottom row states the conservation constraints. The left equation
says merely that in a given volume the difference between the accumula-
tion rate and the emanation rate must be attributed to a source S. As
stated, these equations apply to any conserved quantity which is diffusing,
either within a phase under the influence of a potential gradient or across
a phase under the influence of a potential difference.

Before particularizing, we can consider a number of simplifications.
In the steady-state condition, all time derivatives are zero. At equilibrium,
in addition to zero time derivatives, all potential differences and potential
gradients are zero. If the system is sourceless and sinkless, S — 0. By
Green’s theorem

—f],,AdaA=—fV-JAd-rA=fKAV2¢Ad-rA (1)
surface volume volume

where dr is an increment of volume, and this is frequently a more useful
form of the emanation rate.

Table I. Basic Equations*®
Within Phase A Across Boundary AB
Force

FA = —KA grad ¢A F,AB= —KyAB ($AB — ¢BiA)

Flux
JA=K,AFA J,AB = K,AB F,AB
Conservation
A
- f J,Adod + SA= —agt : —J AB =], BiA
Surface
Emanation Source Accumulation
Rate  Strength Rate
¢ Definitions:
Fu*® — —F,®* — force in direction from A to B.

¢*® — potential in phase A at boundary AB.
Q = quantity, do — surface element.
n = normal to surface from bulk.
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If we apply these equations to the condensation of a fission product
in a cooling nuclear fireball, we must deal with sources from radioactive
growth, sinks from radioactive decay, and dynamic conditions of tem-
perature drop. In the simple case of radioactive decay

S=-a0 (2)

where A is the radioactive decay constant. To simplify the remaining
discussion, we treat only cases where A is very small and S may be
neglected. We then consider first isothermal deposition and discuss later
the effects of temperature change.

To apply these equations to fission-product diffusion, we then make
the analogy

¢:a=K:D=(Q/7):C (3)

where a is the thermodynamic activity, D is the diffusion constant, and
C is the concentration. The same equations are applied to thermal dif-
fusion by the analogy

¢:T = K:Ky = (Q/7):pcT (4)

where T is the temperature, Ky is the thermal conductivity, p is the density,
and c is the volume specific heat. The former analogy leads to Fick’s
Laws and the latter to Fourier’s. I have chosen the thermodynamic
activity rather than the concentration as the potential because it has all
the advantages of concentration but the added advantage of making a
better analogy to T.

Table II presents some consequences of these analogies for a vapor
phase and a condensed phase together with the thermal analogs. Here
n; is the concentration of the vapor in molecules per unit volume, N; is
the mole fraction in the condensed phase, V° is the molar volume of the
substrate, p; is the partial pressure, and 7, is the rational activity
coefficient.

Mass Transfer

From the viewpoint of the chemical engineer, the application of the
fundamentals just discussed takes the form of mass-transfer theory, and
the constants K, are called mass-transfer coefficients. However, some
care must be exercised in determining the potential difference between
two phases. One cannot simply take the difference between the thermo-
dynamic activities in two phases without ensuring that they are adjusted
to the same reference state. The point is illustrated with a brief con-
sideration of the boundary-layer model.

Frequently one must account for relative motion between the particle
and the vapor. Figure 1 illustrates schematically the boundary-layer
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Table II. Equations for a Vapor Phase and a Condensed Phase®

Thermal
Vapor Condensed Analog
N.C
C¥=nY ce= V% Cr=pcT
C—4C—= yCN.C =
¥ =p,=n,RT dC =g 1N ¢r=T
\¥ ¢\° ¢
) =RT ) =+vy.CVC
(C i C/i v T
(K;'J)ithv (Kgq)t': Df (KF~J)1'=K
Diffusion Thermal
Constants Conductivity
¢ Definitions:
p = dens1ty
c heat.
Kp .+ = KeAKA
pc = volume specific heat.
V = molar volume.
PIV P S Opemrmg
System ne -
B _ci”’i"‘_”’a_”>_>/_l s fg:;//br/um
Boundary
Layer
Composition
yCNC

—7i

X
Figure 1. Boundary-layer model

model for applying the previous fundamentals to this problem. One takes
the stagnant boundary layer L as being a part of the vapor phase which
is next to the condensate and which has some small fictitious width, which
is a function of the relative velocity. This layer is assumed to be in
equilibrium—i.e., in this layer the partial pressure of the condensing
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species is related to its surface concentration by an equilibrium
relationship.

Across the boundary LV, the flux is proportional to the difference
in potential; the same is true for boundary LC. Since the two fluxes are
equal, there is no accumulation of fission product in the layer.

We can use the equilibrium condition in the layer to eliminate the
L terms for either of two expressions. The over-all result is:

JLVO =K< (p — KP 3 N‘°>=K.C=V(%;—wczvi°) (5)

The first equality takes the vapor phase as a reference and uses the
distribution coefficient K,” to adjust the activity in the condensed phase.
The second equality takes the condensed phase as reference and uses K.”
to adjust the activity in the vapor phase. Obviously

KC:V=KP K:C (6)
Further clarification is obtained from Figure 2 where the relations
are depicted by a composition diagram where the vapor phase composi-
tion is the ordinate and the condensed phase composition is the abscissa.
A straight line with a slope equal to the equilibrium distribution constant
K is the locus of all equilibrium compositions. The curved line repre-
sents a set of nonequilibrium conditions for condensation out of the vapor
phase. The departure from equilibrium can be projected on either axis,
and the lengths of the projections correspond to the two expressions for
potential difference shown above. Refs. 2 and 10 treat the boundary
layer in detail.

J ViC_ JnL;C=
n
: Ca C
KVt (pv-pit) KiSt (i NE=7EN©)
VAPOR (V) LAYER (L) CONDENSATE (C)

Figure 2. Phase compositions

Kinetic Theory

To bridge the gap between molecular processes and empirical coeffi-
cients and between laboratory determinations of input data and an
engineering approach to predictions, we want to develop the above fun-
damental equations in terms of the kinetic theory of gases and reaction
rate theory. There are three principal candidates for the rate-controlling
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step in the condensation mechanism: diffusion through the vapor, con-
densation at the particle surface, and diffusion in the particle. For all
three cases we can write

LYC=Kg!$ (p¥ — KP yCNS) (M

Vapor-Diffusion Control. If deposition is governed by the rate of
diffusion through the vapor, Maxwell’s equation gives

Ky .’f: DV/R kT [cm.™2 sec.”! atm.™1] (8)

where R is the radius of the particle, and k is the Boltzmann constant.
The particle is at uniform concentration, but the vapor is relatively de-
pleted near the particle surface. The situation occurs when there is a
strong interaction between the condensing molecule and the substrate,
so that the condensation coefficient is at or near unity. If there is no
re-evaporation, the second term in the transport equation can be neg-
lected. Lassen, Rau, and Weicksel have shown that the deposition
onto dust particles of the daughter products of radioactive rare gases
in a uranium mine (radon and thoron) follows such an equation (7, 11).
If re-evaporation occurs, the second term grows from zero to its equi-
librium value. Lai and Freiling (6) have estimated recently DV for
vaporized fission products and fission-product oxides over the tempera-
ture range 500°-2500°K. They found that they vary from 0.093 cm.?
sec.”! for Cs, at 500°K. to 4.8 cm.2 sec.™ for As and Se at 2500°C.

