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ABSTRACT

The existing modeis for treating radiochemicai fractionation in
nuclear weapon debris are discussed and combared. A method which
extends the existing theory for the case of surface bursts over
‘silicate soils {s deveioped and validated with weapons test data.

There is evidence that fission product abSorption by soil and
weapon debris 1s diffusion controlled. There 1s also evidence that
there are two superimposed distributions of soil particles. A
computational model {s developed here based on this evidence. The.
following fs a synopsis of the model: A portion of the soil is fully
vaporized along with the weapon debris while some sofl is merely
melted. As the fireball cools, the refractory fission prdducts‘w111
be absorbed by this 1iquid material. After the fireball has cooled
below the sofl solidification temperature, the‘remaining fiséion
products can be adsorbed onto Sny available surface;. Any s&il which
entered the fireball at the soil ;o1id1f1catfon time of later will
also ad;orb fission products. Test data and other evidence 1ndicaté
that fhé distributions of melted and unmelfed soil particles have

different modes. This model uses Henry's Law to find surface
concentrations. It then uses diffusion theory to transport the

fission products into the particles. In addition, it allows for

'1njection of unmelted materfal near the tine of sofl solidification.

The resu1ts of the research indicate that fn standard DELFIC

calculations too much activity {s carried in thévlarger particles and
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"n additicn, the distribution of

too little {n the smaller particles.

volatile fission product nuclides relative to refractory reference

nuclide 4s in

other fallout modeld

gehernl better uodeled by the new method. Since many

ng codes make use of fits to DELFIC activity size

d*i stributions, these codes might de mod{fied to reflect these new

findings.
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FALLOUT FRACTIONATION IN SILICATE SOI'.S

1. Introduction

Background [

In a surface burst of a nuciear weapon, 2 Targe amcunt of sofl f{s
broken up, thle sone 1s melted and some {s even vaporized. fart of
this debris 1s taken into the fireball and {s carried with‘ft gs‘the
f1reba11‘r1§es. 'Part'of this materfal will come into 1nt1mate contact ciin
with the rac¢ioactive fission‘product;.l As the firgba11 cools, the ;
soi1 and debris from the device will condense and scavenge the
availatle fissfon products. At the time that the sofl begins to
solidifv, most of the condensed fission prﬁducts will be more or less
unfform1y distributed throughout the particles. After that time, the -
soil particles are essentially solid. Those fission products"whfch
vere stil) gageous‘at‘the sofl solidification temperature will later
condense onto the surfaces of the particlies still in the cloud.

The above {s a very simple pfcture of the processes which eause
fractfonation taking place insfde of the nuclear cloud. Simply
stated, radfochemical fractionation {s a distribution of fsotopes

which is different from that which would be expected {f all of the

radioactivity were distributed uniformly throughout the fallout
particles. An 1mportant feature of this process which has always been

observed but never treated s the presence of a very large number of

{rregularly shaped particles which'carcy radioactivity only on their‘

141




surfaces. These particles, because they show no evidence of having
been'neited. mu;t have been introduced into the active region of the
firebail after the gas temperature had dropped to near or below the '
sofl solidification temperature (see Figure 1). One of the objectives Lg
_of this research Qas to thke this fact {nto consideration. ;é
The careful treatment of this problem {s very importanf because
of the large difference in downwind extent of 1sodose contours i{f the
ra&ioactivity were all surface distributed as cpposed to being all
volume distributed. Figure 2 {1lustrates this point by showing in
cross section the dose rates along the hot 1ine for a one Mt yield (50
pefcent fissfon) weapon. In this case, the 450 R contour for the
. purely volume distributed éctivity extends for about 65 miles pasi
that for the purely surface distributed caSe. This 11lustrates that
when one is trying to determine the expected number of casualties in-a
given attack scenario, the effect of fractionation cannot be ignored.
In tenns,of placement of the activity, Figure 3 shows ihe disfribution
of radioactivity for these two extremes as a function of particle size
for an assumed 1ognorma1 particle sfze distribution. - |
Historically, the first attempt to develop a theory for

fractionation was by Miller with his Thermodynamic Equilibrium Model
(Miller, 1960; Miller, 1963; Miller, 1964). The model esseﬁtiaiiy
consisted of distributing the fission products‘in the cloud amdng the
particles according to the equi1ibriﬁm distribution. The model used
1400 degreés C as the ‘temperature below which condensinglnuciides
could not penetrate the fallout particles. The difficulty with the

1-2
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UPDRAFT THROUGH
CENTER OF CLOUD

F1SSION

PRODUCTS
AT CORE
OF RTNG

DUST AND
PULYERIZED SOIL

Figure 1‘. Schematic of Early Cloud Near the'Time of
Soil Solidification C
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syrface versus Yolume Distributed Activity
for a 1 Megaton Ground Burst

Figure 2.
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modal was that adequate thermodynamic data was not available at the
time 1t was developed. Thus, the model could not be properly |
1mpiemented. The next attempt to treat fractionation came from
Freiling with his Radial-power-distribution Model (Freiling, 1961;
Fré111n§. 1963;'Frei11ng. 1963 b; Freiling, 1964). This model assumed
that there was & collection of spherical particles and that all mass
chains were distributed accoidfng to some power of the particle
radius. ﬁith these assumptions, Frefling found that the model
produces logarithmic correlations between radfonuciide ratfos.
Freiling, in his analysis of Pacific weapons test data, observed that °
radionuc11de‘ratios could be correlated logarithmically as well as
they could be 1inearly. This was taken as evidence that the method
had some validitv. The correlation pafameters formed the basis for a
model to predict fraét;onation effects. The next attempt to treat the .
problem was by Korts and Norman with theirldiffusiﬁn limited approach
(Korts, 1967). 1In devé]oping this model, a great deal of work was

" done to measure the thénmodynamic properties of fissfon product oxides

and thq_diffusioh'properties‘of various‘soi1 types. The essence of
the method was a hybrid of the equilibrium treatment of Miller with
diffusion of the condensed fission product oxides into the soil-
particles. This model assumed a {istribution of spherical, glassy
particles. Attempts were underway in the late 1960's to bring even

greater sophistication to the fractionation problem. The ske1e£on for

" a more complet2 kinetic model had been laid out by this time, but

because of funding cutbacks and laboratory reorganizétions (e.g., the




closing of the U.S. Naval Radiological Defense Laboratory), research .

on particle formation was iargely stalled.

Problem Statement

. The objec;ive of this research project was to review the
literature on fallout f}actibnation and, {f possible, exténd or
{mprove the theory. As a result of the research, a complete
computational godel was produced even though that was not one of the
iﬁ1t1a1 goals. 1In fact, two distinct models were produced: one'isl
referred to‘as the 6-X wodel (for glass-crystal), while the otﬁer (a
hybrid of Miller's model) {s referred to hereafter as the S-V model
ffor surface-vo1ume). The latter model was incidental to the main

thrust of the research. For this reason it {s presénted in Appendix A.

Scope
The problem of fractionation includes many aspects which will not

be treated here. No attempt will be made to treat fractionation which
ocqurs-because of sampling methods. Nor will fractionation which
occurs pecause of leaching of grounded particies prior to collection
be treated. The treatment here {s of fhe proceés termed "primary
fractionation” by Freiling (Freiling, 1961: 1991). The problem is
furﬁher limfted to surface bursts over silicate 5911;' This
restriction to 5111cate sofls 1s made since no effort has ever been
made to accurately identify the particle size dis£r1but10ns for the

different types of partfclés found in surface bursts over calcium




based sofls. The restriction to surface bursts is made becausevthe
fracticnation process fs fundamentally different for each type of .
burst condition. Surface bursts are of particular 1nterést because
they present the greatest fallcut hazards. They are also fnteresting
" because of the complicated mixing of unmelted materfal with fission

ﬁroducts, melted soil and weapon debris.

I-8
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II. Histor{cal Development

Introduction

The early attempts to model fractfonation were made difficult by

a general lack of data. The collection of weapons test data which

“would be ‘of use to fallou; researchers was a low priority. In

addition, early 1nvgst1gators were not sure what’type; of data were
needed. Da:a collection for fa11out studies was often an
afterthought. Even when it Qas carefully pfanned. equipment was often
unreliable. High radiation in some areas would frequently delay
sample recovery allowfng contamination of samples by non-radfoactive‘
debris carried by winds (Frev_‘l'l'lng, 1965 b).

On toﬁ.of these difficulties, nuclear, thermodynamic, and
chemical data for the fission products and their oxides were 1imited
or'non-existent. In spife of these pfoblemé, séveral {nvestigators -
managed to deve1op.workab1e models for predicting the effects of
fractionation as well as ; theoretical framework for underslanding,
it. Tﬁelmost notable of these were E. C. Frefling, J. M. itorman, and
C. F; Miller. In the.fo11ow1ng sections, their’mode1s w1;5 de

surveyed in order to provide a foundation fof ynderstanding the G-X

-model dengoﬁed in the next chaptar.

Mf!]er’s'Thermodynamfc Model

Introduction. Miller's theory of‘fractfonation was developed

. about the same time as Freiling's treatment (Miller, 1963). Since
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Miller's nodel required rather a g;eat deal to be known about fhe
thermodynamics of the cooIing fireba11, and since the thermodynamic
data for the fission products were not available, it was of limited
value as a computational model. It did in its original form, however,
treat many of the important pheaomena in a qualitative way and pointed
the way for the collection of the data that would be necessary to
fmplehent a more complete theoretical model at some Tater date. It
was because of the lack of data for Miller's model that Freiling's
semi-empirical Radial Power Law was adopted as a stop-gap dev%ée for
predicting fractionation effects (Freiling, 19€5). But even as a
purely theoratical model, Miiler's treatmént leaves room for
improvement as it neglects some important phenomena. |

It should be roted in the-following discussion that Miller treats
the melt of carrier ﬁaéeria1 as a single mass rather than as a
distribution of particles of varying sizes. This poses no particular
problem, although it ignores the effect of particle size on the
condensation mathematics, . | a

Miller divides'the condensation process into tvwo more or less
distinct time periods; The major feature of the first period is the
existence of vapor-1iquid phase equilibria. This period of
condensation ends Hhenlthe carrier material solidifies, with the
fission products either fixéd in a solid solutfon matrix or compounded
with thé carrier materiéT. | |

- The major feature of the seconc period of condensation is the

existence of'vapor-s011d'phase equilibria in which the remaining
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fission product elements condense at lower temperatures on the

surfaces of solid particles. The second period of condensation never

‘ends completely except for those particles which lTeave the volume of

 space containing the residual gases. In fact, the process can reverse

for a fission product element that iatgr decays to a more volatile

element. For example, elements Tike 16dine and the rare gases could

_ sublime as fast as they form from non-volatile precursors which

condensed on the surfaces of fallout particles. This process is
unlikely, however, when the fission products are trapped within a

glassy matrii. The vapor pressures due to the low concentration of

" dissolved fission producfs would be extremely low, and diffusion

throﬁgh the solid glass would be very slow.
The essential problem in the theory for the process during the
first period of condensation is to estainsh‘the vapor-liqufd.phaéé,

equilibria'of each fission product element at the time that the

. carrier material solidifies; that is to determine the fraction of each

element present which has condensed and mfg%ated'into the carrigr melt
at tﬁe'iime‘of so11dif1cation.‘

When one of the two phases in contact is a gas, simple kihetic
theory caﬁ be used to show that Qondensation - vaporizatiqn |
equilibrium can be egtablished very quickly at temperatures above 2000
degreés Kelvin (Miller, 1960). Thus, those gaseous species of each
fissibn product element that do not react with the 1iquid carrier but
dissolve into it should obey Henry's Law of dilute solutions (see'.‘

Figure 4). In fact, the solutfons should be sufficientl, dilute as to
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result {n no appreciable change in the Gibbs free energy of_the 11quid

carrier. Thus, the free energy of each element in the solution should
be independent of any'other. It 1s possible, then, to consider the
solubflity of each element by treating each as a binary system with
tpe carrier. Further, there should be no apprécfab1e surche loading .
(largelexcess}surfate concentfatidns of fission product
elements/compounds) during the condensatfon proucess if the temperature
range over which the 1iquid carrier exists exceeds 200 or 300 degrees
C. Miller allows, however, that a concentration gradient shouid exist
for the larger particles of which sdme may not be melted in the center
when the air or gas temperature about the particle falls below the » '
melting point of the bulk carrfer (Miller, 1963: 99-101).

