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ABSTRACT

The numerical simulacion of aerosal =zransport,
including =he effaccs of chemical and nuclear r=ac-
cions, preseacs a challenging dvnamc accounting
problem.

Part.:les of different aizes agglomerate and
settla out due Co various mechantsms, such as
diffugion, diffusiophoresis, thermophoresis, gravica-
tional sattling, cuzbulent acceleration, and centrifu-
gal acceleration. Particles also change size, due to
the condensation and evaporation of materials on the
particle. '

Heterogeneous chemical reactions occur at the
incerface batween a particle and the suspending
medium, or & surface and the gas in the aerosol.
Homogensous chemical reactions occur within the
aerosol suspending medium, withir a paccicle, and on
a2 surface. These reactions may include a phase
change.

Nuclear reactions occur in all locations. These
spontaneous Cransaucations from one elemental form to
another occur at greatly varying rates and may result
in phase or chemical changes which complicate the
atcounting process.

This paper presents an approach for inclusion of
these effects on the traansport of aerosols. The
accouncing systew is very complex and results in a
large set of stiff ordinary diffarential equations
(QDEs). The technigues for numerical solution of
these ODEsy require special attention to achieve their
solution in an efficient and affordable manner.

INTRODUCTION

An aerosol is a suspension of particles in a
gas. The particles may be composed of solids and
liquids and may consiat of sevaral different
spacies. Particles way range in size from 0.001 um
to over 100 um in diametar. The carrier gas can
also consist of several diffecrent species.

Many complex physical and chemical processes may
be occurring simultaneously within the aercsol,
affecting both particle size distribution and overall
composition. The processes ccnsidered here include
both discrete and continucus phenomens. These are
particle agglomeration, particle deposition,
condensation and evaporatiun, hererogeneous chemical
reactions, homogeneous chemical ceactions,
homogeaaous nucleation, and nuclear reactions.
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A one-volume model (3 presented which jescrihes
the avolution of this phvsical svatam as a avstem >f
timg=depandent ODEa where the basic quantities of
interest are the masy of each species at each loca-
tion. In the pext sectioun, a discrete model for the
particle size distribution is desciibed. Then, in
subsequent sections, mathemstical \ %deling cechniques
far each process ace briefly discussad. Fipnally, ve
show how the aerosol simulation can be performed in a
muleivolume regian. The one-volume model is then used
a3 a common building block for several diffarent
multivolume simulacions. A single volume of aerosol
i3 assumed £o be vary larie with respect to the aize
of the aerosol parcticles. Within this volume, it is
assumed that particles of each size are of uniform
composition and that they are distributed uniformly
throughour che volume. It is glso assumed chat the
aeros0l gas is svenly mixed and uniformly discributed.

The present fermulation {s motivaced by an
application in which a volume of aerosol is 2 slige
of a stream tube that is bounded by a duct. It s
assumed that a velocity profile or flow regime
(either laminar ov turbulent) exists throughout the
plane normal to the axial flow direction. This view
is not limiring in chat coefficients which depend on
the surface area of ths wall can be easily altered to
reflecc differenc geomelries.

It is further assumed that the principle of
superposition is applicable, That ias, the effects of
the various mechanisms are additive. Under this
assumption, wve write the concribution ro the
differential equation of vy at location loc due to
process proc as

dyloc
de proc
so that

.dyloc - 40c

de

proc

proc

PARTICLE DISTRIBUTION MODEL

In the serosol simulation, ve treat the continu=~
ous particle size distribucion as a discrete particle
distribution using & bar chart approximation. Each
bar is then considered to be a particle bin containing
the number of particles which are in some zverage size
for chat bin.

fuppose there are NUMB bins snd NUMC noncondenss-
ble gases. And assume thare are NUMV condensabie
substances, vhich may be in the vapor state, condensed
on particles, or condensed on the surface of & wall.
Then checre are a total of (NUMB + 2) NUMV + NUMG cime-
dependent mass CDEs in a single volume. For a
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lag
mags of type i at location loe per unit volume of
aerasol, for lac=j=l,...,NUMR. When loc*a, che
lecation i3 cthe aerosol carrier gas, and when log*w,
the location is the wall. In general, the a;'s ace
not carried directly, since they are completely deter-
mined Hy the volume of a typical particle in bin j and
the densities and masses of the cqnstituents aof the
parcicle.

