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ABSTRACT

Recently, there 13 increased concern that radiocclloids may
act as a rapid transport mecnanisma for the early release of
radionuclides froam high-level waste repositories. The role of
collolds s, however, controversial because the necessary data and
assessrant wethodology have been limited. In this report the
population balance aethodology 1is presented and developed as a
method for quantifying the role of colloids In ground water
transport prodless. The population balance is a nurber continuity
equation which has been applied successfully to crystallization,
aerosols, and biclogical processes. The equations are developed
and  applied to the treatment of polydispersed racdlocolloid
transport and to colloid migration data (rom column experiments.
The population balance approach provides a sound basis for analyz-
ing the impact of oclloids on nuclear waste repositories. '

I. INTRODUCTION
The behavior and transport of colloids is becoming an important con-
sideration in understanding hydrogeological systems. The aigration of

suspcnd ttlr Iln-cto on many environmental groundwater prodleas, for
example, # i&spostf of nuclear waste, the sovement of heavy setals, and
the aigrat ol toxic organic compounds. In natural systeas clay particles

are beligm "to migrate and in some cases transport and concentrate silica
and iron as cheafcal deposits [Pettijohn, 1939]. A more recent [McDowell-
Boyer et al., 1985] study has shown that clay colloids provide ideal
adscrption sites for microbes and that bacteria and viruses carried
presumably by clay colloids have been found to migrate through agquifers up
to distances of 400-800 mezers. The aigration of secimenty from sirears, to
lakes, to rivers, and eventually intc oceans is a topic of cors:deradle
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interest and active fnvestigation. S.s; ' te9 particulate matter alsc piays
a4 vital role {n ocean chemisiry. !~ te¢ ticsphere, studies Nave Snown tha:
atacspneric plutonium attaches to c¢o..0.33 whish subseqQuently migrate down
streams and Fivers to the oceans «"ere *hey aggiomerate with organic matter
and finally setile to the ocean floor [Tariv and Cross, 1979).

There have Dbeen amany genersl artic.es sddressing prodblems associated
with the assessaent of geological @¢ispusa. of nuclear waste [Conzales, 1982;
Kilngsberg and Duguld, 1982; Pigfora, '982. Technical Report, 1983; Siegel,
1985]." Recently, radlocoilolds have been identified as a potential hazard
in the disposal of nuclear waste. Radionuclldes In a colloidal or particu-
late form could concelvadbly migrate farther and faster than they would in a
dissolved form [Apps et al., 1983]. McDowell-Boyer et al. (1985) recently
expressed concern over the possidility of colloid transport in nuclear
repository sites. "One aspect of radlonuclide migration in subsurface flows
that casts further doutt on the distribution coeffficient approach is the

possibility that colloidal matter and small particles tc which radionuclides:

adsorb are moblle. Particles of sizes less than a few micrometers are much
szaller than (inter-granular pores or fracture sizes and could migrate con-
siderable distances with flowing fluid. Colloid wmigration Dbecoces

significant in predicting contaminant migration because small particles have

high surface areas per unit eass and rtprt:cnt' available sites for
adsorption.” The 1985 Beijer report [Parker et al., 198%) made many
references to the importance of colloids in nuclear waste disposal and to
the currently unrt:oived probless in assessing nuclear waste repositories
because we do not fully understand the role of colloid transport. In this
report Parker et al. {1984) suggested that in fractures collcids may not be
retarded. '

Unroggynatoly. previous studies have not provided sufficient informa-
tion conogrning these complicated processes to quantify colloid transport in
grwndutcf~]§tt-' and Morgan, 1981). As stated in the conclusions of
report by Appe et al. [1983] “"nothing is known about the migration behavior
of collolds.” By ocontrast there i3 great interest and many studies whicn
address the basic chemical and physical nature of colloids (Mat{jevie, 1§73;
Adamczyk e- al., 1983; Allard et al., 1980; Avogadro and Lanza, 1982;
Avogadro and Marsily, 1983; Drever, 1982; James and Parks, 1982; Means and
Wijayaratne, 1982; Olofsson et al.; 198, 1582a, 1§82p). Colloid science