Development of Equations for Miller's Model. ‘When considering

the thermodynamits of a mu1£1component system, the various
thermodynamic functions must {nclude the amount of each component as a
varfable. The chemical potential, u,,,is a ﬁ;efu1 quantity for
treating équi]ibr1um or near équ111br1um systems. It represents the

change.in the Gibbs free energy of a system per mole of added

‘component 1, with temperature, pressure, and the other molar

quantities kept constant. Adamson gives the‘tc;a1 derivative of the

chemical potential as (Adamson, 1373: 355):

dug = RT d(1nf,) (1)

11-5
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where f, fs the fugacity of component {. Fugacity is an effective
pressure fcr the component. It accounts for deviations from ideal

behavior. The defining equation for fugacity for state f = 1 going to
state i = 2 {s (Andrews, 1970: 204): o

, A "2 . lim 1
Inf, s 'RT + Pfo (In P1 - 'RT) (2)

where Gi 1Is the Gibbs fre/e energy for state {. ‘When ch1 moles of
‘e‘lement i condense from a gaseous mxturevto a 1iquid solution leaving
)(1 moles fn the gas and Xi moles in the 1iquid, the change in the
chemical ﬁotentia‘l 1‘n the gas is found as follows: First we expand

the derivative given in Equation (1) to obtain

. 3“; 3u; . 3“; o
dug = (g Dy xp P+ (g dp x0T * (=00y p Oy
» %y Tafy ax1 » (3)
or equivalently
d . AT a'lnff)dp . - a1nf1r)‘ alnf,
uy = RT(—p—)dP _+ R dT _ + RT{ ) et
! S LA K a1

The corresponding change in the chemical potential, My in the

solution 1s

- 11-6
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— anf, ' (a‘l af')dT Tl a'lnf1) o
duy = RT(—p—)dP  + RT(—y—)dT  + RT(—y—)_ o
1 R 8 LN & LTI X (5)

' | where P is tﬁe total pressure, T {s the temperature , X; {s the mole

fraction of e.ement { {n the gas mixture, "1 is 1ts mo1é fraction in

' the 1iquid, f; is its fugacity in the gas phase, and f; 1s 1its ’ :
: _ .

: fugacity in the 1iquid phase. At moderate and low pressures, the :

. fugacity of the element in the gas phase is by definition given by

' A * .

D R X (6)

i,f-a‘) : in which f]’{ 1s the fugacity of the gas at the total pressure of the

\/ mixture and therefore

! ' (a'lnfi) F !
- . T (7
| X ot N '

AR
1

i O

<

, The fugacity of the element {in the 'Hquid phase, according to Henry's
| Law of dflute solutions, {s given by '

?‘:‘:

i

-,

,n‘l
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{n which ki {s the Henry's Law constant at a gfven temperacure ané

total pressure; hence

(élnfi) 1
X fox X
RUEN o

Adamson gives the change 1n the chemical potentm with respect

to pressure and température as

(’“f) _RT
Fhy, T Caoe
" and
39,) ‘ h
A S | |
(Tr P | , (1

so that Equation (4) becomes

. I dx. o
duisV;dP-S’;dT*RT;-;-‘— (12)
- Xy
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and Equation !5) becomes

dx,
ny = Vy 0P - 5y dT * RT =
' (13)

The two changes in the chemical poteht1a1lfor the transfer of

dx1 moles from the gas mixture to the 1iquid solution are equal in

an equilibrium process. Dividing Equations (12) and (13) by RT while

noting that

7.9 | ‘
' o (14)

and then equating Equation (1) and Equation (2). after substituting

for the indicated partial different1a1s, gives

v T | v, T
m,dP--—dT*d'lnX nwdp-azd'r’d’ﬂx‘ (15)

in which’V: is the partial molar volume of element { in the gas

: lfxture.'ﬁ? is 1ts relative partial molar heat content in the gas

nixture,'V} is its partial molar volume 'in the 1fqu1d solution,
0 fs 1ts relative partial molar heat content fn the Tiquid

solution, R {s the molar gas constant, P {s total pressure, and
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T §s the temperature in degrees Kelvin. In the case of uiiute

solutions (Miller, 1960: 10)
. U;'U{'AHV ' ‘15)

| where sH, {s the heat of vaporiaatior. of the condensing element 1.

" M{ller points out that aH_ is the heat of reaction for the
_vaporization of the gas from solutfon, If 1t exists as a differentl
_Eompound in solutfion, the heat of‘formation of this compound {s
included 1n the value of sH,. For an 1de;1 solution, aH, 1s just

the heat of vaporization. Since /'

. v |
{ ‘ o

i »V thenlep - . |

can be neglected. Thus, Equation {15) becomes

v; . AHV
W dp + d(YnX.‘) = —R:r-z dr + d(1In x‘)

i (18)
but by Equatfon (10) this reduces to
| oH
£+ aInK}) « —7 4T + 410 X))

RT : {19)

Upon integration, this becomes

il-10
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® -‘HV
or
1 (P x;) AH". ' (21)'
Merx) = -
and finally
P x; . -aH /RT :
X =k; e | | (22)

fn which ki is an integration constant and where the term

: -AHV/RT
kj e (23)

can be identified from Equation (€) and Equation (8) where (fJ =
f, = py, the partial pressure of element 1; and f, = P) as the
Henry's Law constant. Now substituting from the defjn1£10ns of X,

= " (22)

and
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X, & —1 U

r
1 ny * nsoﬂ "soi]

and using the {deal gas law for Naip

Pv
Mair * RT

then Equation (22) becomes

"1/"a1r ki

"i;"soi1-,P-

(25)

(26)

(27)

where Ngoi1 1 the number of moles of 11qu1&_soil. Finally (from

Equation 27), the number of moles of the ith element, ng, in the

the relation

. Y RT
N, =
{ RT + “‘l V,ﬂso.‘]y

'liquid is related to the total number of moles Yi {n both phases by

,(28)

In the second period of condensation under the Miller model, the

soil carrier has solidified. Fission product uptake then continues by

surface adsorption. The adsorption condensation can be considered as

one in which the relative amount of each element condensed is related

to its sublimation pressure (Miller, 1960: 109-110). The

11-12
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| computational values from such a process will reflect the relative

vo1atjlity of the constituent molecules at all temperatures at which

this kind of condensation can occur. If anxexcess'of solid surface

~area is pfesent, tﬁe number of mo1e$ condensed by the process

(assuming that the process of reversible) at any time after

' solidification of the carrier 1s jiven by

| h: . a5 - n¥ . (29)

in which ﬁ: is the residual amount of element { condensed on the
surface of the solid particles, n; 1s the amount of thg element in
the gas phase at the start of the second period, and n; s the
residual Smount in the vapor phase. A1l three quantities depend on
time because the radionuclides continue to decay. In the case'of'i
perfect gas |

PS v

where v s the volume enclosing the hi_mOTes of the gaséous species

and P, {s the sublimation pressure and is given by

AS'/R -aH_/RT
Piee ¥ o ° , (31)
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in which aSg is the entropy of sublimation and L is tue neat of
sublimation at the temperature, T. If mixing in the fireball volume
s assumed to be uniform for the particles and gaseous fission

products, then v is the fireball volume. The material balance for

- ele.nent {1 i

AP AR HE A (32)

so that, Equation (29), with Equatfons (27), (28), (30), and (32),
becomes ‘

kv .

}‘“'j"R'!Yi v pS

Peotr N i

L+ )n &y ‘ TR (33)

S
n1'

sof\“!

’In Equations (28) ind (33), the quaﬁtities Meoil and v are
estimated'frﬁm the thermal data an& empirica1 scaling equations.
Miller's work was notable in that it treats the esséﬁce of the
problem in a physically meaniﬁgfuI way. The method developed by
Freiling presented in the neit section is largely empirical. While
none df the necessary Henry's Law ﬁonstants were available when Miller
wrote his report, many are now. In those cases where data fs still
not availabdle, Raou?t‘s Law, which {s an idealization of Henry's Law,
may be ﬁsed. In Appendix A, a variation of the Miller metﬁod is )

developed which has an especiaTiy'attractfve feature: viz., 1t could

11-14
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- developed by Freiling. While it is not as elegant theoretically as
Miller's equilibrium treatment, it has the advantage of being less

be easily modified for use with fast running "smear codes" such as
that developed by Bridgman and Bigelow (Bridgman, 1982).

The next section provides an overview of the Radial Power Law

difficult computationally.

RADIAL POWER LAW

- principal compound (u;ua11y but not always an oxide) of each element.

‘e1ement for computational purposes. Next, a melting point is

' Introdgct{on. Freiling's Radial Power Law {s a semi-empirical
fractionation model which {s presently used fﬁ modifted form 1n the
official Department of Defense fallout modeling computer code,
DELFIC.,VThe discussion here §s restricted to the pure form of the
Radial Power Law rather than the.modificitfon used in DELFIC.
Discussion of the Tompkins implementation of the Radial Power Law 1n
DELFIC form {s presented in the following section. The Radfal Power
Law has some 1imftations, which will be discussed after the model has
been presented. |

The mode1v1tse1f'1s simple and does to a degreé fncorporate the

radfochemistry of the cooling radioactive elements. First, the

which would exist {n the hot fireball must be identified. The boiling
point of this compound is then taken as the boiling point of that

determined for the sofl which will bé the carrier of the

I1-15
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radfoactivity. Without the presence of a 1aége mass of this carrie}
material, there is essentially no local fallout from a nuclear weapoﬁ
(Miller, 19€3: 2). A rough rule of thumb is that particles larger |
| than 10-20 um will be deposited locally, or‘within a few hundred miles
of the detonation point (Glasstone, 1967: 36-37). 1In the Freiling
model, the user must supply the yield, height of burst, sofl type, R
fuel, fission yield, the pérticle.size distribution, and the ffssion
yields of eéch radfonuctide for each of several fuel typés and neutron
enérgy spectra. In additicn, the model needs all of the decay chain
data necessary to follow the decay of the fission products.
Thermodynamic characteristics of the firébaIT must be computed as
' well. These fnclude ﬁow much soil *, vaporized or mélted and carried
N aloft, asvwe11 as the time af which the fireball reaches the )
solidification temperature'of thé s0i1. The number 6f fission p;oéuct
~ atoms which are in a refractory foﬁn at that point in time is |
determined for each mass cﬁain by so1v1hg rigorously the Bateman
equations which describe radioactive decay. The fraction of atoms in
each chain which are {n a refractory‘form af this time is used as a
parameter in distriuting the nuclides of each chain in the soil

particles.