1%1,2, ..., NUMB.  The mass Ls tracked as mad , tha

Lf che particle bin sizes are all fixed, che
principle of particle number evolution fails. To
properly conserve mass and particle number evolution,
it is necessary to model the largest, or overspill,
bin as a control volume containing parcticles of
varicus sizes. In cthis case, the particle number
concencration equation must be carried explicicly.
This model is constructed to allow aeroscl process to
continue CQ occur wicthin this bin. Details with an
errar analysis of the Eloating overspill bin are
described in Reference 1.

AGGLOMERATION

Particles in an aerosol agglomerate when they
come into contacc wich =ach other. Agglomeration
mechanisms include diffusion, settling, curbulence,
and acceleration. These mecharisms are controlled by
the flow regime.

Variation in the particle number concentration
causes particle agglomeration by diffusion. - This
mechanism is modeled using Fick's first law of
diffusion.

Particles with different velocities have the
potencial to collide. In viscous flow, where the
vi:copn forces greatly exceed inerctial forces, the
drag force on a particle is proportional to the
particle diaméter. Therefore, Forces appliad to
particles of different sizes can result in different
particle velocitiey and agglomeration.

For gravitational settling, the terminal velocity
for an aerosnl particle is obtained from the appropri-
ate force balance equation. The resulting settling
velo;itv is proportional to the particle diameter.
Particle agglomeration by turiulent motion is caused
by the velocity gradient which exists in & turbulent
eddy. Two particles in such an eddy may have diffec=
ent ve}oci:ies. due to the differenc2 in the posicion
of :he}r centars. A second turbulent agglomeration
mechanism is due to local acceleration in a turbulent
eddy. As the aerosol is accelerated, a drag force is
creaced by the difference between the velocities of the
acceleracud flow and the particle. Two particles of
different sizes will momentarily have different
Ycloci:ies. Other forces accting on the aerosol
include general accelerations, such as centrifugal

acceleration of an aerosol in a duct going around a
bend.

Thare are zoneridutiang S the sarfille aumber
2qLations 2nd T2 Mass 24uations wWnoin inzlude tee
effaczs af all sarzizl2a 1ggismeracian rectaniims

Partisles are removeg Soom Sian L oand dun o« 3g3aee-

g %2

in

e = -I(J AN J)
2 T L e o

agz.:merazian
of U ar? <

1
wnere ] 3 4 ar & and whare Kik 13 the approprtace

agglomeratidn roefficient. New particlas are fovred

at the rate K: S Noce that the above rate L3

kL
sroportional Co nz; for other contributions, guch as
deposition or condensation, the rate will be propor-
tioaal anly to n.

The newly formed particle does not necessarily
coincide wich one of the fixed size particles in the
discrete distribution. Particle number evolucion for
this process reduces the number of particles in che
system; two particles agglomevate into one. This
principle and conservation of mass are applied co the
resultant particle, a3 discussed in Reference 1. The
result of the &, k agglomeretion is either redistrib-
uted betwveen two bins which bracket the size of che
resultant particle or put into the overspill bin.