Section 9.7 of Ref. 3 gives other equations which are adaptable to
this situation.

Surface Control. This situation is characterized by a large activation
barrier for condensation. Concentration gradients in both the vapor and
condensed phase are lacking. The condensation coefficient « is the domi-
nant quantity. The system can be treated by a well-stirred phase model
which leads to a simple exponential decay of the departure of the system
from equilibrium (see pp. 18, 19 of Ref. 4).

Ky L= a(2rmkT)"1/2 (9)

Particle-Diffusion Control. Here the activation barriers are most
pronounced in the condensate, and so is the concentration gradient.
Equilibrium pertains at the surface, but the mass-transfer coefficient varies
with time. Pressure in the vapor phase is constant.

Ky:Y « Dt (10)

Diffusion profiles can be obtained from sections 9.3 (I and IV), 9.6, and
13.9 (I) of Ref. 3.
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Mixed Forms of Control and Thermal Analogs. Since nature does
not always provide simple situations with a single controlling process,
it is necessary to consider cases where more than one process significantly
impedes the rate of deposition. By understanding complex cases, we
will be able to develop criteria for predicting what processes will be
controlling in any given situation. Attempts to consider the simultaneous
operation of all three processes have led to intractable equations. We

therefore consider two mixed cases and develop prediction criteria from
these.

VapPor-DrFrusioN CoNTrOL vs. SURFACE ControL. The general
equation (4) is shown in Scheme A. For particles greater than a mean
free path L (as are all particles we are interested in here), the Fuchs
general equation simplifies to the form shown in the middle of the figure.
Here v is the mean speed. This equation will take different forms, de-
pending on the magnitude of aRv/4D with respect to unity. One form
gives the equation for vapor-diffusion control, and the other form gives
the equation for surface control.

Therefore, we have a limited criterion for predicting control if we
know the values of «, R, v, and D.

D(R+ L)
= 2
(Un)e = a(47R) 0 o R I) + a0
R>>L (R>1p)
oy Mgl aRv\1
aRo aRv
D >>1 4D <<1
47R Dn,, a(47R2) ],
Vapor Diffusion Surface
Control Control

Definition: J, =nv/4
Scheme A. Vapor-Diffusion Control vs. Surface Control

CovrrisioN MopeL. Figure 3 shows an instructive, efficient, and con-
venient method for treating the case of mixed surface and particle-diffu-
sion control. It is instructive because it is easy to visualize. It is efficient
because although it is a molecular approach, it does not require Monte
Carlo calculations, which are expensive and should be avoided whenever
possible. Itis convenient because it leads to a set of differential equations
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that have been solved by thermophysicists, and the method is described
in several standard works.

JC°:e

Jy (1= ac)

Figure 3. Collision model (boundary layer in
particle)

We visualize a particle of radius R with an infinitestimally thin sur-
face layer. The flux Jv from the vapor is constant, but only a fraction o,
of it is transmitted through the surface. The remainder Jv (1 — a) is
reflected. On the inner side, the surface is hit by a flux J¢ of which a
fraction o, escapes.

The net inward flux densities at the inner and outer surfaces are
equal. At the inner surface this is proportional to the activity gradient,
and at the outer surface it is proportional to the potential difference. In
the latter case we call the proportionality constant H. Hence, we have

CN,C
]"v;c=]vac—]cae=D,-cé(_7‘ar_‘)_ (11)
where r is the distance from the center of the particle and
—], GV =] ViC=H Y _ CNC (12)
n n K‘D Y‘l i

Now ast — 0, N — 0, Jc = 0 so the net inward flux becomes

J.ViC= Joa,= (__aip_‘v_ (13)
vV 21I'mikT

and

KP o,
v/ 2rmkT (14)

H is therefore proportional to both the distribution coefficient and the
condensation coefficient.



Published on January 1, 1970 on http://pubs.acs.org | doi: 10.1021/ba-1970-0093.ch001

10 RADIONUCLIDES IN THE ENVIRONMENT

The equations for the diffusion profile can be obtained from the
heat-conduction equations of Carslaw and Jaeger [Ref. 3, Eq. 9.4 (10)]
by using the substitutions we have indicated. The subject is discussed
from a different approach by Adams, Quan, and Balkwell (1). The
profiles can then be integrated over the volume of the sphere to obtain
the uptake as a function of time.

Fundamental Criteria for Predicting Control. We are now in a
position to establish criteria for predicting the control of condensation
by using fundamental physicochemical parameters. As we have seen from
the application of the kinetic theory of gases, the choice between vapor-
diffusion control and surface control is governed by the magnitude of the
quantity Rve/4Dy compared with unity. Furthermore, the choice be-
tween vapor-diffusion control and particle-diffusion control is based upon
the relative magnitudes of Dy and DpKP—i.e., by the relative rates of
diffusion when corrected to the same standard state. As a means of
intercomparing all three, we define the following three resistivities.

Resistivity to transport through the vapor:

ky=1,/Dy (15)
Resistivity to transport through the particle:
kp = 1/DpKP (16)
Resistivity to transport across the surface:
ks=4/aRv =n/eR], (17)

The relative magnitudes of these resistivities will then be measures
of the corresponding degrees of control. For ease of presenting the data
we can further define degrees of control d by

j

2d;=1 (19)
This will allow use of the familiar Gibbs triangular coordinates for
displaying data.

When there is a strong interaction between the vapor species and
the substrate, « can be assumed to be unity. For weak interactions the
theory of absolute reaction rates may provide order-of-magnitude esti-
mates. For many cases, this would probably be sufficient.

Changing Temperatures

Temperature Effects. Since the temperature is not constant, we
must first consider the effect of temperature on the position of equilib-
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rium. The answer is provided by well-understood relations between the
equilibrium distribution coefficient and the partial molar heat contents.
If instead, Henry’s Law is invoked, some new terms are added, one
involving the coefficient of thermal expansion.

Anisothermal Homogeneous Diffusion. Using the reasonable simpli-
fications that the flow of heat is much faster than the transport of matter
and that thermal kinetic effects can be neglected, we can dispense with
the effect of changing temperature on diffusion within a phase simply
by using a reduced time r = tD/R2 Use of a reduced radius p = r/

. L. 3%u  ap

and a new potential u = ¢r puts the equation in the form £l =37 The
temperature affects both the diffusivity and the potential, but since the
diffusivity is buried in the reduced time, this is automatically under
control as long as we remember that reduced time at any instant will be
different in different phases. Use of the concentration for a potential
completes the calculation. Ref. 2 (Section 18.4) gives a more rigorous
treatment.