Discussion. There are two essential points in the following
discussicn: First, Freiling's conc1usibns from his analysis of
Pacific weapons test data are not well supported by data from ground

bursts over silicate soil. Second, Freiling's theoretica- explanation

I1-16
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of his empirical correlations is 1ikewise not well supported by later
data. The data from continenfa] United States tests suggest that
simple empirical corréIations are not sufficient to predict
fractionation behavior in the casé of ground bursts over silicate
sofls.

Freiling makes the following 2nalysis: In a sample of fallout,

the apparent number of fissions whiéh yielded a giyen nuclide is

where ay is the number of atoms of nuclide { in the sample and Y1
is the number of atoms of nuclide { per fissfon. The ratio r 3'15

defined by

This ratio is useful for the following reaéon: Let nuclide J be i
nﬁclide which 1; volatile and yhose precursors were a1$6 volatile.
This nuclide would te;d to be surface distributed since both it and
its parents would have Tower bofling points than the sofl carrier.
Now let nuclide { first be another similarly behaving nuclide. Then
r1’3 would be approxim&te\y equal to 1. Now, if jJ was a nuclide
which was refractory and had refractory parents, then the
corresponding boiling points would be higher than the soil

solidification temperature. So the tendency would be for this nuclide

11-17




to be volume distributed. The ratio '3 would then have an
= . ’
extremum since we are measuring the greatest possible difference in

behavior of two nuclides. Now we take r .to bhe oyr

vref’ Spef

reference 4 4 where Vref {s the reference volume distributed,

refractory nuclide and Spef §s the reference surface distributed,

volatile nuclide. This ratio will be abbreviated v.s {an alternate
] .

notation 1s rr,v where the subscript r indicates a refractorily
behaving nuclide and v represents a volatilely behaving nuclide).
Then form the rqtio ri.s bétueen ?1 where 1 {s arbitrary and fs
where s represents our reference‘surface distributed nuclide. Next,
consider plotting the relationship between fhese ratios for various
actual fallout samples. That {s, given a sgﬁple of fallout material,
,‘anaIyze the characteristic end products of each mass chain (9°Sr.fpr
1290, %o for 1 = 99, 137Cs for 1 » 137, etc.). Then form the
ratios f,’svand Tv.s (we will take s = B9 for 3%Sr and v = 95

for %52r for our reference nuclides). These ratfos can best be
correlated Togarithmically for fhe high yield coral and water surface
burstsﬂana1yzed by Freiling (Freiling, 1961: 1994, Heft, 1970:
256-257). Freilfng considered two types of relationships between

fractionation ratias:
(a) vy g9 = %) o5 89 * K (36)

(b) 1""1.89, » k3 1"('95,39) * Kk, , (37, .

I1-18




where the k's are constants to be determined. Of these two, the

" latter had the smaller variance in the data fit (Note: ry eg'and
. 4

Fo5 go 2re functions of particle size). WNote further the

© following: If fisa refractorily behaving ruclide, then ri 89 will

mimic '95,89 so that Equation (37) reduces to’

ky = (Inlr, ) - k)/inlr, ) - (38)

© 1f k, was zero, then we see that ky = 1. Similarly, if { {s

volatile, then Equation (37) reduces to
n Fs,s = k3 Inr, o *k (39)

but fs.s = 1 s0 we have |

O=kylnr, o*ky | (40)

or

k, = -k,/1nlr, .) '
37 ATV (41)

and again if kg = 0, chen k3 = C. As it turns out, Freiling found

1n his plots that k4 1s approximetely zero and k3 s approximately
hnity when { 1s a nuclide whase chain {s all refractory, and k3 is

gpproximately zero when 1 s a nuclide whose chain is all volatile. .

1119
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Iln summary, logarithmic correlations seem to work well for high yield

coral surface bursts. They do notys however, for Tow yieId silicate
surface bursts. Later {nvestigators found 2vidence ?or 1inear
relationships in the latter case (Heft, 1970: 256, Bridgman, 1983).
| To establish a theoretical basis for his semi-empirical model,
Freiling postulated first that the particle size distribution was
lognormal. He then further postulated that the distribution of a
given_masS chain goes as some power of the radius of the fallout
particles, where the expénent 1ies between 2 and 3 (Tompkins, 1968:
11-16). If the chain 1s all refractory, then its long-1ived members
will be refractory and will be distributed as the third moment of the
particle siie distribution.‘ But if the chain 1s all volatile, then
the members observad in analysis will be volatile and will b¢ .
distributed as the second moment of the f1n£1 particle size
distribution. When Frefling dse& this fype of,aha]ysis, he found that
the data for coral and waier high yield surface bursts best fit |
Equation (37) with k, = 0 and k, equal to the square root ﬁf the
fraction of the decay chéin { which exist§ in refractory form at the
~ time of sofl solidification (Freiling, 1961: 1995). This conclusion
violates the intuitive hypothesis that vo]atf1e nuclfdés are surface
distributed and refractory nuclides are vo1ume.d1str1butéd. If it |
were ‘rue that a single mass chain contained some nuclides which were
purely volume distributed and some nuclides which were purely surface
distributed, then the superposition of these two distributfons would

not be a simple fractional moment between 2 and 3 of the lognormal

11-20
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particic sfze distribution (which was ftself a Tognormal
distribution). It rather 1s the sum of two different lognormal

distributions, which 1s not iognonma1.
To help resolve the apparent conflict between Freiling's theory

.and the data, consider thevfo1]ow1ng points: First, the data used by
Freiling was limited fo high-yield surface oursts over coral and
water. There is evidence that for‘silicate sofl surface bursts of
. Tower yfe1d the slope should be equal to the fraction of the chain
which exjsts in reffactony form at the time of sofl solfdification‘
rather than the square root of the refractory fractionnﬂﬁ;, as
| Ffeiling's ﬁacific fest Site data suggested (Bridgman, 1983: b) (see
figures 5 and 6). So Fre111ng‘s square-root relationship may only
apply in an'approximate sense ;o high yield coral or water surface
bursts. | h '
Seéond, when the sofl carrier {s fn the 1iquid phase, the degree
to which the radicactive nuclides collect on and diffuse into the sofl
droﬁIets is a function of the vapor pressure of those nuclides. As
noted in the previous,Section, Miller asserts that the essence of the
fractioﬁation problem 1ies in vapor-1iquid phase equilibria
established for each fissfon product‘e1emenfl(or'compound) at the time
Just prior té solidification of the carrier material. That is, one
needs to find what fraction of each fission produét could be found in
the 11quid phase and determine to what degree 1t had diffused into the
carrier melt when solfdification occurred. Those gaseous species of

each fission product element that do not react with the 1iquid carrier

11-21
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but dissolve into it shouid obey Henry's Law of dilute solutions. A
concentration gradient, however, should exist in many particles,
especially for the larger particles of which some ri, not have been

com§1ete1y melted.
In other words, one shou1d not expect to find all refractory

nucTides distributed tniformly throughout the volume of the sofl
part1c1es. Sim11ar1y, volatile nuclides will not necessari]y be
restrﬁcted to the‘surfaces of the sonil particles. On the other hand,
there exists the possibility for desorction of nuclides which have
condensed on the surfaces of particles, especfally aftcs they have
left the cloud. Some nuc1ides will have especially small sticking
coefficients and thus exhibit ﬁoor surface adsorption. The lack of
treatment of these phenomena is a weakness of the Radial Powcr Law

model.

Mow consider the following analysis. First, define

d= particle diameter
 I(d) = particle size aistribution

f* - total pumber of equilavent fissions in all particles
.Yy = fission yfeld of i-th mass class “

Fi(d) = distribution of equivalent fiss1ons for particles
| of diameter d for mass chain i
(r1 r) = fractionation rat1o a Fi(d)/F (d). where ris
index for a refractory behaving chain

f = fraction of the decay chain i which exists in
"refractory form at the time of soil solidification -
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While Freiling used a volatile chain for his reference ;hajn, a

" refractory chain 1s the more natural chofce since i1t will be more or

Jess uniformly distributed throughout the fallout. The following
ana1ysig will therefore use a refractory chain for the reference
nqc11de. Now if it's true that the refractory nucl{des will be
distrﬁbutedias the third moment of the particle size distribution and
volatile nuclides will be distributed as the second moment, then for an

arbitrary chain { we can write

3, 2 |
Fefk, f, 43 + K (1-£,)d } u(a)

F ld) sf =2 —
U fnca {6,8 0 1-r03a d - 42)
(n(a) 3

where Kr and Kv are normalization constints. For i refractorily

behaving chain we get

| Py N(d)e®
Fr‘d-‘ = -—:—T—z—..!—-:
N(d)d™d d
0 (43)

“Now the fractionation ratfo is

Fttd) (£.0° + (1-£,)d%)
z.»rc‘(&) (f,d° + (1-F,2d° )d d
Fy N(d)d”

(44)

(ry MA) =
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or

(f, * (- WD ¢ §
(ry A 2 ety ey
-rl:(d) (Fd° + (1-f )d)d d

(45)
And the mass distribution is given by
. ' 3
fld) » g Mid) d_
ouad)d. dd ' (46)

Multiply Equztion (46) by f_ + (1-fr}/d) and integrate over all size

groups to get

«(;m‘f” (f. * 11-f)/d)d d

fu!i) (£, 8+ (17082 ) 0 (47)
fu(&) e dd
Comparing th1§ result with Equation (45) we find
L (f_ + (1-F.)/d)  (a8)
= (f, Ny |

(l", r)(d) = C : -~
b ﬁm(en (F, * (1-£,)/4)d d
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Now notice in Equation (48) the expression

c, & — 1 —
Lt (£, (1-£,)/d fad

(49)

'{s a normal{zation constant for mass chain 1. For a chain which

consists oniy of volatile species, Equation (48) becomes then
(r, )(d) = C, &
Y y,r vd ‘ (50)

since fr" 0 in this case. While for a general chain

(ry 0A) = Cyff, + (1-F,)/d] s

Solving Equétion (50) for d an@ substituting into Equation (51) yields

c
) 1 ’
(f‘,'.r)(d) = cifl‘ + -c'; (l-fr)‘rv’r)zd) (52)

This is 2 simple linear relation bgtween (ri’é)(d) and (rv’r)(df.
Now Freiling suggests that insteaq of separating the surface and
Qo]ume fractions, that a given mass cﬁain will have its activity
distributed as a simple power of the diameter of the part1c1es..:The
equations‘equfva1ent to Equation (50) and Eqﬁation (51) under

Freiling's assumption (the Radfal Power Law) are
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1
(rv'r)(d) = CV Y| (53)

and

VF -1
(ri'r)(d) = Ci d r

Mt 4. G 7 el . Uie AR P

(54)

Eliminating d between these last two, and taking the logarithm of both

sides of the result, gives
1n(ri'r)(d) = (1- V7:3 1"(rv,r)(d)

{VF-Dince smc g} (9)

This is a logarithmic relation with slope (1 - V?;). Freiling has
observed this 1ogar1thm1c relatfonship in fallout sample data, and
{ndeed the 1 -'V?: ekpression in the s1opelabove is a best fit of
the observed correlation slopes to the fraction of the chain gxisting ‘
in ref;actory form at . the time of soil solidification (Freiling, 1961:
11-16).