Each 2,k agglomeration may contribute only to one
low bin/high bin redistribution or to the overspill
bin. On the other hand, an atbitrary bin j may be
the lov bin or high bin for several different t,k
agglomerations; and the overspill bin may similarly
receive particles and mass from several differenc
t,k agglomerations. In genersl then,
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where sym may also equal os (overspill) when j ia
os. The fractions E::v. E::gh
to preserve particle number evolution and to conserve
mass in Che redistribution process. Note that most
of the zerms in the multiple summacions are zero, so
only thu nonzero terms are calculated. This is done
by daveloping an analytic expression for low in terms
of the sizes of the agjlomerating particles and the
sizes of the different bins.

os .
and Elk are defined

DEPOSITION

Particles in the aerosol can be depoaited on a
soiid or liquid surface by several different mecha-
nisms. These mechanisms include diffusion,
thermophoresis, gravitational settling, turbuleat
acceleration, and centrifugsl acceleration.
Diffusiophoresis and Scefan flow are mechanisms
relaced to condensacion and evaporation and are
diycussed latar.

Particlea which contact a surface, such as the
wall of a duck, stick co the surface. This keeps the
number concentration of particles low near the surface
and creates a number concentration gradient, so parti-
cles diffuse toward the gsurface. [f the temperature
of the surface is different from that of the aerosol,
a therms] gradiant exists aear the surface. If the

s
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where K¢ {3 the appropriate deposition coefficient.

CONDENSATION AND SVAPORATION

Under suitable conditions, condensation and/orv
svaporation of condensable subatances may occur.
Parcicles change size continuously due Lo these
processes. The nrinciples of particle number evolu-
tion and consecvatian of mass aze applied fotr these
processes within the discrete particle distribution
model. In particular, there is no change in the
number of particles, although the size of a particle
increases or decreases.

[t is assumed that each condensable vapor behaves
as an ideal gas and has a saturation vapor pressu =
p3&t, For condensation or evaporation on surfaces
which are relactively flat with respect to the gas
molecule size, che saturation vapor pressuce is
depgndent only on temperature. Condensation and
evaporation are controlled by che difference between

the partial pteag%re. PPAr and the saturation

pressure. If P. > P?‘t, condensation of mass
sat par

type i will occur; and if By L evaporation

will ocecur, provided that condenslte is available to
evapozate. The rate at which condensable gas wole-
cules migrate to and from the condensing sucface is
controlled by diffusicn, assuming the surface is
large comparced to the.moleculnr mean free path.
Fick's firsc law is applied to determine this rate
for condensation and evaporatiomn.

The change of mass of g condensable in the vapor
is also proportional to the particle diameter and the
potential Pg.r - P:.t. The crate at vhich tha
diamecer of a particle changes can be determined, if
the density of the condensate and the volume of the
spherical shell are knowm. This rate equation can be
integrated tc determins Che time it takes for one
parcicle to change to the next particle size.

The rate at which particles ace removed from
bin j by condensation of vapor i upou particles in
bin j is a contribution of the form

dn. .
;El .- K?'x a. . (%)
condensation ] ]

of mass Cype i

e,i . . ; ..
where Kj'L is the bin condengstion coefficient.

Paccicles are added to bin jel at the same rate.
Similarly, for evaporation, particles are removed
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Phvsically, the mass of cype i at each location
may have only nonnegative values. This constctains
the variables used in the syscem of ODEs. Numeri-
cally, the time step caa be rescricted ao that each
variable remains positive; haovever, this technique
can result in unnecessarily small Cime steps. For
evaporation of a condensate, there is a discontinuity
in the first derivative at the point of dryout. When
a variable becomes negative in the solution of the
system of ODEs, a root-finding method is used to
locate the point in time at which it is zero. Then
the problem is cescarted ac that time, using the
interpolated values.

Condensation and evaporation may also occur at
other surfaces, such as a vall. This creates a
secondary hydrodvnamic £low known as Stefan Flow. A
secondary diffusion process of the carrier gas occurs
to maintsin constant total pressure near the wall.
The partial pressure gredient of the condensing or
evaporating material must be balanced by a partial
pressure gradient of the other gases in the oppoaite
direction. Stefan Flow provides the source of
material by transporting gas towvard the wall for
condensation an! away from the wvall for evaporation.
For condensation, Stefan Flow results in anocher
particlie deposition mechanism. In addition, these
two diffusion effects may act to drive particles
e¢ither to or from the surface in a process called
diffusiophoresis. Particles will be driven toward
the surface if the more mcasive molecules in a mixture
are diffusing in that direction while less massive
molecules are diffusing in the opposite direction.
This also results in particle deposition.