Anisothermal Transport Across a Phase Boundary. Once we know
the effect of temperature on equilibrium position, we need know only
its effects on diffusivities and the condensation coefficient to complete
our task. The Stephan-Maxwell equation states that diffusivity in the
vapor increases with the square root of the absolute temperature. In
the condensed phase the temperature effect is expressed by an Arrhenius-
type equation.

The condensation coeflicient is the principal remaining unknown.
Much theoretical and experimental work remains to be done before we
will have a usable knowledge and understanding of the condensation
coefficient.

Conclusions

This chapter has outlined the basic ingredients of a scheme for pre-
dicting from fundamental quantities the rate of uptake of fission products
by spherical particles under dynamic conditions of temperature and
pressure. A subsequent paper by Adams, Quan, and Balkwell (1) will
present laboratory verification that the approach is on sound ground for
tsothermal conditions. Additional work is desirable to test the validity of
the anisothermal approach to various cooling rates over large temperature
extremes.

Besides the particle radius, the fundamental quantities indicated
above are Dy, Dp, K2, v, and o. v can be calculated from kinetic theory
(5), Lai and Freiling have calculated Dy (6), and Norman has estimated
Dp and K? (9, 12). Only the problem of estimating « remains.
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Spheres: Diffusion-Controlled Fission
Product Release and Absorption

J. H. NORMAN, P. WINCHELL, J. M. DIXON, B. W. ROOS, and
R. F. KORTS

Gulf General Atomic Inc., San Diego, Calif. 92112

Concern about fission-product release from coated reactor
fuel particles and fission-product sorption by fallout par-
ticles has provided stimulus to understand diffusion. In a
fallout program mathematics of diffusion with simple
boundary conditions have been used as a basis for (1) an
experimental method of determining diffusion coefficients
of volatile solutes and (2) a calculational method for esti-
mating diffusion profiles with time dependent sources and.
time dependent diffusion coefficients. The latter method
has been used to estimate the distribution of fission prod-
ucts in fallout. In a fission-product release program, a
numerical model which calculates diffusion profiles in multi-
coated spherical particles has been programmed, and a
parametric study based on coating and kernel properties
has provided an understanding of fission product release.

The use of simple mathematical models has been found valuable in the

description of diffusion controlled processes. This paper (1) reviews
and updates the vaporization technique for determining diffusion coeffi-
cients in molten silicates (11, 12); (2) expands upon a calculational
method for describing fractionation of isotopes during fallout formation
(8, 11) and presents results of employing this method to describe Small
Boy fallout; and (3) describes the results of a calculational technique
used to estimate the loss of fission products from spherical coated fuel
particles for nuclear reactors.

The Vaporization Technique of Measuring Diffusion Coefficients

Important parameters in describing the absorption of fission products
by particulate matter during the cooling of a cloud from a near-surface

13
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nuclear detonation are the diffusion coefficients of the fission products in
the particles. Diffusion coefficients of fission products that are volatile
below 2000°K. are particularly important. As a portion of a program
aimed at describing the fractionation of fission products during fallout
formation, the diffusion coefficients of the more volatile fission products
in silicate samples have been determined.

Diffusion from spherical silicate samples can be studied readily by
observing the loss of volatile components of the silicate as a function of
time. Where the sphere is initially uniform in composition and subse-
quent vaporization allows one to assume a zero surface concentration of
the vaporizing component thereafter, the solution to the differential
equations and boundary conditions governing concentration-independent
diffusion is given by

E(t)/co=% Y am exp(—%‘-) (la)

n=1

o0
3Dt Dt\1/2 1o . nR
=1 rmo(m) (rrre X wtergm) OB
n=1

where C(t) is the average concentration of the diffusion species in the
sample at time ¢, D is the species diffusion coefficient, R is the radius of
the sample sphere, and C, is the initial uniform concentration of this spe-
cies (1). Equation la has been found especially valuable for calculations
involving large diffusional losses, and Equation 1b works well for small
losses. In Equation la this is particularly true for C(t)/Co < 0.2, since
for this condition n can be taken as unity. For C(¢)/Co = 0.8, the ierfc
term in Equation 1b can be eliminated.

Of course, Equations 1a and 1b can be reversed to consider frac-
tional uptakes in an atmosphere that at equilibrium would lead to a
concentration C, throughout the particle. This amounts to only a change
in initial conditions, and the fractional uptakes are given by F = 1 —
C(t)/Co. This form of Equations 1a and 1b is more useful in calculations
of fission product fractionation during fallout formation as discussed
later.

We consider now Equation 1a where C(t;)/Co < 0.2. The continua-
tion of an experiment to t,, following an interruption at ¢, is governed by

Ct) /Tt = exp (- ") ®)

By determining average concentrations before and after an experiment,
the diffusion coefficient can be determined from the average concentra-
tions, the sphere radius, and the duration of the experiment (£, — #1).
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Additionally, in Equation 1 the Dt term can be replaced by f d(Dt),

such that in using Equation 2 the previous thermal history is unimportant
if D is only a function of T. Thus, using a single sample and evaluating
C(t,) at different times and temperatures after the condition C(¢..1)/
Co < 0.2 is attained, the diffusion coefficient of a volatile species can be
experimentally determined as a function of temperature.

Examples of the application of this method are given in Ref. 12. An
extension of this method directly to fission products formed in situ in
silicate particles is presented here. Also in this study an attempt was
made to improve the geometrical match between the mathematical model
and the actual silicate sample.

For this study about 1% UQ,, 93% enriched, was dissolved in a
glass of composition of the CaSiO;—CaAl,Si;0s—SiO; eutectic. The UO,
did not dissolve readily in the absence of oxygen but did dissolve readily
in air. Because of a bubbling problem, this yellow glass was degassed in
vacuum for several days at ~1400°C. The glass became nearly colorless
(light green) without significant loss of U, suggesting the reduction of
U back to the 4+ state. This glass was crushed, and larger chunks were
melted in vacuum into a 70° conical depression in a 1-mil platinum ribbon
to just overflowing. Since the glass—platinum contact angle is ~35°,
the geometrical form of the silicate sample is that of a cone whose apex
corresponds to the center of a sphere defined by the outer surface of the
glass. If the platinum depression acts as a perfect diffusion barrier for
the species to be studied, the sample form as described allows the appli-
cation of Equations 1 and 2 to the studies of vaporization of the diffusing
species from the spherical surface.

