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A Mathematical Model for the Transport of
Environmental Plutonium#*

by

John R. Travis
University of California
I.os Alamos Scientific J.aboratory
I.os Alamos, New Mexico 87544

The time history of particulate plutonium in the environment
is governed by convective, diffusive, fluid-particle, particle-surface,
and fluid-particle-surface interactions. l‘or example, a plutonium
aerosol that is initially released ‘n the atmosphere will be convected
and diffuvscd in a manner characterized by fluid-particle interactlions.
Furthermore, particulate plutonium distributed on the earth's surface
will adhere to the soil and either diffuse into it in ». particle-surface
interaction or be entrained by the earth's surface fluid layer in a
fluid-particle~surfmee interaction, The purpose of the proposaed
model is to mathematically desceribe the hehavior ol particulate
plutoninm in the lower atmosphere, which accounts for particles
settling or impinging on the carth's surfoncce as well as particle

re-enlradnment or resuspension,
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We make the folloving assumptions: (1) The particle is
spherical in shapa, (2) the particle is small compared to the
smallest wavelength of atmospheric mations, and (3) “he particle
concentration is characterized by a dilute gas-solid suspensgion.
The first two assumptions :ow us to neglect the effects of particle
oricntation and rotation in n turbulent shear flow, Iy using on
experimentally determincd shape factor, i we arc able to transform
the analysie of an irregularly shaped particle to an equivalent
analysis oi a spherical particle of cither Stokes or aerodynamic
diameter. As for the second assumption, we are generally concerned
with respirable particulate plutoniurn, which is less than 10 ym in
diameter. These length scales are scveral orders of magnitude
smaller than cven the :nicroscale of turbulence? in the lower utmosphaore.
The third assumption enalides us to treat each particle individually.
That is, particlex are separated from one arother so that direct
and indirect particle-particle (ateractions are negligible. Direct and
indivect interiictions involve particie collisions and fluid velocity field
maodifications in the space between particles, respectively,

Atmospheric motions are desceribed throuph a golution of the

incompressiblc fluid dynamical (Navier-Stokes) cquations
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and the continuity equation



w..ere W, ; are e fluid velacity compaiicnts spanning the physical
) i

space x., i is the protsure, P is the fluin density, p is the dynamic

viscosity, and ﬁij donotes the Kronecker delta (coordinate 3 is

opposi‘e to the divection of gravity). The Lagrangian or substantial

derivaijive ]L)!i in caustion (1) in defined
Do, ., 2
Dt ot (P axj '

where the subscr:Hts i and j introduce convontional Cartesian tensor
notation., If we consider & momaontum bnl.amm3 on a small solid
soherical rigid paelicle in a fluid velocity field described by equations

(1) and (), we vritle

R Du,_ . 3 Du Du
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where .« . are the particle velaciiy components, Pp is the particle

) i
densit,, dig the piarticle dinmeteor, and l-‘i is the contribution of all

forcex seting on the particli:,  ‘Che two terms on the left hand side of
cquntin (3) are, i+ rpoctiveln: the foree roquired to accelarate the
prticic wnd the Jevee associned with the accealeration ol the aprarent
mas:s o the particte relative to the fluid, That is, when a purticle

{8 accdlerated rolotive to the surrounding flaid, a complex th‘roe-
dimencional flov Geld that possecsses kinetic onergy ia set up around
the pin ticle. Worl must be supplied to move the particle in adaition

to tha! requidred to aceelarals it flone,  ‘This oxtra energy requircment

shov  tn ax an o leddional force on the pavticle. The particle has

fnevti- aad thu: L onot necceaaeily follow fluld streamlines: therafore,
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the partlicle Lagrangian derivative LD is written

]
)tP
b) LRy —a
15 ot PsJ ax. '
i l

IFor a particle completely immersed in a fluid, the contributing

forces on the right hand side of equation (3) are:

(1) gravitaticnal force

3

.o -

where the bouyancy force is included;
(2) viscous drag ferce

AW 12,

2 Py, T Y

where C,, is the particle drag cocfficienti;

(3) Basset forco4 or the effect of acceleration on the viscous

drag, where the growth of the viscous boundary layer on a particle

is a function of the entire previous histevy of the particle motion,

Pt - My
17 DT
[ f ) -
- 302 (nupf)l/z/'z ; el dr;
b (t - 1)

0

and (4) pressare force or the cffect of the pressure gradient on the

particle
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0\ . .
who.ro.i\l_)"' ig found from the Noavier-Stoke= cquations (1), Ior u
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particle resting on the carth's surface, we include another force,
the adhesive [orce between the particle and 1l surface, which is
perpendicular to the substirate. In jjeneral, tlic force of adhesion
is very complex and may b influenced by many t'uctors,:s however, in

the first approximation, we consider only the molecular attraction

between a particle and a plane surface, 6 which is given by

-2y y d 6{3'

where ¥ is the total suriace energy of the particle.
Equations (1), (2), and (3) constitute a set of seven equations

in the seven wnknowns u u_ ., and p. This set of equations is

f,i’ p,i

a coupled nonlinear stochastic integrodifferential system which, in
general, is very complex and difficult to solve. To date, Hotchkiss
and l-lirt7 have had the maest success in golving a similar system,
They numerically treai a full three-dimensional Navier-Stokes flow
ficld [ cquations (1) and (2) ] with cach discrete particle characterizod
by a simplified version of cquation (3). The system of cquations

is numerically simulatcd, and the r»enults are presented by means

of u computor penerated film,
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