HE'TEROGENEQOUS CHEMICAL REACTIONS

Hegerogeneous chemical yeactions are resctions
that occur at the interfaces between the vapor and
either the surfaces of the particles or the surface
of a wall. These reactions may include both a phase
change and a change in the chemical form tn which a
particular elemen: is present. The phase changes
effectively result in particle size changes. aa in
condensation and evaporation. These reactions are
controlled by diffusion and thermodynamic relation-
ships which determine the rates at which these reac-
tions proceed.

The rate at uwhich reactions proceed cowvard the
equilibrium point is described by the product of a
mass transfer coefficienc (or deposition velocity),
the appropriate area of the surface at which the reac-
tion is taking place, and s driving potential as a
difference betveen the mad} value and & madigne
value. Thir latter value is & concrolling value which
determines the equilibrium point of the reaccion. The
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HOMQCENEQUS CHEMICAL REACTIONS

Homogenaous chemical reactions osccur throughout
the volume of the aerosol, within a particle, or
wichin mass deposited on 4 wall. Although such reac~
zions ara controlled by various thermodynamic rate
parameters, the rates of reaction are assumed to be
very high because of che high potential for the
various chemical constituents £Q be in close conctacet.
The madel is then based on the equilibrium state
appropriate for the local chermodycamic conditions.
As local chermodynamic conditions change, the equili-
brium point also changes. The basic parameter used
to determine this point is che Chermodynamic
convenience function (property) called Gibbs free
cnergy.

Wich the Second Law of Thermodynamics, and Gibbs
free energy, the equilibrium poinc for a reaction
occurring in the presance of other reactions at a
constant total pressure and a constanc tempavature
can be determined. The classical formulation results
in a large system of nonlinear algebraic equations
which must he solved. To solve chese equarions for a
realistic situation requires excensive scorage and
consideradle computational cime, making inclusioa of
a full homogeneous reaction model into an aerosol
code impraccical. However, che inclusion of such a
model would give the equilibrium point for esch
constituent at each temperature and pressure during
the aerosol transient. -

When two states of the same constituent exist in
equilibrium, the parcial pressure of the vapor is the
saturation value at che temperature and total pres-
sure of Che mixture. This obeervation suggests an
alternative approach to model these reactions.: A
composite parcial peessure relactionship (as a
funcrion of temperature and pressure) can be used co
represent the composite behavior of each element of
interest. Then the condensation model previously
discussed could be used a3z a mass transfer mechanism
to keep the amount of maas at ¢ach location at the
equilibrium poinc.

A simple composite saturation partial pressure
relationship can be obtained by considering only the
condensation stoichiometric relations of the elements
in their dominant constituent form (if known). A me-e
accurate relationship can be based on the results of
the equilibrium calculations from chemical equilibrium
systems programs. The approach taken in our aerosol
simulation is to use the latter method, whea such
resulcs are available. Otherwise, cthe simpler method
is uzed.

HOMOGENECUS NUCLEATION

.