After forming these silicate cones—i.e., equivalent spheres, they were
freed from the platinum ribbon forms and subjected to a thermal neutron
flux in a Gulf General Atomic TRIGA reactor. The cones containing the
fission products were allowed to “cool” for about a week. At this time
after fission, 132], 131, 132Te, 133Xe %Mo, and %Tc are all near their maxi-
mum contributions to the total activity. Diffusion coefficient measure-
ments of some of these species were made by resetting the cones in
conical depressions in new platinum ribbons made with the same punch
and die and then heating the ribbons resistively in about 1 torr of air
instead of a vacuum, which greatly lessened bubble formation, to re-
establish the glass—platinum bond. The diffusion experiments in this
atmosphere were begun by initially diffusing out, in general, at least 50%
of a volatile fission product. At only about 50% diffused out, a bias of
about +20% might be expected in the measured diffusion coefficient
using Equation 2. This bias is well within our precision, and thus was
not recognizable. Diffusion experiments with larger losses make up the
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major portion of the data. Sensitivity requirements necessitated using
the higher working limits. Also, 50% diffused out is sufficient to obliter-
ate recoil profiles. Temperatures on the side of the Pt cone were measured
with an attached thermocouple, and they compared well with optically
measured Pt ribbon temperatures that were corrected for Pt emissivities.

The diffusion coefficients for 13!I, 1335Xe, and !*2Te are given as a
function of the temperature in Figures 1, 2, and 3, respectively. These
data are summarized in Table I according to an Arrhenius form of the
temperature dependence of the diffusion coefficients where

D/D,= ¢8H*/ET (3)

The diffusion coefficients for iodine are close to those measured pre-
viously in the same glass (12) at the experimental temperatures. How-
ever, the activation energies of these two measurements differ. The
experiments differ to some degree in that iodine and other fission products
were made from dissolved UQ; in this experiment, while iodine only was
made from TeO, under a neutron flux in the previous experiment. The
latter mode of formation should lead to a greater excess of oxygen in
the glass.

The xenon measurements are believed to be unique. Some experi-
mental difficulties were apparent in these measurements. In some experi-
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Figure 1. Iodine-131 diffusion in CaSiOs—CaAl,Si,O4—
SiO, eutectic
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ments Xe appeared to be trapped in bubbles in the glass. This was
manifest in an apparently increasing diffusion coefficient as more and
more Xe was released.

The tellurium measurements exhibit less accuracy than the Xe and I
measurements. This was resolved as a counting problem. The data are,
however, in good agreement with those reported previously (12).

Measurements of the diffusion of other elements at this time after
fission is very difficult. Signal-to-noise ratios and radioactive decay prob-
lems make the study of ®Mo and *Tc very difficult. Other isotopes
present in the sample do not exhibit sufficient volatility to be studied

1076
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11 k! x 10ty

Figure 2. Xenon-133 diffusion in CaSiO;-
CaAl,Si,04-SiO, eutectic

with this technique. Other techniques such as the often-employed plane
source technique (12) can be applied in the determination of diffusion
coefficients of these isotopes.

Calculation of Isotope Fractionmation During Fallout Formation

Fractionation of fission products during fallout formation was recog-
nized by Freiling (4) in early studies of fallout particles. He also recog-
nized that this phenomenon involved the volatility of the fission products.
In an attempt to describe fractionation quantitatively, Miller (9) devised
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Figure 3. Tellurium-132 diffusion in CaSiOs-
CaAl,Si,04-Si0, eutectic

Table I. Diffusion Coefficients as a Function of a Pre-exponential
Term and an Activation Energy

log,,D, AH*, kcal./mole
This Study Ref. 12 This Study Ref. 12
I 1.3 7.3 63 103
Xe 0.0 — 53 —
Te 3.1 3.3 82 71

a model whereby fission products were absorbed according to available
equilibrium thermodynamics above a certain temperature and were only
adsorbed at lower temperatures. This model proved reasonably success-
ful and was apparently phenomenologically satisfactory when used for
relatively nonviscous fallout matrices that crystallize on cooling. Silicates
generally do not fit in this condition, and a calculational scheme that
involves diffusivities would seem to be more appropriate.

A temperature-stepping diffusion-controlled fission product absorp-
tion model, where equilibrium is taken to occur at the surface of the
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fallout particles and the penetration of the sorbed fission products from
the surface of the particles is taken as diffusion controlled, has been
constructed (8). The method is based on Equations la and 1b, diffusivi-
ties (12), and equilibrium thermodynamics as Henry’s law constants
(10), as available. Its basic equation is a mass balancing equation be-
tween condensed and gaseous fission products. This involves summed
equations of the form of Equations la and 1b for the time—temperature
stepping system. The nuclear cloud is taken as being a uniform distribu-
tion of fission products and particles of various sizes. At time t; after
burst, one can consider the quantity of a particular fission product
absorbed:

N _
C 1 CIHIVIM
¢ Zl(_éf) W,=Y, -~ gp (4)
n—

where C, is the surface concentration of the fission product, Cy,1. is the
average concentration of the fission product diffused into particles of
effective radius r, during time At, at temperature T;, W, is the total
weight of the particles in the nth size fraction, Y; is the fission product
yield at time ¢,, H, is Henry’s law constant at T;, V, is the volume of the
nuclear cloud at ¢;, M is the fission product molecular weight, and R is
the gas constant. The only unknown in this equation is the surface
concentration. The values for (Cj,1,/C,) are obtained from Equation 1
and the diffusion coefficient for the fission product at T;. In a second
time step, the yield and the concentrations are decayed or augmented, if
important, to describe the appropriate nuclear processes. The diffusion
problem (evaluating C ,/C;) established for At, is augmented by
solving Equation 1 for D;At; 4+ D.At, instead of just D;At;. If no radio-
active decay has been important as far as quantities and distribution of
the fission product in question are concerned, a second mass balance
equation,

N N
e: (%) weron B (%) wemm - R,
n=1 ? n=1 1 2
(5)

is solved as if the fission product diffusing from C, during the second
time period, At., were different from that diffusing from C,. If radio-
active disintegration has affected the mass balance, it is taken into
account. Subsequently, more time steps are taken. If sufficient time
steps of short enough duration are taken, this calculational process ap-
proaches an exact solution to the problem. This calculational scheme
has been described more fully by Korts and Norman (8). They also
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describe a method for calculating fission product profiles in particles at
a desired time after burst.