Note that if Equation (52) is plotted on log-log paper the limits
'(fr =0, fE = 1) agree with observations in the data, but for
1ntermed1ate‘chains (°,<'fr < 1), Equation (52) predicts a distinct
curvature to the data (see Figure 7). This doesn’'t seem to agree very
well with the data citéd by Freiling. On the other hand, the

expression in Equation (555 agrees very well with the Pacific weapons

11-28
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. test data. Russell and Heft (Yeft, 1970: 25€-257, Bridgman, 183 ¢)

have shown, howevgr, that in the case of sil*cate soil surface oursts,
that we do see curvature in the plots of Equation (52).

It 1s clear, then, that thefe are limitations to the Frefling
model. Freiling himself 6ffered several caveats on the mefhod
(Frei11ng, 1961: 15°8, Radionuclides, 1970: 33€). The correlations
that Freiling has observed should depend onlweapon yield, ard the type
of‘carrier which canstitutes most of the partches. Yet his
corre’ations 1nvo}veé oh!y high yield data for coral and water surface
bursts. Since Fretling made his correlations {rrespective of yield or
carrier materia1;_the Radfal Pewer Law disregards these effects. His
Qpproach is primarily a gra§h1ca1 device which 1s useful for drawing
general trends in behavior. A single set of correlations cannot be
expected to cover all burst conditions. Carevsh6u1d be exercised in
appTying‘ihe Radial Power Law to low yield events or ‘to events over
silicate so11§. |

In the next section, the Tompkins modification to the Radial
Power taw will be discussed. It was developed to bring the results of
the Rédia? Power Law {nto better agreement with specific activity

observations.

MODIFIED RACIAL POWER LAW

Introduction., When the Radial Power Law was considered by -

Defense Atomic Support Agency (DASA) for the DELFIC code, Tompkins
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made the observation that there is a tendency for specific activity
data to level out as particle size increases regar&1ess of the

~ volatility of the species being investigated. The transition point in
the curves appeared to Tompkins to be about 100 to 200 microns for
surface bursts (Tompkins, 1968: 15). In order to account for this,
Tompkins'rEquired al fission products, regard1es§ of volatility
considerations, to be volume distributed above 100 microns. The model
heglects to account for the cht that the specific activity begins to
fall off agafn for very large particle sizes (Tompkins, 1970: 382).
The resulting activity sizé distribution will be bfased with the very
large particles carrying too much activity while the smaller particles -

: . ~ will carry too little. ‘

E o Model Description. In Freiling 's Radfal Power Law model, the

~ particle size distribution was assumed to be log-ndrma1. Tompkins'
modification generalized the particle size distribution‘to allow for
arbitrary distributions to be entered in tabular form. Let
dk = geometric mgan‘diameter of kth particle-size .
. Class, |
by = V?:;, where fri is the refra;totj fraction
for mass chain 1,
N = number of particles in class k,
: Fy = total number of fissfons in all size classes,

N1 = number of atoms in mass chafn 1 in size class k,

Y; = fission yield of ith mass. chain,

I1-31
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and

r = index for a refractory chain.
The number of atoms of mass chain 1 {in sfze class k {s
Rylag) s Fp Yy flak) | (56}
where
by*2 /n ‘ by*2

Y Medy

k=1 | (57}

For a refractory chain, (bi‘- 1)5‘Eduation (56) becomes

N (d) « Fo Y, (4) (58)
yhere'
fold) = Na3[5 N a3 (59)
MG = N /30 Nedy 5
k=1 ‘ -

fs the mass fraction in the kth size class. The fractionation ratio

is theh
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-1 ¢ 3
Y0, |£1 N dy
(ry, n g Bi'C
r ¥ kK
ksl

Then noting that

n b n n

§+2 3
T Nd /sz.:(f(d)d
kel KK oy Kk T Mk

and deffning

‘ b5
£y = 1/ T (4 )
kal .

Equation (61) becomes

.
i b1
(ry i "7 4« (E;)
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It then follows from Equations (56), (60), and (64) that

N E db"1 £.0d)
(65)

Now Tompkins'modification assumes a two-component systes. One part

‘obeys the Radial Power Law, but the other part has a constant specific

activity. Let

R1 = fraction of atoms in 1.4 mass éhain that obeys
| _the'Rad1a1 Power Law, and
S1 = fractior of atoms fn fth mass chain that exhibits

. a constant specifit‘activity

Equation (65) then can be written

S b
= 05-1
B ) ' (66)

The crossover point between the Radial Power Law and the constant

distribution yields

- b
R.E,D 1-1

1“1 cross * 5

(67)
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(68)

or

S S,

¢69)

fhen

., b B oy.
PR

cross ; : (70)

and

, b,-1
]

S, = E1Dcross '
' L 51 1

i 1+ EiDcross - (71)

P .
) CEP AT Y  ee, e
D) vu'.".'.!.f.v.r. f ) EATATIL RN

Then finally we have

Fr¥iEy by
K

i-1
cross

Ho(d,) =

b
PO (72)

1+ED

gy g g >y 2 g
PR b S U L) S el 2 e SR NN )
(UL PP Wﬁ'c'n}!.l.-{..plll'{l' .+
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The model described above is termed the F-T model for purposes of
comparison with the G-X model to be developed in the next chapter.

The F-T model is consfdered to be the state of the artlin fallout

-modeling by present researchers in this area. It was for this reason

that it was selected for comparison with the G-X model. The next

section will describe the most recent effort to model fractionation

before the present research.

Diffusion Model
In 1966, Korts and Norman at Geﬁera1 atomic reconsidered Mi1ﬁer's

fractionation model to include the glassy nature of fallout particles

- from a general land surface detonation. The occurrence of glass

formation suggested the use of temperature varjable condensed‘statg
diffusion coefficients in place of the temperature switched

equilibrium model proposed by Miller.

When describing fissfon product sorption according to a

~ diffusivity-condensation model, fallout formation 1s assumed to be

governed by equilibria established at the gas-surface 1nterfaces, the

. rate of cooling of the cloud, and the rate of diffusfon of adsorbed

fission products into the central portions of the fallout particles

{Norman, 1966: 12-54).

The assumption that soil solidification takes place at a fixed
temperature, as is done in the Miller model, 1s inadequate for
silicate soil fallout both above and below any reazanable “freezing

temperature” (Norman, 19€6). First, "molten” silicates in the region
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Just above thefr "freezing temperatures” are generally v!scous 11qu1ds

which have Tow mobilities (diffusivities) of theif bomponent species.

'Therefofe, above the "freezing temperature,” 1iquid silicate fallout
~ particles won't be uniformly loaded with fission products but will

show a considerable radial concentration gradient; Additionally,
molten silicates tend to form glasses on cooling. A glass is jusf a
supercooled 1iquid whose viscosity ﬁas become so high that the
tendency toward crystallization has become essentially negligible.
Norman and Winchell suggest that diffusivfty in a glass can,.ds a
first order approximation, be treated as an extension of diffusivity
in the cbrrespond1ng molten silicate (Norman, 1966). The system |
behaves, then, as 1f no phase transition has occurred. Thus not only
1s the assumption of homogeneity above a "freezing ﬁemperature”
fnadequate; buf the assumption of strictly surface adsorption
occurring after the “freezfng temperature” has been reached is also
questionable. In fact, the ver& smallest “allouf partié?eé will
probabfy'aﬁéorb fission product’oxides essentially hamogeﬁeous1y at
temperatures Tower than the 'fregzing temperature” (Norman, 1966);

Using temperature?depéndent diffusivities instead of the."freezing

* temperature” model 1s a logical extension of the Miller model.

Sorption of fission products occurs in this mode) by allowing a

homogeneous gas phase to equilibrate with the surfaces of all fallout

.particles. The adsorbed fissfon products are then allowed tc dfffuse
into the fallout particles. A1l of this occurs in the time-

temperature field assocfated with a nuclear detonation (Norman, 1966).
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Concentration-independent diffusfon in spherical particles as
presented by Carslaw and Jaeger (Carslaw, 1959) is assumed to govern
the diffusion of the vondensed fission products fnto the carrier

materfal. The diffusion coefficient, D, is related to the average

concentration, T, and the surface concentration, C,, through the

following equation:

¢,-CT | 220, 2
0 . 6 = 1 _-[+°Dt/RS) o
T ?nfz I - (73)

there R is the radius of the sphe+ical particle and t is the diffusion
time. Both the Henry's Law constant and the diffusfon coefficient are
assumed to follow Arrhenfus and Clausfus-Clapeyron temperature

dependencies, respect1ve1y'(Nonnan, 1966: 15).

The cooling rate as a function of yield is given by the following

cooling rate scaling equation given by Frg11{ng (Freiling, 1965):

l‘ W i '
@ (74)

where -dT/dt is the cooling rate (degrees Kelvin/sec) and W 1s the

energy yield (Kt).
 The mathematical model {nvolves time-temperature stepping,

Henry's Law constants, diffusion coefficients, a detonation model, and
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a mass balance equation relating the total amount of a nuclide in the

~ cloud to the amounts of this nuclide fn the gas phase and in the

particies of various sizes through an aha1ytica11y,detenninable
surface concentration of the nuciide. By stepping the temperature and

allowing the nuclides to decay, a similar but more complicated

‘determination of an increment to the surface concentration can be

made. This pfocéss is then repeated until the ¢iffusion process
eséentfa11y céases. This process can be carried out through each
nuclide chain in ofder to account for transmutation effects. In this
way, it 1s poSsiblé to make calculatfons describing the chemistry of
fallout formation according to a cqndensation-diffuéion mode {Norman,
1966: 21). |

Norman achieved some promiéing results with this model (Norman,
1968), According to Norman, the method was going to be tested for use
fn the official DoD fallout code, DELFIC, but apparently this was
‘never done {Norman, 1983). It was because of the very encouraging
results that Norman reporyed that a condensation-diffusion approach

was chosen as a basis for the 6-X model developed in the next chapter.