Homogeneous nucleation is che formation of
particles from a supersaturated vapor without the

lorzensacLan ;jites. Gas mola:

av Tagetner 1§ a Ilister iacencs In thar-
veants srincioles.  If the clustar r-amai~sg, 12
praviie 31 silte -:pon wnich 3andensazizn can iz
uffiztant condensat:an has sceyrrad an 1

sne r2suitin2 1erosol parcizle wil!l Zrow
zan be adged %o the smallest 2in. am e
3arnc 2% view, Tnen, ~amogenevus aulle
saturatad vapor ) tha smal'est narTil

-

oo W e
nn
w

= -

w
S ooy om

[ IS T o I

L

SUULEAR IEACTIONS
PALLLULEMLLLER L Ol

Nuclear :eac:ions are spontlaneQus transmucaTiansg
from one alemeacal farm to another which mayv oczur un
any location and mayv also result in phase ghangas.
Myclaar reactions are alss called radicactive decav.
Beta decav is the process of an inotope of one element
transmuiing to another element with the same mass
numter and 13 the only decay process considered here.
This decay from one element to another can affect
chemical reactions by the availability and stace of
thd @lemencs involved. The rate at which beta decay
of an isotope occurs i3 a function of che number of
auclei of thac isotope and is prlctic:llg independent
of all phyaical and chemical conditions.

Consider a decay chain of the form ... = E?_l
#2 - €2~1 * <., where Ei is a generic element with
atomic number i and m is the mass number of the
chain. The differencial equation describing the
number of atoms of E? is given by

4.

3 (EY) = <0,  (PET) + 1,
t 13 T,m 1

i=l,m

(D )
[ $ad §
. S('E?) y (n

where li m i3 the decay rate coefficient far the decay

'
cf EY to E' . and S is a source term.
i irl

The fisaion of a radioattive material, such a8
U235 produces a large number of radiocactive
fragments, esch with a differeat yield or probabilicty.
For fission of U233, the yield as a funcrion of atomic
number is a nearly symmetrical bimodal distribution.
The two peaks with yields >1% include the elements Se
through Rh (atomic numbers 34 through &45) and Sn
through Sm (atomic numbers 50 through 62.)

Each radiocactive fragment will undergo beta
decay until & scabla is¢iope resulets. There is at
most one such decay chain or yequence of beta decays
for sach mass number., An element may appear in
several decay chains as different isotopes. For
example, from the fission of UZ33 ghera are
L0 fragments with yields greater than 1T which
involve isotopes of Cs. Thus, 10 ODEs are required
to track che isotopes of Cs.

For a particular problem, there may be only a
few basic radioactive elements of intarest. The
model must include all decey chains for isotopes of
all elements vhich occur in those decay chains
involving isotopes of the elemants of primary
interest, Five of che volatile fission products of
U235 sre Sr, Ru, Te, I, anZ Cs. The decay chains
wich yields greater than 1% which contain thege five
elements include 20 other elements also. If chers
vera 10 isotopes of each, then 250 ODEs would be
required 20 track the five elements of inCeresc.
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The comrosite mass of the element is represented
as the sum of mass of its isotopes. The equation for
the compasite element is Equation (8) without tne
identificacion of isotope m, where the i's are now
composite decay rate goetficiencs which are time=
dependent. By fcrming cthe composite model for all
isotopes of each element, the number of equations for
each lacation for the fission of U2
Therefors, modeling the aerosol particles with 20 bins
still requices over 500 ODEs for each volume.

The second composite submodel groups several
elements as pseudo-elements. For each sequence of
elemants, those not of primary interest are grouped
aa a composice pseudo-element (pE;. After grouping
1dotopes, there are two major "chains®” for the
elements with yields over 1.

Se > Br « Kr = Rb « Sr » Y= 2Zr = Nb - Mo » T¢
= Ru = Rh,

and

SbeTe+ [+ Xe~Cs «Ba=Lla=~Ce~Pr~Nd
= Pm - Sm.

These are rewritten as

PE] +.5r « pEz = Ru « nEj,

and

PE4 = Te = I » pEs + Cs = pEg,

vwhere pEj is a pseudo-elament from grouping several
elementa. For example, pE) is Se through Rb.

This mffectively reduces the 25 ODEs to 11 ODEs,
provided the grouping of elementcs zs pseudo-elements
approximates the information reasonably well. The
full details of this nuclesr reaction simulation are
discussed in Reference 2.