_— ..'\-s..‘”' -_a'__.:- ‘.ji.—.-.;’ Cye . - .’!-;;‘,a";__ - - .?-'.s - .
ek Sk &_ mt‘..i N R R st a - e
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is a inture and well develcped field. The classical colloid science book by
Alexander and Johnson (194§] summarized the historical development of this
sutject and initiated the term COLLOID SCIENCE. In recent years many models
have been presented to characterize the dehavior of collolds [James and
Parks, 1982] in batch systems but there has been no unified approach to -
cclloid transport modeling.

To address the problem of modeling colleid transport, we present, in
this paper, a general colleid traniport model which cah treat the complex
probleas of colloid afgration in geological media. The physical and cheai-
cal nature of ground water colloics are reviewed. The potential role of
colloids in various nuclear waste repository scenarios is presented. The
population balance equations aré developed and applied to the anmalysis of
colloid column data. The population balance transport model is solved
nuwerically and results compared to column data. The important population
balance subeodels for nuclear waste disposal are identified and developed.
The filtration type capture submodel is used within the population balance
code to represent removal of colloids by porous media.

This new wmodeling and assessment approach provides a solid basls fer
analyzing the impact of colleids on nuclear waste repositories.

A. Colloids--Background

Colloids were initially studied by Michael Faraday and other scientists
early in the 19th century. The name colloid was given to these extremely
small particles by the Scottish chemist Thomas Graham In 1861 [Encyclopedia
Apericana International, 1975]. By definition colloids are very small
particles ranging in size from 1 to 1000 nm. In geological systems matural
colloids are chemically the hydrated aluminum gilicates (clay minerals),
hydrated {ron, manganese, aluminu» oxides and certain types of organic
matter ([Berry and Mason, 1953]. Particles smaller than 1 nm (10 &) do not
exist as a discrete phase, and any system containing them is not considered

" heterogeneous {van Olphen, 1977; Apps et al., 1983]. Soil scientists regard

the upper particle disseter for the definition of colloids as 2 or 3 im
[Appk et al., 1983). .

There are two classes of colloids: lycphobic and lyophilic. Lyophobdic
scllicids are the type generally found in geclogical systems and associated
w.th nuclear waste disposal systess., They are considered petastable because
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they are prevented froa agglomerating by their electrokinetic doutle-layer.

Ground water ccllcids can form from the bulld-up of particles by precipita-

tlon eor from the chemical and physical decomposition of bulk matter into

colloid-size particles. Geologists refer to the formation of clays as .
result of a dlagenesis process, i.e., changes of various kinds occurring in

sediments between the time of deposition and the time at which complete

lithification takes place [Berry and Mason, 1959].

Ferhaps the most {mportant property of cclleids is the double-layer of
ions that surrounds each particle. The Stern layer is closest to the par-
ticle's surface followed by the outer region of ions called the Couy layer.
James and Parks (1982) developed a unified model to predict surface charge
ana potential. In acidlic soclutions the colloid gains a proton and becomes
positively charged while the opposite occurs {n basic solutions., The
stability of oolloid solutions depends on the thickness of the Couy layer.
As the {onic strength of the solution increases, the Gouy layer beccces
compressed and the particlea tend to agglomerate, held together by the short
range van der Wasls attractive force. Very statle colloid solutions can be
formed which will remaln for hundreds of years as in the case of India ink,
which is a rather stable colloid solution of lampblack.