.........
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I1I. The G-X Diffusion Model

Introduction

There is a considerable amount of data to suggest that the

.fo110wfng description of the fallout formation process applies to a

"surface burst: Sofl particles are entrained by the rising fireball

and a small percentage of the total is completely vaporized. As
condensation begins, very small particles wifh fission products fused
within them are created. Many of ;hese coalesce with other larger
melted and unmelted particles along with the vapors of the more
volatile f1ssion'products. Those sof1 particles which are not
vaporized génera11y remain in thelfireb§11 for a shorter period of
time. In addition, they constitute the larger fallout particles. The
unmelted particles enter the fireball at later times and leave the

cloud at earlier times. Thus they receive only a 1imited amoint of'

héating and consequently the fissfon products they contain are fused

into the outer layer or attached to the surfaces only (Miller, 1967:
3, Heft, 1970: 255-25§, Toﬁpkins, 1970: 388, Norment, 1966: 23-28).
There are several sources of information to validate thislpicture
of the early fireball: First is the separation of the fallout samples
into two distinct types of particles: glassy and crystalline (hence
the name G-X model). The glassy particles are those which were .
exposed to high temperatures and efther fully melted or vaporized.
The crystalline particles are those which never vaporized or melted or

at most only siightly melted. Second, the two types of particles

I11-1
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exhibit very distinct behavior with respect to specific activity. The
glassy particles which were exposed to higher temperatures and present
in the cloud earlier both absorb refractory fissiun products and
adsord volatile fission products. The crystalline particles were not
present {n the active region of the cloud at early time and so absorb
- the more‘refractony fission products to a much‘sma11er extent. This
effect 1s offset some by the tendency of the smallar‘pariicles to
agglomerate, but this will be neglected. This mode! of behavior is
supported by specific gctivity data. Glagsy part1c1és in generéi'show
mnch higher specific aci1v1ty than crystalline particles of fhe same
size (Pascual, 1967: 8, Mackin, 1958: 17, Crocker, 1965: §).
In addition to this ev{dence for.two separate types of
fractfonation behavior, there is evidence that the simple temperature
switch used b} Freflfng and Miller {s not correct. This was the
premise for the diffuston studies by Norman in his treatment of
fractionation (Norman, 1966-1971). Since the spherical particles are
glasses which by definition are supercooled 1iquids, they exhibit no
well-defined melting point. In defense of his diffusion hypothesis,
Norman took thin sectfons of‘gIassy fallout particles and obtained
con;entrstion profiles in igreement with his modéI (Norman, 1967:

- 219). Figure; 8, 9, and 10 from a report by Miller show addjtionaT
radfographic evidence for diffusion of ridioactivfty 1n§o fallout
particles (Miller, 1964: 22-31). Additioné? evidence fqr the
diffusion approach froﬁ specific activity measurements on ground

bursts is given by Nathans (Nathans, 1970).
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Figure 8. Radiogvéph of a Fallout Particle with
. Activity Distributed Uniformly Throughout
its Volume (Miller, 1963) ' ,
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Figure 9. Radiograph of a Fallout Partfcle with
Activity Located Primarily on the Surface
(M§11er, 1963)
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Radiograph of an Irregularly Shaped

Figqure 10.

Crystalline Fallout Particle (Miller, 1963)
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One impdrtant question in developing the diffusion model is
whether gas-phase diffusion of fission products to the surfaces of
pdrticIes, surface aitachmént coefficients, or diffusion within the
particles is the rate contro111hg mechanfsm. In a working group at
‘the April 1966 Fallout Phenomena Symposium (Proceedings, 1966: 456),
frei]ing reported that work done by U.S. Naval Radjological Defensg
Laboratory (NRDL) on calcium ferfite, :¢O-A1203-5102, clay, and |
sodium oxide-silica indicated that condensed state diffusion was the
rate determining mechanism for a11 but the calcium ferrite sampTes

where gas-phase diffusion was found to be rate determining.

Method Overview

For the G-X model, the particles are assumed to be
non-aggiomerating, non-convecting, spherical s111cat§ glassy particles-
of various sizés which are distribuied uniformly throughout a c\odd
which is at a uniform temperature and has a uniform concentration of
fissfon produ§t§ and afr. Ca1cq1ations proceed on one decay chain at
] time_beginhing at the highest tempefaturé at which diffusion is
considered to be rate'determin1ng. 'At this boint the isotopeskare
assumed to surface condense according to Henry's Law and then‘fo
diffuse into the fallout particles. Then, the isotopes are allowed to
decay, and the time and temperature are incremented. The'process is
repeated dntil'the temperature s close tolthe solidification .
temperature for the glass. At this point the distribution of g?assy

particles is augmented with the distribution of crysta111ne
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partic\es. The process fs continued until the diffusion procgss‘has
essent1a11y'tenn1nated; The techniques apblied'1n the particle
activity module here wera §nfluenced by the wﬁrk of Xorts and Norman.
The program is on file at the Air Force Institute of Technology and is
fully comented. It is designed t be run ith 250,000 60-bit words
of memory in three overlays on a CDC Cyber 750.

Method |
An overview af the method has been presented. This section
presents 2 dérivat1on of the important eduations used in the 6-X model.
For an assﬁmed {deal solution, the vapor pressure of fissfon

product { fn the gas around 3 11quid soil particle is given by

_ Raoult's Law as

Py = X, P1 A (75)

where
X; = the mole fractfon of 1
Py = vapor pressure 1f X, = 1, that is the
vapor pressare which would be found above pure

"fission product i at the given conditions.

In real solutions, there are often departures from this {deal

behavior. Henry's Law of ditute solutions replaces the vapor

1117




pressure of the substance in pure form, Pi (the proportionality
constant), with a q1fferent constant. This 1s called the Henry's Law
constant. The Henry's Law constant is the slope of a 1ine targent to
the observed behavior of the partial pressure of fissfon product 1 as
a function of X, at very low concentrations of substance i (see

Figure 4).
Py= XKy | (76)
Substitdt{ng for Pi:from the idga1 gas law we have
n; B‘; = Xi. ,ki | (77}
where
R = gas constant
T = absvo1ute temperature
V= vo1ume.
or

mo= 0y M= X Ky | (78)

where
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= Mass of fissfon product 1 1n the gas phase

« molecular weight of {

e

Now the mole fraction of fission product 1‘15

Bo11 /Mg * By/Ry

X = (79)

where

Beoil * the soil mass
m; = the mass of 1 in solution

M, = the molecular weight of the soil

Because of the very lTow concenfratfon of fission product i in the -

sofl, the mole fraction is given approximately by

. M .
2 - x c
17w, WSUE (80)

where Ci fs the concentration of i fn the particles.
As a matter of convenience, the Henry's Law constants were

measured in concentration units rather than in molar units. That is -

N
Ky =k 1 .
s , (81)
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i Thus the amount of fissfon product 1 in the gas phase at equilibrium is

P B v M4y

= T _RT
{ (82)

» [,
L AR

In the actual situation, diffusfon of fission product atoms to the

* surfaées of the particles {s generally much faster than diffusion {nto

the bulk phase of the particles. In this case, the rates of uptake of

fission products are controlled by the diffusfon rates in the bulk
phase. For this reason, diffusion through the gas is taken to be

.:?ﬁ'wv.-,.
L

infinitely fast. In additfon, because the cloud is coojihg and
because the fission'products are décayfng, equilibrium cannot be
eStap]ished comp]etely.' Instead, the gaseous fission products are
assumed to be in equilibrium with an {nfinitesimally thin surfaﬁe.
iayer on the particles. The amount of fission product 1 in the gas
and 1iquid phases is dgtermined by a mass balance as follows: At the
highest temperature at which fissinn‘product sorpfion by bulk
dfffugfon {s determined to be rate determining, the surface

concentration of fission product 1 is found from

v > e i
LTI S Y, v e e e ..
. B RN ....,‘.‘.'“-‘...,‘..

Cip b VM, |
—n, ™ (83)

where
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Cyy = surface layer concentration of 1 in the soil
at the 1st time and temperature

kiq = Henry's Law constant { at lst time and
temperature |

V1. = volume of active region at the first time

Ti = temperature at the 1st tfme .

m;y = mass of fp which has diffused into the sofl
particles

Yil = yfeld of fission product { at the 1st. time

Th: first tem on the right of Equation (83) is the amount of fission

-product 1 in the gas phase. The second term on the right‘must be

computed by soiving‘the diffusion equation for each particle size

class considered, wefgbting‘the result by the mass of soil in the size

class and summing over all size classes:

| (s)
‘ ‘ LTI S TR A o
- , ’ §=1 . | (84)

where Cil s the average concentration in the particles during time

period one. The diffusion equation for spheres with only radial

~diffusion is

2

bt Y (M B

ot ar r ar )
‘ - (88
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On letting
Cuw Gyr (86)
Equation (85) becomes
W, (ﬁu) o | |
it ar2 (87
with boundary conditfons /
U0, r=0t>0
usegdlt), ras, t>0 .
we0,t=x0,0¢crca
Crank gives the solutfon in this case as {Crank, 1975)
«2D; = :
cirt) » — I (-1 e (-0,k%4%t/a%)
- ra
. k,l i
| (88)

| t
krsin(%r-)f exp(Dikzwzx/aZM(x)dx
a=0
which is' a Volterra {ntegral equation of the secoﬁd kind.' Since #lt)

{s not known in advance, an {terative techm‘qtje would be required to

solve this equation. For this reason, the solution of the diffusion

equétion {g determined by 2 superposition technique. For the first

‘111-12
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time period, the surface concentration is held constant, and the

amount of fissfon product 1 which has diffused into a particle of size

s during the time period {s determined ty solving

2
i (3) TS

Uu=0,r=0,t>»0
Uaa cfl’ rs=a t>0

u=0, t=0, D¢er <a

The solution to this equation is

, 2.2
- k -D.k"x"¢t
-23 & (-1)"sin krr,ex i
Clr,t). = Cil{ b e it 7z
k=l | | (90)

or

' 8

and the average conceﬁtrationlis given by

6 = 1 2.2,,.2
Typlt) = gy {1 -2 ) 4 Z exp(-D,k“x"t/a )}

kel (91)
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Later time periods are treated {ndependently, and the results are
superimposed to give the fina1 result. Returning to the first time '

period, we have the following mass balance:

M P (s
L AT, * Gy 2 8y Mg
| | s (92)

- where mg is the mass of soil in particle size class s and p is the

number of particle si2e classes. The surfac2 concentration 1s assumed
to be fndependent of particle size and type. At this point, time and
temperature are incremented. To find the sur®fice concentration at the

second température. the mass balance s given'hy

. Cen V, M, Kk
§2 Y2 " %42 P (s)
" [1-exp(-a; ,at,] 2 o) w
(i-1)2 i-1°71d g %i-1,1,151,2,2 M (g3

s=1
' ‘ P L (s) ;
. S=

~ The first term on the'fight side is the amount of fission product {

which 1s still in the gas phase at ty. The second term is the
amount of 1 which had condensed at tl after being allowed to decay

for atl and to diffuse during perfods Atl and Atz'(the diffusion

111-14




coefficients will differ for the two periods). The third term is the
amount of the immediate precursor of {sotope { which decayed into i
and was diffusing as isotope i-1 during time interval Afl and as
fsotope 1 during at,. The fourth tem s the amount of isotope i
which has diffused during the second period as a result of the surface
concentration perturbation caused by the tfme-temperature-vSTume
perturbation.