SIMULATION ALGORLTHMS

The aerosol transport model thus far developed
applies only to one specific volume. Based on this
model, a multivolume algorithm for the trensport of
an aerosol can be constructed. AC least three stream-
tube-cype alternatives are poesible in concept which
include mass interchange between volumes.

is reduced to 25.

The first alier-~ative s T caunrle 13race
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to 2, then from J co J, ets. The mau,q values un
Ly

volume | would be advanced a set increment in Cime.

This advancement would require the history of md{oc

into the first volume during the time period, Calcu=
:oc to the second
region during this time period. These outflow data
would then be used as inflow data to perform the sama
task for the second volume, etc., until the calcula~-
tions for all volumes are completed through cthe cur-
rent time period. The time would then be advanced,
and the process repeated., One major problem with this
approach ia that it may be diffiqulc vo save every bit
ot outflow data for later use as inflow data. In ad-
dition, adjacent volumes would likely use different
ianternal time steps to solve the resulting stiff set
of ODEs, which would then require interpolation within
the input data.

lacions would include outflow of mad

The ceal advantage of the second alternative is
that many fewer ODEs have to be solved at any one
time. For the example cited, about 242 ODEs would
have to be solved, instead of 2400.

The third alternative is to switch from che
Eulerian reference frame of the other alternatives to
a Lagrangian frame. As che aerosol volume moves down-
stream, the local wall inventory is advected out and
the upstream wall i{nventory is advected in. As che
aerosol volume goes around a corner, the elbow deposi-
tion mode is turned on; when the volume has passed the
corner, the elbow deposition mode is turned off, ecc.
This cthivd alternacive has several applicacions. An
important application is aerosol transport at rela-
tively high velocities.

SOLUTION OF EQUATIONS

The application of the gimulation model dis-
cussed requires the numerical solution of a large
number of coupled ODEs, and the resulting equations
ave very stiff. These ODEs are aolved by using an
imptemencation of the stiff methods of Gear® for
syatems of differential equations with & sparse
Jacobian.

SUMMARY

The sim:lacion of a transporting aerosol,
inciuding chemical and nuclear reactions, is moat
difficult, Within cthis paper ve have given an
overviev of one possible way to approach this
simulation with special emphasis on: (a) handling
the difficulties that occur in simulating continuous
and discrete processes in a perticle bin framewvork;
(b) approximacing complex chemical reactions, using
vesults of detailed chemical equilibrium codes and a
condensation type of mass mover; (c) approximating as



many as -30 auslzar z2aciian MLEs fer locagian wiLh N Z. 2. Lemmon 12d 2, 3. Marwil, "Tha

557 by
oaly abour il ODEs, td} nandlipg saveral iifferenc Chemical and NSucl2ar Reactions 2r Aerzsol
JDE solurian ardoizns: and (el developing zne nverall Transprrt,' Pracaedings oSf tme Third
staulator for one volume wnidh Tam de usad Yy several Ingarnational ocnfaranria 3n 32aztir Thapmy)
i fferanc iriuars. Hvdrau..23, Yewparz, 393,
REFERENCES Jo 3. Raccoff, "Fission-Procuc:z Yieids from
T—————— Meutran~-Iinducad Fissian,"” Nucleonm e R
1. £. C. Lemmor and E. 3. Magwil, "Discrace havemoer .3nU, pp. 101-I108.
Simulagion Hechodologv 2f Aerosal Transpoerz.”
Procsscdinzs of [nCarnatianal 3“monsi.= on - 1. W. vear, Numerical Inicial value Praslams in
D3pgLiuiile 300 Mu.liarisa Pricagfed, 4iImi, Jraimary Diffarancia, I3uazidns,
1933, Englewooa Cliffs, Prencize Hall, 1971, ». 251.



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Govzrnment or any agency thereof.
The views and opinions of authors expressed herzin do not necessarily state or
reflect those of the United States Governmeat or any agency thereof.