B. Radiocclloids 3
The Beijer Repcort {Parker et al., 1988) suggests that in nuclear waste

disposal  environments, radiocolloids may be formed by the following
processes:

1. The elemernts say naturally aessume a colloidal form at system tempera-
tures, pressures, pHs and Ehs.

2. The element may sttach itself to collolds naturally present in the ground
Wmter.

3. ™e element may attach itself to collelds produced from the high level
waste (KLV) aatriz during ieaching, e.g., colloida! silica from borosili-

cate g.ass.
§. The e¢.emert may attach Itseif to the small clay particles which can act

4% rO.. 1 18
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Pseudocolloids irc defined [Apps et al., 1983) as naturs} ground wa'er
colloids that have adsorbed radionuclides, and true colicids are definec as
precipitates of varlcus radionuclides. These definitions will be usec
this repor:,

"

C. Modeling

Previous colloid studies did not provide a unlfled nor comprehensive
colloid transport model, but rather modeled (ndividual subsets of the
prodlem. Apps et al. [1983] recently reviewed collcid and particulate
transport {n the geologic storage of nuclear waste. They provided mumero.s
references suggesting that colloid formation is strongly evident in natural
systens but they did not quantitatively assess the potential formation and
convective migration rates of nuclear collecids In repository envirorcents.
They presented a continuum model for diffusive transport of uncharged col-
loidal particles in spherical geometry and calculated fluxes relative te
fluxzes of dissolved specles in a nonsorbing environment. Colloid size
distribution, chemical retardation, colloid electrical charge, and produc-
tion of radionuclides from decay of possible ancestors were not included in
this model., McDowell-Boyer et al. [1985) discussed the classical filtration
sode! and used filtration theory in a parapeter sensitivity study to inves-
tigate various capture mechanisms as a function of particle size. They used
the filtration ooefficlent model presented by Tien and Payatakes [1979].
This model only descridbes the filter coefficient which includes the sum of
three teras: one representing capture by Brownian motion, the second
representing {interception collision, and flnilly a ters for gravitaticnal
sedimentation. Their resulting empirical model also assumed no electros-
tatic repulsion between particles and the media surfaces. Hence, this model
would oot bDe applicadle to many radiocolloid applications and would most
likely over predict the colloid capture rate.

Saltell! et al. (1984) performed a series of column experiments and
applied a wmodififed version of the filtration equations to describe the
seasured capture profiles. They attempted to included colloid size effects
by assuming a distribution for the filtration coefficient. More recently,
Travis and Nuttall ([198S] wmodeled collcid migration using the population
balance method. They showed that the population balance model accurate.y
cescribed the colloid coluzmn capture data of Saltelli et al. [1984] and that
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*"‘ the filtration coefficient in this study was a simple linear function of the

oociloid size. .

Chiang and Tien [1982) have modeled 1n some detall the capture of
~ collcids within a porous medium; however they did not specifically treat
& radicactive colloids. They stated that when Brownian diffusion is the
dominant force the common trajectory calculation approach fs no longer
possible. It 13 believed at this time that Brownian diffusion will be the
dominant capture mechaniss because of the very saall size of radiocolloids
(<0.1 ym). Although the authors include most of the attractive and repulsive
forces in their rather complete mathematical description, they neither

'{'ﬂ"“,‘" R < YR R

fnclude particle size effects nor do they consider radioactive decay and the
L sigration of individual nuclides. Their work has 1imited applicadbility to
- the modeling of colloid capture in a porous medium. It will be shown later
- {n this report that the capture model 1s actually & submodel and will appear
o as a death term in the population balance which i3 presented in the next
‘__' section. Guzy et al. [1983), Adamczyk et al. (1983], Spielman et al. {1977,
e o 1970a, 1970b, 1970c), Fitzpatrick et al. (1973, 1978] and Chiang et al.
« ~ [1982] as well as many other rescarchéra have modeled the capture of
;; - particles/colloids. - ,
¥ With the exception of the wodeling by Apps et al. (1983] and
3" 0 Saltelli et al. [198%) the 1literature on radicactive ocolloids has been
B+