Since the equations at ;ucceéding times become rather involved,
‘further analysis will be restricted to the instance of a mass chain
containing only i sfngle fsotope. Further, the discu.zion will be
1imited to the case of a single particTe size class with Wy = 1.

These restrictions will make the general case more tractable. In this

‘ﬂj) '-case, Equation (92) becomes
Y= C6 *Ciayy (54
and Eqﬁat1on"(93) becomes
Y= CZGZ + C1A12 + (CZ-CI)Azz (95)
or
Tt Catgp * Clagpetyy) (96)
j ‘where
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At the third time period, the ﬁass balance is

Y = C483°C1833*(CpCyapg * [C3-(Cp-C)-Cydagg (97)
or
At the fourth time, the expression becomes
Y= C464+C1A14*(C2-C1)A24 + (53_c2“34.
_ ‘ {99)
* (Cy-Cadayy /
At the Nth step, the expressioﬁ is
, . N . :
Y= By * Cpagy t 3 (GG oy (100)
‘ ‘ k=2
or
N-1 |
Y = CN(GN+ANN) + 2 ck(AkN-Ak*l,N) . . )
kel | (101) |
' |
I11-16
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~/i) In order to show the effect of adding crystal particles at late
time, the situation must be made slightly more complex. Before the -
crystalline particIesl;re {ntroduced, the ekpression for the Nth time

step is

oy (s) N-1
Yo GGyt 2 W) * k}:l ck% 2 “kb(lsl"kifzhl)"s} - (102)

4397055' Sglass

The mass balance at the timé step in which crystal particles are

1ntroﬁuced 1s

| sy, X1 {s)  Is)
y.l Cx Gx+cx Z Axx \tls +Z c Z (Ak'x ‘Ak+1’x)ws
Sqlass k=1 - “glass . (103)-

{s)
’CxZ Chyx Y
' Sytal

Y ;'C (G, +¢ :E: als)y kS o3 (als),fs) wl
X X Ux XX 'S 3 Z kx Tk*1,x7Tst . r104)
all s k=1 glass

For later time steps (after crystal particle entry), the expression

becomes

111-17
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i ' LI CMGM * QM:E: AMM ws
‘ - a11 s

+MZ~1 ¢ (A(S)~ (s) )
k] 2 (8pm -8ke1, m)vg

k=1 {5g1ass
M-1 ( )' (s) (105)
S 3
DI I T -"Ak+1,M)ws‘ -
o okex sy

or upon rearrangement

. {(s)
Y= OByt Gyt ¥

all's
n-1 '
L (s)  (s)
3 ck’ D (agy -aeq ml¥s
’ . » ) k=1 '591355 o o (106)
M-1 (s) (s) N
Yy th PIRRLIT RIS TN
k=x all s

Each term in the last two sums in Equatfon (106) contains a surface
concentration expression t1mgs the difierence of two diffusion terms.
Each of thesé must be modified by a decay term. In order tc
i1lustrate how decay is hand1ed,‘téke the case of anlisotope with
three precursors at the jth time step.‘ Figure 11 shows the ways in

- which growth and decay can occur in the instance of mass chain 85. 1In

89Kr, there are three pnssible paths for it to

the case of
contribute to production of 89Rb after three time increments. Thg

decay coefficients for these three paths are
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Figure 11. Decay Paths in liass Chain 89 for
the Diffusion Model
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{1-exp(-x, at,)} expl-xp, (ot *at,)) (107)
krit1 ro{8tp*ats
{exp(-xxrktl)}{l-exp(-xxratz)}{exp(-xkbﬁtz)} (108)

expl-xy (atysaty) 1{l-expl-r, 8t} - (109)

Recall that each decay_expression 15 assoé1a£ed with the difference of

two diffusion terms (see Equation (102,). The first diffusion term

represents diffusion from t, to the current step. The second term

represents diffusion from ty+g to the éurrent time step. It is

seen, then, that the first diffusion term corresponding to the decgy
‘Iexpressfon in equation (107) .is for diffusion as Kr during time step 1

and as Rb from t, tb ty. The second diffusion term jS‘for

diffusion as Rb from ty, to t,. Similarly, the first diffusion

term associated with Equation (108) is for diffusion as Kr frem tl

to t, ;nd as Rb from t3 to t;. The second term is then for

diffusion as Kr during st, and as Rb from t; to t,. And,

finai?y, the first diffusfon term associated with Equation (109) is

for diffusion as Kr from tl to t3 and 23 Rb during At4, while ;hn

secend. s for diffusion as Kr from ty, to t, and és Rb during

At4. Each of these diffusion terms is just the sintion of the

diffision equation using the appropriate argument.  For example, the

first diffusion term associated with Equation (107) was for diffusion

[1i-2¢0




as Kr during time step 1 and as Rb from tzvto f4. The appropriate

argument for the diffusion equation would be
_8t = Dy, 18ty *Dpy 28tp*Dpy 38t3'Dpp 48% (110)

Equation (91) giQes the re1$t1onsh1ps between the average
concentration and the surface concentr;tion. The derivatfon of the -
géneia1 case for the Nth time step 1slana1ogous to the derivative for
Equation (102). For times prior to the {ntroduction of crystal soil

particles, the average concentration is

- g
(s} (s) (s)
=t > a2 G 2 (Biy -bg+1, Vs
Sg1ass k=1 Sqlass (111)

Expressions analogous to Equatfons (103) and (104) can also be

similarly derived.

Partiéfe S$ize Distribution

The lognormal distribution givén by

d 2
; 1 1, 1nx-a (112)
Fo(d) = kj;—z;ﬁ— expl —{—5—) 8%

* where




F' = cumulative mass fractior
K = a normalization constant
a = In (median diameter)

8 = logarithmic standard deviation of the distribution

Q

= particle diameter

has been traditiona1fy employed in fallout calculations. The .
experiménta1 basis for such a choice is found in the ana1ysis of cloud
and fallout samples obtained several hours after_burst (Heft, 1970,

- Norment, 1966: é8-29). Based on an analysis of data from the Small
Boy event in 1962, a lognormal distribution of particle sfze with
median di;ﬁeter of .407 microns and a standard deviation of 1n (4.0)
was selected as the default distribution f;r the DELFIC code o
(McDonald, 1974: 60, Malénel, 1974). In this distributfon, 50 percent
of the mass 1s assocfated with particles smaller than 130 microns in
diameter. Later studies of the soil and debris ejecfed from the
craters of varfous testslﬁhere particle sizes ranged from millimeters

to met;rs indicated a power law behavior (Layson, undated):

M) = k' dP | | 13

where p 1s approximately 0.5 for varfous soils and rock. Y; 1966,
russell suggegted a truncated power law based on evidénce that a tfﬁe
power law was unrealistic (Bridgman, 1983 d). A year later, Freiling
published a study which concluded that the differences.between the
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Jognormal distribution and the truncated power law were

insignificant. He further concluded “"that the lognormal distributfon

‘had the esthetic advantage of an observationally confirmed theoretical

basis” (Freiling, 1966). 1t seems, however, that requiring the active
particles which obtained their activity from the fireball (as opposed

~ to activation products) to fit the distribution of very large

particles ejected from the crater is erréneous. At any rate, oné can
attempt to bridge the gap between these two positions in spite of
Freiling's findings by uging a hybrid dictribution as suggested by
McGahan (McGahan, 1974: 61). McGahan has done calculations with

" “lognormal, pure (not truncated) power 1aw, and a hybrid distribution

and discovered some differenées in predicted dose rates.  But 1f one

substitutes the more reasonable truncated power law distridution,

. there is 1ittle difference. As a result, for the purpose of this’

study, the preferred particle size distribution is the lognormal.
This is especially so in view of the fact that this resear;h‘1s
compared primarily with shots Small Boy and Johnny Boy waich were of
similar yield and shot conditions and since a Tognormal Qas deemed to

best fit the Small Boy data.

Partition of Soi1

The next important question to consider is that of the partition
of the soil burden of the ¢loud into the various phases at early
time., This is a question which would best be answered by a combwngd

theoretical and computational effort that would start from first
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principles and follow the numerous complex processes from shot time to
early cloud deveiopment. Because of the enormouslcomp1ex1t1es
involved, however, no such calculatfon has been attempted, and it
remafns an fmportant area for further reséarch. On the other hand,
bounds can be placed on tﬁe problem. The total sofl burden of the
.cloud can be estimated from a number of sources: (1) energy
partition, (2) hydrodynamics calculations, (3) cloud bouyancy, (4)
back extrapolation, (5) specific activity, (6) crater volume, and (7)
fireba11lvolume. ﬂorment and others studied and evaluated all of
these and chose methods 4-7. The scaling functions they developed
wﬁre calibrated with data ffom the Teapot Ess shot which was a ; kt
'unde}ground burst -67 feet) at the Nevadﬁ Test Site in 1955

(Hawthotne, 1979: 201).
The specific pariit{on of the soil into vaporized, melted, and

" unmelted material is more difficult. First of 611, the cloud is

anything but uniform at early time. It {s extremely hot in tha region
¢f the toroidal ring about which dust and debris are being

circulated. The temperature falls off rapidly with increasing

distance from the center of this region. It is reasonable to expect

that the fission products éﬁd device debris would be found in the
hottes; regions of the toroid. Similarly, one would exﬁect to find
any soil which had beeh initially vaporized located here. As the
fireball rises, it expands and thus heats and contaminates add1t1onaﬁ
After an initial pseudohydrostatic cloud rise phase (the second

soil.
temperature maximum occurs in this phase) the fireball begins to rise
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rapidly. A strong updraft iS produced in the wake of the cloud, and
soil dust suspended in the air 1s sucked upward in the stem toward the
cloud cap (Figure 1),

The next thing to cénsfder {s the sofl ftself. For continental
United States sofls, the characteristic sofl types are the common
sandy and clay soils. In the case of sand, the chemica1lcomposition
is nearly 100 percent silicon dioxide (5102). For the more abﬁndant
clay sofls, the major component is still silicon dioxfde. but theté-is
a mixture of A]zoz; Ca0, Na,C, Fe,03, Fed, Kg0, xzo; and
Sb,04 as well. In studies of thermodynamic properties and
diffusivities of soils, Norman and others concentrated on a mixture of
62 percent 5102, 15 percent A1203 and 23 percent Ca0, although
other mixes were studied too (Norman, 1970, Morman, 196%, Morman,
1907, Winchell, 1957). Since it was determined that this mix was

appropriate for Small Boy calculations (Norman, 1968: 1), this is the

- sofl mix which was selected for this study. The majof constituents of

this soil are silicon dioxide and calcium oxide. The

Cao-Af;03-Si02 soil "solidifies" at about 1620 K. To estimate

the amount of soil material which is in the vapor phase, the following
observatioﬁs are made: {1) High temperature§ are localized to the
inside of the vortéx toroid. (2). This region contains most of the
fission products. (3) In surface bursts, much of the fa116ut is
composed of unvaporized soil onto which active material ccndenses.
Fron these it follows that tie amount of soil vapor in the cloud will

be less than the mass of active fallout. In shots Johrny Boy and
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Small Boy, about 38 percent of the gross fallout mass is associated
with active uaterfal.: Therefore, it follows that at Teast for these |
shots, less than 38 percent of the total soil burden is vaporized
(Norment, 1966). Norment et al. made estimates of the energy
available for heating sof1 by differencing the thermal energies
radfated by air and surface bursts and found that 1.5 percent of the
soii burden 1s vaporized per 100 degree excess of the temperature over
the 5011‘b0111ng point at a time shortly after the second temperature
max{mum (Nonnent, 1966: 28). Tompkins, et al.'have inferred from the
magnftude of specific activity of fallout from ground bursts that only

about a tenth of the soil {s vaporized (Tompkins, 1968).