As a description of the calculational method, a 100-KT near-surface
burst over CaSiOs—CaAl,Si,0s—SiO, eutectic was simulated. The particle
size distribution is given in Table IIL

The refractory nuclide chain, 95, and the volatile chain, 137, were
investigated. If the fission product absorption process began at 2700°K.
and proceeded using 200°K. steps to 900°K., the radial distributions of
the fission products in these chains at the final temperatures can be
obtained. Calculations show little variation in concentration of any of

Table II. Selected Particle Size Distribution

Particle Radius, Weight Percent of
Designation cm. Particle Fraction
T 0.00030 0.38
S 0.0030 28.92
M 0.0154 60.2
L 0.13 10.5
10k,
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Figure 4. Nuclide 95-chain profiles at 900°K.
from 100-kiloton event
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the members of the 95 chain (Figure 4). The exceptions are rubidium,
which has an intermediate volatility, and all elements in the large par-
ticles where the time provided at the highest temperatures was insuffi-
cient to come close to equilibrium concentrations. However, the volatile
chain, 137, shows large concentration gradients with radial position.
Tellurium-137 (Figure 5) can be shown to be surface oriented. Important
amounts of Te are still found in the gas phase at 900°K. It should be
noted that the larger the particle, the more depleted are the centers of
the particles. Figure 6 shows that '¥’I somewhat reflects the *"Te curves.
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Figure 5. Tellurium-137 profile at
900°K. from 100-kiloton event

In the time scale covered by the calculation, the ¥I in the particles
results from in situ decay of ¥Te. The low surface concentration is
associated with the high volatility of iodine in an oxidizing atmosphere.
In this same figure the '¥Xe curves reflect their parent ¥I curves to
some extent. The surface concentration of this element probably does
not represent a true vapor pressure equilibrium but just the thermody-
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Figure 6. Iodine-137 and xenon-137 pro-
files at 900°K. from 100-kiloton event

namic estimation system used to obtain the employed Henry’s law con-
stants (10). The ¥Cs profiles in Figure 7 result mainly from absorption
from the gas phase of decaying ¥"Xe.

In parametric studies using this method, calculation of fission prod-
uct distribution among the various particle size groups was found to be
insensitive to size of the detonation and the quantity of soil picked up.
It is, of course, somewhat sensitive to the thermodynamic and kinetic
values used, but most of all, it is sensitive to the particle size distribution
itself. This result is of considerable interest.

This calculational scheme has been applied to the Small Boy
detonation. The test was made to compare fractionation data from this
well-studied event (2) with calculated values. Using 25 particle size
fractions that approximate the fallout from the event and the time—tem-
perature history given in Table III, which was derived from generalized
time-temperature event histories, the fission product contents of the
nuclide chains 80 through 150 in the particle size fractions were calcu-
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lated. This was done under the assumption that the Henry’s law constants
and the diffusion coefficients for various fissions products in the CaSiO3—
CaAl;Si,05-SiO; eutectic were applicable to Small Boy fallout. In a
cursory consideration of this question, the assumption seemed reasonable.

The results of these calculations for some of the more important
nuclides are presented in Figures 8 and 9. Figure 8 presents fractionation
ratios, 7¢95, (Ci/Y1/Cos/Yes), (at appropriate times after burst) for
moderately large particles as related to fractionation slopes as reported
by Crocker, Kawahara, and Freiling (2) for Small Boy. The frac-
tionation plots from which these slopes are obtained are log-log plots of
the fractionation ratio for a given isotope vs. 95 against 89 vs. 95. This
figure shows a high correlation between the calculated fractionation
ratio and the experimental fractionation slopes. Figure 9 compares cal-
culated and experimental fractionation slopes. While some of the calcu-
lated fractionation slope plots were not linear, a best slope was chosen.
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Figure 7. Cesium-137 profile at 900°K.
from 100-kiloton event
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Here also, there is excellent correlation between calculated and experi-
mental values.

A more significant test is the comparison of calculated and experi-
mental fractionation ratios with particle sizes. Crocker, Kawahara, and
Freiling (2) have presented Small Boy experimental ®Sr fractionation
ratios vs. particle sizes. Figure 10 is a reproduction of their plot with

Table III. Small Boy Time-Temperature History

Time, sec. Temperature, °K.
0.6 4000
0.85 3600
1.2 3200
1.6 2900
2.3 2600
3.0 2400
3.6 2200
41 2000
4.7 1800
5.3 1600
6.1 1400
7.0 1200
8.2 1000
9.8 800
T T T
- 14k
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Figure 8. Correlation of experimental and calculated frac-
tionation for Small Boy
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the calculated Small Boy values superimposed. While the calculated
fractionation ratios (solid circles for adsorption after 9.8 sec. and tri-
angles for the 9.8-sec. data) appear to be somewhat higher for small
particles and lower for large particles, there is considerable similarity
between the calculated and observed values. There is a trend in the
experimental values for the fractionation ratio to become invariant as
the particles increase in size. This might be explained by these particles’
not absorbing as much zirconium as the calculational model would indi-
cate. Indeed, such a situation does not seem unreasonable. Large par-
ticles could deplete neighboring gas fields of zirconium and, thus, not
load to the same degree that a small particle in a similar gas field would.
A similar problem is noted in our calculational method where large par-
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Figure 9. Correlation of experimental and calculated fraction-
ation slopes for Small Boy

ticles do not load strictly on a volume basis. However, this effect is the
result of insufficient time for a particle to diffuse sufficiently, for example,
zirconium to an essentially uniform concentration. This problem may
occur in the real case and contribute to some “fractionation” of zirconium
in large particles.

Predictions of the USNRDL radial distribution model (5) have been
added to Figure 10 by Freiling (6) to compare this model with the
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Figure 10. Correlation of experimental and calculated frac-
tional ratios of 85 to 89 with fallout particle size for Small
Boy

diffusion controlled absorption model. Freiling has also added cloud
fractionation ratios as if they pertained to 1-u particles. The diffusion
controlled model appears to provide a somewhat better fit to the data
than the radial distribution model. Figure 10 suggests that the diffusion
model represents an appreciable advance over the radial distribution
model in predicting fission product distribution in fallout.

These results are the basis for optimism concerning the calculated
distribution of fission products in fallout using the described method. A
further test will be the application of the DELFIC particle distribution
calculational system (3) using the calculated particle fission product
inventories and comparing calculated and experimental radiation fields.

Fission Product Release from Coated Particles

An important parameter in the evaluation of the safety of a reactor
system is the release of fission products from the fuel. The fuel in the
high-temperature gas-cooled reactor (HTGR) consists of spherical par-
ticles (U, ThC;) that are coated with a material presenting a diffusion
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barrier to the fission products. Estimation of the release of fission prod-
ucts from these particles during reactor operation has been attempted
using a high-speed computer program called SLIDER (7).

SLIDER is a Fortran IV computer program for investigating the
diffusion of a single fission-product isotope in a multilayered spherical
fuel particle. This code enables one to compute, on the basis of Fick’s
law of diffusion, the transient and steady-state fission product concentra-
tions and releases in multilayered spherical geometry.

It is assumed that the spherical fuel particle consists of Q component
layers, each consisting of a different material. The diffusion coefficient D
of the species in a particular layer is assumed to be independent of
concentration and positional coordinates but may depend on the time.