Crystal-Glass Distributions

In examining samples of Small Boy fallout which were not sieved, -
Pascual noted bimodality fn the sample collected at 9200 feet from

ground zero (Pascual, 1967). Besides this and 6ther qual’tative

- remarks made above by various {nvestigators, there are a number of

reports which provide some quantitative information on the pértition

~of the particle size d}stribution between glassy particles and

cryst5111ne particles. Two reports which looked specifically 1ntov
this are Pascual, 1967, and Mackin, 1958. Pascual provides the most -
re)event data since it uses Small Boy data. Unfortunately, only the
larger particle size classes were 1nve$tfgat§d in the report.
Information on the‘sma11er-CIasses had to be inferred from knowledge

of the overall particle size di:"ribution and other {nformation.
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Table 1 gives the réw data used to determine the fraction of each size

"c1ass which 1s composed of glassy particles as opposed to crystalline

particles. The two distributions were uhfo1ded by first assuming an
overall lognormal particle size distribution of medfan .407 microns

diameter and standard deviation of 1n (4.0). Then using the

information in Table 1, qualitative remarks such as that spheres

dominate fn'the smaller particle size classes (Nathaﬁs; 1970: 367),
and specific activity data, the two distributions were determined
using a non-11néar search technicue for the parameter§ of two
lognormal distributions which when s.nerimposed wou'ld yield the
closest fit to the observed combined d -tributfon. The resulting

distributions are shown in Figure 12.

Bias in the Data

There was some concern that measurements on the paftche size
distribution for shot Small Boy were in error aue ;o the sieving
technique used. The concern was tﬁét in the proceﬁs,of separating the
fractions using sieves of different mesh sizes that small bartfc?es
adherihg to the surfacés of the larger particles would be shaken loose

and thus bias the analysis. Also the larger particles in some cases

‘were fragile and could be broken during size separation. Pascual

Tooked into this source of potential error and concluded that while
there was measurable lToss of aétivity from the larger size fractions,

the gamma’ray spectra were not noticeably altered (PascuaT; 1367).
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Table 1.
Raw Data for Mass Size~Distr1bution Decomposition
_ ‘ ‘ - | Specific
Particl: Particle Percent Activity
Size Type in Class CPl/mg
Spheres | 35.7 | 3617
1400, Crystals 64.2 . 1657
' . Spheres 38.4 . 5677
700-1400, Crystals 61.6 - | 2780
Spheres 46.1 6700
350-700. Crystals £3.9 3240
i
!

(Pascual, 1967)
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~Miller and Yu accounted for this effect when determining the total

specific activity as a function of particle size (Miller, 1967).

Determination of Diffusion Coefficients

Norman and others spent considerab1e effort in determining
diffusfon constants for varfous soil types (Nofman, 1966-1971). The
soil type of inte}est here {s thg‘Cao-A1203-5102 soil which is
chosen as representative of common soils. '

The Arrhenius temperature dependence for diffusfon coefficient

may be written as

D=0

-E*/RT
] ¢ '

(114)

where Do and E* (activation energy kcal/mole) are found
empirically. Data collected by Winchell and Norman indicated a close
correlation between E- and D, so that if one fs able to make an
independent determination of one, one can compute the other with
. -4 s

1091000 =-5.79 + 1,23 x 10 | E . (115)
This relationship is known as the compensation Taw (Winchell, 1967:
487). As a means of estimating Do’ one very successful method is to
use the fonic radius, r, of the diffusing fonic species. This applies

strictly only in the case of monovalent ionic species, but Winchell

and Norman suggest using
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p=l.59r - (ue)

where r is the 1bn1c radius for the most probable oxidation state in
the silicate »* high temperature. Table 2 1ists the constants as
determined using these procedures for all of the significant diffusing

species. The data on fonic radif are taken from Weast (Weast, 1974).

Determination of Henry's Law Constants

Norman et al. have made numerous studies in order to determine
Henry's‘Law constants for those atomic species of {interest in fallout
research (Norman, 1966-1971). The va1ue§ used fn this research are
1isted in Tabie 3. In sévera1 cases, no data was available. These

few cases were for less 1hportant species but for completeness,

estimates of the Arrhenius coefficients were made for thése by

comparing them with those species which demonstrated similar

volatility. These cases are indicated in the table.

Theoretical Considerations

While many phenoﬁéna remain to be incorporated fnto any
fractionation model, one which should be given attention is the
apparent decrease in ﬁfxfng efficiency between the hot gases in the
fireball and the soil as yield 1ncfeases; A hydrodynamié calculation
would be required to determine the extent of this effect. Fractional
condensation does not appear to be nearly as 1mpoftant in ground |

surface bursts as it is in air or tower bursts.
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Table 2. Diffusion Coefficients.
Atomic No. DC1 pCc2

27 2.54 14800

28 -4,.43 2400

29 2.19 14200

k'] ‘3.3 4400

31 .65 11400

32 -1.44 . 7700

33 -.0237 9900

34 -2.13 6500

35 8.64 25800

36 2.01 13900

37 4,27 18200

38 2.01 13900

39 -.618 ~ 9200

40 3.16 15900

41 3.77 17000 ' g

42 .94 12500 A

43 .46 11100 : '
£ 44 -4.93 1500
* 4 45 -4,68 1900

46 3.23 16000

47 6.56 21900

48 4.83 18900

49 3.57 18300

50 2.49 15706

51 2.1 14100

LY 3.3 15600 : |

53 7.29 22500 : o

- 54 3.51 16500 . ;

58 '5.57 20500

58 6.91 22600

57 5.2 19500

58 4,42 18100

59 4.25 17800

60 .712 11500

61 . 522 11200

62 .338 10900

63 4.68 18600

64 .005 10300

65 4,47 18200

66 ~-.403 5600 .

See text for reference citations.
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Table 3. Henry's Law Coefficients.

Atomic No. | Boiling Point HC1 HC2
27 ’ 3173 9.2 35500
28 3173 (9.2) (33500)
29 2907 (9.7) (33500)
30 3000 11.8 23000
31 2976 3.7 35200
32 1764 12.5 23660
33 1010 10.4 17800
34 1026 7.0 4200 *
35 331.8 4.0 £200
36 120.1 4.0 500
37 1656 7.0 18100

. 38 3497 4.4 26700
39 4695 9.4 . 50500
40 4808 6.7 38200
41 3300 8.5 44800
4z 1351 7.6 20400
43 583 4.1 7100
. 44 4505 1.2 . 2600
45 ' 4149 7.2 . 18400
46 3436 8.7 24700
47 2451 - 6.2 14300
48 1831 9.0 19200
49 . 2123 9.1 30600
50 - 2247 13.1 32100
51 1832 11.1 29500
52 1534 9.2 11800
53 457.4 3.8 1000
' 54 165.9 4.1 700
- 55 1555 6.6 17300
- 56 -+ 3003 4.8 . 22500
57 4608 7.3 . 41800
58 4367 7.0 35400
g9 - 4252 5.7 33800
60 4464 7.6 35700
81 4348 7.3 37400
62 4300 6.7 © 41400
63 . 4300 (6.7) (41400)
€4 4300 (6.7) (41400)
65 4300 (€.7) (41400) .
66 4300 (6.7) (41400) J

See text for references. Numbers in parentheses are estimated.
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Iv. Resﬁ]ts‘and Discuscion

Calculations were made with the standard DELFIC computer program
and with the G-X Model. In addition to these, computations to
generate more detailed data on mass chains 89 and 95 were made with a
modification of the G-X code. The output data at the time of interest
included number densities for the nuclides of interest as a function
of particle size, specific activities for those nuc]ides as a function
of parficle size, total yfeld of those nuciides, the activity size
distribution, and’the dose size distribution. These raw data were
‘than taken and Ry g5 values as a function of particle sizé were
. determined for each method.‘ Log-log plots of_R"gs versus R89,95
values were then prepared and‘fii with 1inear least squares to
determine the correlation slopas (Bevington, 1969:99-102).

In the ﬁTots of R89,95 as a function of particle size (Figure
13), 1t {s immediately obvious that the 6-X method 1s‘superior to the
pu}e Freiling method up to about 100 microns, but be1ow‘abou£ 30
microns, the Freiling-Tompkins (standard DELFIC) Model more closely
matchgs'Sma11 Boy data. Also at large particle sizes, the G-X method
fs far superfor to both methods. In terms of the logarithmic
_correlations which aré popular in fractionation ané1ysfs.-Tab!es'4 and
5 1ist the correlation slopes for each of the methods ard compares
them to Small Boy gnd Johnnylaoy data respectively (Freiling, 19€8,
crocker, 1965: 78)). In most cases the agreement between the G-X

Method and the data is as good as the other methods. In the case of
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Logarithmic Correlation Slopes - Sﬁa11 Boy

Tabie 4.
Mass Chain Small Boy G-X Freiling-Tomp.
- 89 1 1 1
% .73 .83 -
91 .51 .64 .40
95 .0 .0 .0
99 .04 -.07 .0
31 .84 .58 7
132 .90 .61 .31
136 .65 1.39 1.49
137 1.19 .91 1.45
140 .53 .34 .73
144 .03 -.14 .01
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Table 5. Logarithmic Correlation Slopes - Johnny Boy

Mass Chain

Small Boy

Freiling-Tomn.