Assuming that the particle concentration C(r,t) of a fission product
is a function of time and the radial coordinate only, the continuity
equation takes the form

C(r,t) 19 , _ +
where J(r,t) denotes the radial component of the particle current, S(r, t)
is the source, and A denotes the decay constant. According to Fick’s law,
the following relation exists between the particle current J(r,t) and the
concentration:

oC(r, t)

J(rt) ==D (1) =

(7

Hence, assuming that the diffusion coefficient of the species considered
is constant over a particular layer, one may write, in spherical coordi-
nates, the following diffusion equation for that layer:

aC(r,t) 19 aC\ _
- —D(t)r—zg(#-a—r) AC(r,t) + S(r,t) (8)

At an interface, r — a,, between the layers a,.; < r < gy and g, < r <
Gy.1, Wwe impose the solubility condition that the concentration C(a,, t)
just to the left of the interface is a fraction of the concentration C*(ay, t)
just to the right of the interface,

C(ay, t) =2(p)C*(ay t) (9)

We require furthermore that the particle currents are continuous at an
interface point,

]_(ap: t) =]*(apa t) (10)

aC (a5 t) |*
ar

%t_) —D(p+1,1)

or D(p,t
(pst) 5

(11)
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where D(p, t) is the diffusion coefficient in the layer a,.1 < r < ap. The
boundary conditions imposed on the concentration at the center of the
sphere and on its outer surface are

limrC(r,t) =0 (12)
r—0

and .
C(r=b,t)=0 (13)

where r = b denotes the outer surface of the sphere. Thus, we assume
that once a fission product reaches the outer boundary of the fuel particle
it disappears immediately—i.e., there is no holdup of fission products in
the fuel compact. With respect to the initial condition, we require that
the fission product concentration at time ¢t =0 is a known function of
the radial coordinate,

C(r,t=0) =£(r) (14)

To evaluate fission product release in a reactor, it is necessary to
supply the appropriate particle geometry, diffusion coeficients, and dis-
tribution coefficients. This is a formidable task. To approach this prob-
lem, postirradiation fission product release has been studied as a function
of temperature. The results of these studies are complex and require
considerable interpretation. The SLIDER code without a source term
has proved to be of considerable value in this interpretation. Parametric
studies have been made of the integrated release of fission products,
initially wholly in the fueled region, as a function of the diffusion coeffi-
cients and the distribution coefficients. These studies have led to obser-
vations of critical features in describing integrated fission product
releases. From experimental values associated with these critical features,
it is possible to evaluate at least partially diffusion coefficients and distri-
bution coefficients. These experimental values may then be put back
into SLIDER with appropriate birth and decay rates to evaluate in-
reactor particle fission product releases. Figure 11 is a representation of
SLIDER simulation of a simplified postirradiation fission product release
experiment. Calculations have been made with the following pertinent
input data:

(1) A 0.01-cm. radius kernel initially uniformly loaded with a stable
fission product.

(2) A coating 0.007-cm. thick initially free of this fission product.

3) Diffusion coefficients of 1.4 X 1072 cm.?/sec. and 4.8 X 107
cm.?/sec. in the kernel and coating, respectively; a distribution coefficient
of unity; and a perfect sink outside the coating.

It has been found convenient to express the integrated release as a func-
tion of the square root of time, as in Figure 11. The critical features
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Figure 11. Calculated fractional release from a two-zone
particle

apparent in this curve are a delayed initial release and a later release
which, with increasing time, approaches the release this kernel would
have shown if it had not been coated. This assymptote is represented by
the dotted line passing through the origin. In this particular system, the
quantity of fission product in the coating is approximated by the differ-
ence between the two curves—i.e., the release from the fueled kernel is
hardly altered by the coating and the release from the particle soon
becomes rate-limited by the release from the kernel. If the particle re-
lease curve is extrapolated linearly from the straight portion of the release
curve to a zero release point on the time axis, one obtains ¢;'/2 where #,
can be called a delay time for release. A delay time for release from a
membrane of thickness I, where the membrane is initially free of a dif-
fusing species and has a constant source on one side and a perfect sink
on the other, can be given by

6Dt, = I (15)

This particular formula predicts the delayed release of the coated particle
reasonably well. In this case, the delay time predicted by the formula
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was somewhat longer than the extrapolated value. The main reason for
this deviation appears to be that the kernel source is far from constant.
If it were constant, the release curve would exhibit a much higher slope,
and the calculated release curve would thus extrapolate to a longer delay
time.
The calculated releases shown in Figure 12 were obtained in para-
metric variations of the values used in deriving Figure 11. These curves
illustrate changing (1) the diffusion coefficient in the coating (D: X 2),
characterized by an appropriate change in #;/2 (X 27/2) and a faster
approach to the bare kernel release line; (2) the diffusion coefficient in
the kernel (D; X 2), characterized by an approach to a steeper bare
kernel release with an unchanged delay time; and (3) the distribution
coefficient ¢(¢ — 1, 102, 102). Where the distribution coefficient has
been changed to provide a greater driving force for transfer of fission
product from the fueled region to the coating (¢ = 102) the fission

FRACTIONAL
RELEASE
(%)

/2

l/2)

(HR

Figure 12. Calculated fractional releases from a
two-zone particle (with parametric variations of
values for Fig. 11)
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Figure 13. Calculated fractional releases with equivalent
diffusion coefficients in the two zones

product release curve is almost identical to the one for unit ¢, which has
been repeated in this figure (¢ — 1). Where the driving force has been
decreased, the release curve shows quite a different character. The re-
lease is decreased considerably and the nearly linear character of releases
vs. tV/2 following the delay time is not apparent. This suggests transfer
from kernel control of release to coating control. Apparently, this change
has greatly lengthened the time period during which the release can be
considered to be characterized by membrane diffusion.

Release behaviors in the region of parameters described by these
figures are useful in determining experimental values of these parameters.
In particular, the diffusion coefficient in the coating can be approxi-
mated from delay times and coating thicknesses, and the diffusion co-
efficient in the kernel can be derived from later behavior. Distribution
coeficients may be revealed in some cases by permeabilities and diffusion
coefficients.

A study was also made of release with equal diffusion coefficients in
the coating and the kernel. The description of delay time is much the
same as in the previous case. Figure 13 illustrates this similarity in delay
time, as well as later release behavior. In this case also, the t'/2 plot
shows a long linear region. The reason is probably that depletion effects
are reasonably followed by this function and not that there is kernel
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control. This release has a much greater tendency to be coating con-
trolled. Since kernel control does not occur until very late times, if at
all, a kernel diffusion coefficient is generally not well defined by the
releases. However, the effect of the distribution coefficient as described
in this figure is generally important, and release data can be used to
evaluate this quantity within the ranges of the illustrated parametric
changes.

5
(-
RECOIL RANGE
0.0006-CM
3 —
FRACT IONAL
BARE
'(‘;‘l)'gw'E KERNEL NO RECOIL
2 -
| -
0 1 1
1 2
t'/2 (m!/2)

Figure 14. Effect of fission product recoil on release
(parameter same as Fig. 11 except for thin high-diffusivity
coating between kernel and outside coat)

An attempt to investigate more realistic fuel particles and fission
product loadings has been made. A recoiled fission product-absorbing
buffer carbon layer has been included in the particle, and fractional re-
leases with recoil into this layer have been considered. Another factor
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that may be important is the dependence of the diffusion coefficient on
radiation flux. A future study of this effect is planned.

Calculations for Figure 14 illustrate a recoil source with the same
parameters as those used in the study depicted by Figure 11, except that
a buffer carbon layer 0.0006 cm. thick with a diffusion coefficient of 107
cm.?/sec. was placed between the coating and the kernel. Distribution
coefficients were taken as unity. A recoil range of 0.0006 cm. was assumed
in both the kernel and coating materials. Results of this calculation differ
considerably from those for experiments with no recoil. These differences
are consistent with ~4.5% release from the kernel during irradiation.
After release of this quantity of fission product from the particle, the
releases begin to approach those of the bare kernel. The recoil effects
were unimportant after releases of 7 to 8%.

An attempt has been made to describe distribution coefficient (¢)
control of release of fission products from a particle for the purpose of
understanding retentivity of fueled particles. A ¢ control layer can be
added to a particle between the fuel and the outer coating. This layer
with, for instance, even a somewhat larger diffusion coefficient than the
normal coating layer may have the property of either strongly rejecting
or strongly absorbing a particular fission product and thus limiting the
release of this fission product. In the case of large ¢ (at the inner boun-
dary), the layer can act as a permeation barrier to the fission product.
In the case of small ¢, the layer may act as a sink, thus greatly reducing
the concentration of fission product available to be diffused through an
outer coating. One advantage the highly absorptive layer may have over
the rejecting layer is that it would function independently of the conti-
nuity of this layer. It may be more difficult, however, to find an appropri-
ate material for this layer. When selecting the fuel material itself, this
absorptive effect might be considered.

Conclusions

The concepts presented in this paper emphasize the importance of
diffusional phenomena during fallout formation and HTGR fission prod-
uct retention. While other phenomena may be of considerable impor-
tance, these studies present a worthwhile position from which to view
these processes. The advances resulting from those conceptual points of
view have been considerable and it is believed are far from exhausted.
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High Temperature Measurements of the
Rates of Uptake of Molybdenum Oxide,
Tellurium Oxide, and Rubidium Oxide
Vapors by Selected Oxide Substrates

CHARLES E. ADAMS," JACK T. QUAN, and WILLIAM R. BALKWELL
U. S. Naval Radiological Defense Laboratory, San Francisco, Calif. 94135

The rates of uptake of molybdenum, tellurium, and rubid-
ium oxide vapors by substrates of calcium ferrite and a
clay loam have been measured in air over a temperature
range of 900° to 1500°C. and a partial pressure range of
about 107 to 10* atm. The measured rates of uptake of
molybdenum and tellurium oxide vapors by molten calcium
ferrite and of rubidium oxide vapor by both molten clay
loam and calcium ferrite were controlled by the rates of
diffusion of the oxide vapors through the air. The measured
rates of uptake of molybdenum and tellurium oxide vapors
by molten clay loam were controlled by a combination of a
slow surface reaction and slow diffusion of the condensate
into the substrate.

During the formation of radioactive fallout particles, one of the most

important processes is the uptake, in the cooling nuclear fireball,
of the vaporized radioactive fission products by particles of molten soil
or other environmental materials. Owing to the differences in the chem-
ical nature of the various radioactive elements, their rates of uptake vary,
depending upon temperature, pressure, and substrate and vapor-phase
composition. These varying rates of uptake, combined with different
residence times of the substrate particles in the fireball, result in radio-
chemical fractionation of the fallout. This fractionation has a consider-
able effect on the final partition of radioactivity, exposure rate, and radio-
nuclides between the ground surface and the atmosphere.

! Present address: U. S. Naval Ordnance Laboratory, White Oak, Silver Spring, Md.
20901.
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There are little data available which can be used to predict the
rates of uptake of the different vaporized radioactive elements or oxides.
Since such data are important to the application of any fallout prediction
model based on kinetics, a program has been started at this laboratory
to measure the rates of uptake of a selected group of fission-product
oxides under conditions approximating those found in the cooling fireball.
The data from these measurements will be useful, not only as input to
fallout models, but also for discovering the mechanisms which govern
the rates of uptake.

Caution must be used in applying the findings of this report to the
actual uptake processes occurring in the nuclear fireball. There the situ-
ation is much more complicated. Not only are there rapid changes of
temperature and pressure and violent turbulence, but the radioactive ele-
ments themselves constitute a small fraction of the total vaporized ma-
terial. It is difficult to estimate how these factors would affect the uptake
rates.

This paper presents the more important data and conclusions from
three reports which describe the uptake behavior of the vaporized oxides
of molybdenum, tellurium, and rubidium by molten and solid substrates
at high temperatures (1, 2, 3). These oxides were used as the vapor
species because of their relatively high volatility and because of their
importance as radioactive constituents, or the precursors of important
constituents, of radioactive fallout particles.

Two substrate materials were used for most of the measurements.
They were chosen as representative of two types of environmental ma-
terial found in actual fallout. The first was a clay loam occurring in the
Berkeley Hills, Calif. This is a more-or-less typical example of a silicate
soil found in extensive areas in the temperate zones. The second material
used was a calcium ferrite. This material has been observed in fallout
resulting from nuclear explosions at the Pacific Proving Grounds where
large amounts of calcium oxide, derived from the coral sand, and iron
oxide, derived from towers, barges, or other structures, have been fused
together.

Experimental

Apparatus. The apparatus consisted of a vertical tube furnace 74
cm. high and 2.2 em. id. (Figure 1). The furnace tube was made from
dense, gas-tight, high purity alumina (McDanel Co.). The upper third
of the furnace was a high temperature zone wound with 17 gage Pt-20%
Rh resistance wire, and the lower two-thirds was a low-temperature zone
wound with 17 gage Kanthal A-1. The two heating sections were con-
nected to different voltage sources, and their temperatures could be
varied independently.
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Figure 1. Two-temperature furnace

The radioactive oxides which served as the vapor sources were con-
tained in a small platinum crucible. This crucible was placed on top of
an assembly of two porous alumina plugs, mounted in tandem on a small,
gas-tight alumina tube. The whole assembly could be inserted through
the bottom opening of the furnace tube into the low temperature zone.
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A dry air stream was introduced into the furnace via a hole in the small
alumina tube just below the top alumina plug. The air flowed up and
around the top alumina plug where it mixed with the radioactive oxide
vapor, and the air-radioactive oxide vapor mixture flowed up through the
high temperature zone and left through the top of the furnace.

The substrate samples were inserted into the high temperature zone
through a hole in the top of the furnace lid. These samples consisted of
beads fused onto small platinum wire loops which were suspended from
a long platinum wire holder cemented into an alumina plug.

Furnace temperatures were measured by two Pt-10% Rh thermo-
couples. One was mounted next to the suspended substrate samples and
the other next to the vapor source. The rate of flow of the dry air through
the furnace was determined by measuring the air pressure upstream
from a capillary restriction in tﬁe air line. The pressure was measured
b{ an oil manometer which had been calibrated against known flow rates
of air through the capillary restriction.