.-*:":~‘. R
\\

89

%0

91

95

9
131

132

136

137

140

144

1

-0028
.459

491 -

491
.916

-.052

1

.422
.0

.169
313
1.48
1.45
.736
.022
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chains 131 and 132 there 1s considerable improvement over the

| Freiling-Tompkins model. The log-log p16ts for both Small Boy and

Johnny Boy are included in Appendices B and C, respectively. Figure
14 shows the total specific activity for the varfous methods along
with the measured specific activity data for shot Small Boy (Miller,
1967:33). Only fhe 6-X Model follows the drop 1n specific activity
for the larger particle sfzes. All methods predibf an increase in
specific activity with decreasing particle size for the_sma)ler
particles. This fact has been observed by many invesfigators, but
accurate specific activity for the smallér particle sfz;s {s not
available, only the tendency 1n the data. F*gure 15 shows the dose
size distributions for fhe different methods. The comparisons
fndicate that the Freilinngompkins modei underpredicfs the dpwn field
dose rate while overprgdfctiﬁg the é1ose in dose rate. As mgntiéﬁéd -

in the introductory chapter, this fact will have important

‘ consequences‘for 1e£ha11ty calculations.

Plots of specific activity for specified chains are also
1nc1udéd, in Appendix D. They show clearly the effect of treating the
.crystaliine particfes separ;te1y ffom the glassy particles. Perhaps
more striking are the plots of the concentration of 895r and 952r
for each type of bar@1c1e as a function of particle size, Figures 16
and_i7. Since 895r is a volatile species, its d1str1but19n on the -
crystalline particles s very similar to the distrfbut1on in the
glassy particles. For-SSZr, on the 5ther hand,.there is a marked.

drop in the concentratfon fn the crystalline particies for the Targer
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particle sizes. The effects of diffusion are evident at both ends of

the size spec;rum. For small particles, even crystaliine particles -

'permit volume loading. For large particles, diffusion fnto the

particie interiors fs time consuming and these particles cannot load

h 952r even for the glassy particles.

uniformly wit

Figure 18 shows the total spacific activity for each of thé‘
particle types. The crystalline partic]es show a ciear surface
distribution (decrease in specific activity with increasing particle
size), while the glassy particles are surface distributed forlﬁma11
particles and very large particles and are volume distributed
(constant specific activity) in the 1ntenmed1$te size raﬁge. IThe drop
1n-spec1f1c‘activ1ty for the large glass particles is probably due to
the slov uptake of refractpry nuclides by the spheres due to large
particle size.- N

Figures 19 and 20 show a comparison of the observed slopes to the
calculated slopes for Small Boy and Johnny Boy resbective?y. The |

error magnitudes are plotted as histogram data in Figures 21 and 22.

For shot Small Boy the average error for the G-X method was .245

" versus .265 fdr the F:T method. For shot Johnny Boy the average error
"was .276 for the G-X method versus .341 for the F-T method. Thus in

'both shots the 6-X method gave better resulcs.
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Y. Conclusions and Recommendations

Conclusions

dhile the application of these models is restriéted to ground
surface bursts over silicate soils, they still have a wide range of
applications. The assumptions male in developing the models are
considered to be satisfactory in view of the many sources of error.
As it is, the assumptions made here are somewhat less restrictive than
those for the previous models, a\thoughvthere is sti11 room fb; .
improvement. The success of the 2-X Model for thé two shots
considered {s very eﬁcouraging, however. While the S-V model (see

Appendix A) shows promise for faster operafionaT type codes, the §-X

Model, becau;e o° the overall better perfoﬁmance, is the preferred one

for work requiring more rigor, especially {f concentratfons of

" specific isotopes are required. The G-X Model certainly has the

advantége of being based on physics rather than being an empirical fit

as 1s the radial power model.

Recommenda*ions

There are a number of areas which need further work in the
fallout area. If one were intent on doing the problem correctly, all
of the following things would need to be done:

(1) The particle size distribution needs to be &etenm1ned

dynamically from early time in the fireball to include the partition

V-1



between solid, 1{quid, and gas. Emphasis should be placea on
. determining the extent and effect of agglomeration.

(2) The degree of mixing of the fis<ion products with the sofl
ca;rier as a function of time and lccation in the hot toroid should be
deternined, | B

(3} Henr;'s Law constants aid ciffusion coefficiants need to be
measured for a variety of sofl types. |

(4) Interdiffusion coefficients for thediffusio;.of the fission.
product gases through the air to the surfaces of the soil particles
should be determined. -

(5) Surface Qttachment coefficients fdr each important compound
need to be measured. | | |
: | (6) An investigation of fall rates for different particle types
needs to bg done. e

| (7) Work on the effeét of fractional condensation 2:d compound
formatfon by fissicn product oxides with the carrier material should
be .fnvestigated. ’

(8) More information is needed un the thermal stability of fhe
fissfon product ox1de;.

(9) And‘finaIIy, work needs to be done on the influence of water

“. on the reaction halances.

1f, on the other hand, one is more concerned with improving the
faster running, so-called "smear" codes, this can be accomplished by
several techniques: One is to simply take the S-V Model of

fractionation and determine decay rates for each of the component§

V-2




(surface aciivity and volume activity). Alternatively, one cuuld
fol1pw‘on1y‘those‘chq1ns which rake the largest contribution to the '
surfuce and vclume componentslof the activity and distribute that
activitg using the S-V Model. Then the result could be normalfzed so
that the combined total activity agrees with_tﬁat which would be
couﬁuted by the Way-Wigner formula, Either of these twoAtechniques
would allow for an explicit calculation of fractionatfon effects in a
code such as the Afr Fo?ce Institute of Technology model (Bridgman,
1982). |

Finally, the G-X Model could be used in a parametric study of
yield and fue1.type'(and perhaps other parameters) to determine a new
lset of activity size distributions for SEER, LASEER, PROFET, and KDFOC
which are all derived ¥rom DELFIC calculations. Thése ;odes‘do not do
explicit particle #ctivity calculations but rather rely on rits of
DELFIC calculations.
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Appendix A
The S-V Model

Introduction |

Because of thé ease and speed with which a mode! deve16ped by the
Air Force Institute of Technology (Bridgman, 1982) can be used, and
because the Air Force Institute of Technology (AFIT) model has‘the
potential for accounting.for fractfonation fn an explicit maﬁﬁér, the
first model developed as part of this reséarch was one which would
2ilow direct adaptation for use with the AFIT model. The new model
descfibed here will be termed the S-V model because it reparates the
activity'size distribution into su;face and volume distributed

components.

Model Description

The S-V model is a modification of Miller's method. The method
is 1mp]emented by first computing the time at which the cloud would
reach‘thé soil solidification temperature. The fission product
fnventory is then calculated at the'time of sofl solidification using
rigorous computations with the Bateman equations. IAftgr fhat, the
amount of sofl in the.act1ve region of the c10dd'1s computed aiong
with cloud volume. Next, the amount of material which will dissclve
fnto a bulk 1iquid sofl at that temperiture {s computed using Henry's

Law (these calculations are discussed in the next sub-section). This
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portfon of the fission product inventory {is then saved temporarily in
a large array. Those fission producté which remained in the gas phase .
are also saved in another array. The Bateman equations are solved °
agafn to compute the decay of the solid phase fission products in the
first array to the time of interest, taken here to be H + 1 hour.
Those decay prbducts. regard1ess f their volatility, are assumed to
be Tocked into a solid matrix and are distributed uﬁifonnly throughout
the vo1ume of the fallout particles. .

Next the sécond array, representing the gas phase at sofl
solidification, is ailowed to decay to H + 1. These fission products
are then distributéd according to the distribution of surface area for
the fallout particles. Thé issumption here {s that the particles are
now 3011d and will not absorb any more fission products but may adsorp
them. A further assumption'is that no particles leave the cioud until
all fission products have been absorbed. A refinement of the method
allows the last assumption to be relaxed and {s discussed in the

‘recommendations.

Discusston

The model, whilevit is very simplistic, doés account in a direct
way for the major processes involved in particle formation. Its major
drawbacks are that it does‘not account for the prgsehce of cr}sta111ne
part1c1és nor for the fact that larger particles will leave the active
region of the cloud earlier due to centrifugal or gravitational

forces. But because the modef divides the fission product inventory
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into a surface distributed component and a volume distributed
component, it can be used to develop a number of éomposite activity
size distributions for the AFIT model. More spgcifically. if S(d) is
the distribution of activity on the surfaces of the particles and V(d)
1s the distribution of activity inside of the particles, and if the
- particle size distribution N(d) is taken to be‘1ogn6rm31, then the
total activity size distribution takes en a very powerful form because
- of the properties of the Tognormal distributibn. Surface'area 1§
distributed as the second moment‘of the bartic]e size distriﬁﬁtion and
volume 1s distributed as the thifd momebt of the particle size
distribution. fhuS'the total activity size distribution becones

A(d) = A, Sid) + A, V(d) | ‘ | (A-1)
lor

- AMd) = As LN(ay,8) * AV LN(A3.a) , (A-2)

where

A = the surface distributed activity
Av = the volume distributed activity
LN(oJ.B) = the lognormal distribution with median Qj and

standard deviation g




Kt

and
a =a, * naz | © (A-3}

fs the median for the n-th moment of the particle size distribution.
Sincelthe two part; of the distribution have their activity computed
separately, this allows for tuo‘K-detor const&nts (these are used to
convert from’aétivity to dose rate) to be computed at the time of
interest. The effect of this 1s to allow for differences in the
average energy of emission for the two groups. In addition,'the decay
{s usually computed with the Way-Wigner formula which‘is approximately
correct for fission products taken as a whole, but when the debris is
fractionated, this‘method'is no Tonger applicable. Freiling has shown
that ;t late time there 1s considerable difference between the rhtes"
of decay for the two groups (Freiling, 1964: 7-10). This formulation

allows for separate approximate rates of decay (perhaps curve fits ,

“from a paramefric study) to be used for each group.
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‘Appendix B -
R j Plots for Small Boy
. "

This appendix includes fractionation plots for all chains for
which data is available in the 11tef§ture (Crocker, 1965: 72-81). The

nuclfdes used for radfochemfcal analysis are as follows:

137 - Cs
89 sr
132 Te
106 ~ Ru
131 IX
136 . Cs -
140 Ba
103 Ru
‘ 91 v
- - 141 Ce
144 ' Ce
99 Mo
95_ lr
- 90 Sr

Least squares fits to the test data are shown on the plots as the

solid straight 1ines. Mass chains 89 and 95 are reference chains,
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Small Boy Fractionation Plots

Figure 27.
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Appendix C
R Plots for Johnny Boy
1.3 ‘
This appendix includes fractionation plots for all chains for

which data 1s available in the 1iterature (Crocker, 1965: 72-81), The

nuclides used for radiochemical analysis are as follcws:

137 . Cs
89 sr
132 Te
131I o 1
90 Sr
136 Cs
140 Ba
) Y
141 Ce
i} 144 Ce
99 ‘ Mo

95 | ir

Least squares fits to the test data are shown on the plots as solid

straioht 1ines. Mass chains 89 and 95 are reference chains.
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Appendix D
Specific Activity Plots for Small Boy

This appendix includes plots of the specific activity for all
chains of general interest. Mass chains which are volume distributed
will have constant specific activity cpfves. Mass ;hains which are
surface distributed will §how 2 marked decrease in spe;iffc activity
as particle size increases. Chains which have mixed behavior will

exhibit a combination of these.
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Figure 48.
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Figure 51.
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Figure 54,
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