The interior of the furnace was lined with platinum foil to limit any
reaction of the oxide vapors with the alumina furnace walls. Three
ﬁ:ﬂforated platinum foil dI.)iaphragms were placed at intervals inside the

ace to act as heat shields and to ensure thorough mixing of the oxide
vapor-air mixtures.

Preparation of Materials and Samples. The source of the molybde-
num oxide vapor was MoOj; containing ®Mo tracer. The Mo was sup-
plied as ammonium molybdate in NH,OH solution (Nuclear Science and
Engineering Co.). The solution was evaporated to dryness in a platinum
crucible, and the ammonium molybdate was heated in air at about
500°C. for several hours to decom ose it to MoOs.

The source for the tellurium oxide vapor was TeO, containing 2’"Te
tracer. The 2""Te was supplied as HyTeO; in HCI solution (New Eng-
land Nuclear Corp.). A small amount of Na,TeO, carrier was added to
the solution and dissolved with complete exchange with the 12"»Te tracer.
The tellurium was precipitated subsequently as telluric acid, HyTeOs,
which was then converted to TeO, by heating at 500°C. for 24 hours.

The source for the rubidium oxide vapor was a rubidium titanate
mixture prepared by fusing Rb,CO; and TiO, to give a low melting
eutectic composition of 34 mole % Rb,O and 66 mole % TiO,. Radio-
active ®Rb tracer, supplied as RbCl (Oak Ridge National Laboratory)
was exchanged with the Rb,CO; in solution.

The clay loam used for the substrate samples was prepared by being
sieved to remove the larger pebbles and pieces of organic matter. The
material passing the sieve was dried and ground and melted in a nickel
crucible at about 1300°-1400°C. for about an hour. Upon cooling, the
melt formed a black glass, which was broken up and ground to a powder
in a steel mortar. To form the spherical substrate samples, this powder
was melted onto the platinum wire loops with a gas—oxygen torch. Analy-
sifs of 3tsl;e nonvolatile constituents of the clay loam is shown at the top
of p. 39.

The calcium ferrite samples were prepared by weighing out the
:ﬁ)propriate amounts of Reagent grade Fe,O3; and CaO powders so that

e final composition of the mixture would be 80% Fe,O; and 20% CaO
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Oxide Weight %
SiO, 67.5
Fe203 7.3
CaO 2.7
MgO 2.7
Na,O 2.3
K,O 1.6
100.0

by weight. The dry powders were mixed thoroughly in a mortar and the
mixture was fused directly onto the platinum wire loops.

Procedure. In preparation for a series of experimental runs, the top
and bottom sections of the furnace were brought to their proper oper-
ating temperatures, the air flow was started, and a standby source of
radioactive oxide vapor was inserted into the lower section of the furnace.
After about a 24-hour equilibration period, the standby oxide source was
replaced with the regular source which had just been weighed.

During the actual experimental runs, the substrate samples were
i)reheated in a gas flame and then inserted into the top of the furnace

or varying times, usually 2-20 minutes depending upon the rate of up-

take of radioactive vapor. The samples were then withdrawn, counted,
and their counting rates were compared with that of a standard to deter-
mine the amount of radioactive oxide uptake. After counting, the sub-
strate samples were reinserted into the furnace, and the procedure was
repeated. The total accumulated time in the furnace for each sample
was usually about 30-60 minutes.

At the end of each day’s runs, the regular radioactive vapor source
was removed from the furnace and was replaced by the standby source.
The regular source was then reweighed, and the amount of radioactive
oxide vapor which had evaporated was determined. This weight, com-
bined with the known volume of air passed through the furnace, gave
the vapor concentration of the radioactive oxide in the furnace.

Some checks on the experimental techniques were made. There was
uncertainty as to whether or not the vapor concentrations in the furnace
might not be changed by repeated opening of the furnace lid for the
inserting and removing the samples. To test this effect, two identical
samples of clay loam were prepared and were exposed to molybdenum
oxide vapor in the furnace. One sample was inserted into the furnace
and left for 60 minutes and then withdrawn and counted. The other
sample was inserted and withdrawn 12 times. Each interval in the furnace
was 5 minutes, and the sample was counted after a total accumulated time
in the furnace of 60 minutes. It was found that the sample which had
been left in the furnace for the one 60-minute interval had taken up 7%
less MoOj; than the sample which had been exposed for 12 five-minute
intervals. This discrepancy is considerably smaller than the over-all ac-
:huraccl:y of the measurements, and therefore no correction was applied to

e data.

A check was also made on the effect of varying the flow rate of the

carrier gas (air). The flow rate used in most O?’tlille experiments was 70
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ml/min. (measured at 25°C.). Two experimental runs were made under
identical conditions except that in one run the flow rate was 70 ml./min.
and in the second it was increased three-fold to 210 ml./min. After the
change in partial pressure of the oxide vapor by the increased volume
in air was taken into account, there was no significant change in the
vapor uptake rate by substrates of either clay loam or calcium ferrite.

Errors. The precision of the experimentally measured quantities
probably exceeds the over-all accuracy of the experiment by an order
of magnitude. That is, measurements such as the source weight losses,
volumes of carrier air, and the weights and diameters of the substrate
samples could all be determined to within about +=5%. However, the
largest uncertainty was in determining the radioactive oxide vapor con-
centration at the substrate sample position in the furnace. At the low
partial. fpressures of the oxide vapors, absorption or reaction with the
walls of the furnace could be important. In addition, in cases where the
amounts of uptake of oxide vapor by the substrate samples were low,
the counting rates were low enough to cause appreciable errors. In view
of these uncertainties, it is estimated that the reproducibility is good to
within =50% for the measurements with molybdenum oxide vapor and
to within a factor of about 2 for the measurements with tellurium and
rubidium oxides. The over-all accuracy of the measurements are ;farobably
good to within a factor of about 2 for the molybdenum and a factor of
about 4 to 5 for the tellurium and rubidium oxide measurements.

21.0 _o
O
<
180 ¢_,0\°
0.
150 - o ©_O
N
- O O ©
S 120 |- 036! o
a 0 o
£ ° S
]
& 90 O
3 d o -
0279 <0 —o
0 C O
6o 5 5 0 0.254 cm
) O O 0 O ©
- @) = O O ©
Y e 0158 cm
.'o T o O O O
0111111|1-14||111111
0o 5 10 20 30 40 50 60 70 80 90 100
TIME (min)

Figure 2. Uptake of MoO, by clay loam as a function of particle di-
ameter and time

T = 1400°C., MoO; vapor concentration — 6.3 pgrams/liter
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Figure 3. Uptake of MoOy by calcium ferrite as a function of particle diam-
eter and time

T = 1400°C., MoO; vapor concentration — 7.5 ugrams/liter
Results

Most of the experimental data can be grouped into three parts:
(1) The uptake of the radioactive oxide vapors as a function of par-
ticle size at constant temperature and oxide partial pressure.

(2) The uptake of oxide vapor as a function of oxide partial pressure
at constant particle size and tem<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>