experimental in nature, showing the readily apparent formation of radtocol-
loids but essentially nothing on the quanili.at.ln modeling of oolleild
transport. The absence of colloid models and the lack of vuantitative
assessoent clearly points to the need for such msodeling ml‘bruum.
In the following section we will develop the generalized approach to
oollofd transport in ground water by using the now well estadbiished popula-
. tion planoc sethodology. The population balance sethodology results in an
:;s addititnal transport equation which was derived 1in the early 19602
.‘i {Randolph, 1662; Hulburt and Katz, 1964] to modei particulate processes such
as crystallization; but the approach has subsequently been used successfully
in many flelds to w®model particulate systems {Randolph and Larson, 97V
Fredrickson and Tsuchiya, 1963; Kiparissides and Ponnumamy, '04° }' These
are just s few of the numerocus references to the popuiation balance
Application of the population batance appriach °n @nfe.ing €0..7:d

transport, though new, 13 a strajghiforward esterg.>> 7 ™is wei.
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established modeling technique. The pop.iation ta;ance L0, gy o8 9
applicat.ons are discussed in tne foiow.ng sectior .

11. POPULATION BALANCE MODEL

A. Background

Rancdolph (1962} and Hulburt and Katz {1964) derived the gerera. form of
the population balance equation. These very formal and complete derivations
of the population balance equation in the sarly 19608 set the roundatlén for
the subsequent mathematical analysis of many particulate systee studies
ranging in fields from engineering to biclogy. The population dbalance 1z a
well estadblished transport equation which is commonly used to model systess
of countable entities., The equation is similar o the mass bDalance equation
except rather than conserving ®mass {t oonserves the number of
particles/colleids--thus the nase populltldn balance equation. The result-
ing dependent variadble of the population equation 1s number density,
Randolph and Larson [1971] make reference to the diverse and numerous ap-
plications of the population balance equation. Included are processes such
as crystallization, grincing, air pollution, and biological systems just to
name a few. The population balance equation is an important addition to the
gass and energy transport equations.
' Using a size distribution, the population balance equation parmits a
full treatment of the collold problem from the birth of colleoids to thelr
capture on the surrounding matriz, as well as sodeling the gradﬁal effects
of colloid growth or dissolution. Radicactive decay of specific nuclides
within the colloids {is treated by assigning a concentration property axis
within the population balance to each species we wish to track. The addi-
tion of these property axes allows correct treatment of the decay chain
protles with full accounting of the daughter product concentrations. Also,
the adsorption of multiple nuclides on the same colloic (heterogeneous
collolds) can be modeled. | |

Randolph and larson [1971)] discuss in detail an exaaple of using the
concentration property axis within the population balance eguation, Ffor
each nuclide there is a separate concentration property axis which defines
the numdber of colloids at a point in timesspace/size that nave a particular




concentration. Integrating over the concentration property axis and the
size axis gives the amount of colloidal plutonium at a point in time/space.

The fimportant factor at this stage is that the general population
balance equatlon\ permits a correct mathesatical accounting and quantitative
assessnent of the nuclear cclleid problem, Of course, the soluble species
mass transport and energy balance equations must also be included as well as
the appropriate system geometry to complete an overall repository assessment
msodel. Also it is comnon to measure cclleid size distributions in teras of
#eight rather than numoer density functions. The complete relationship
between the number density function and the corresponding welight distribu-
tion s discussed in the section on Analysis of Experimental Column Data.
The level of wodel complexity, however, is set by the desired results with
the option of using siariified models and submodels to perform conservative
repository assessment calculations. |

Application eof the population balance equation {s further enhanced by
the wealth of information and experience provided by over 20 years of fre-
quent use in many sclentific flelds ([Nuttall, 1971; Cise, 1971; Griffiths et
al., 1982; Gupta et al., 1982; Herbst and Puerstenau, 1980; Barone et al.,
1980; Bhatis and Perlmutter, 1979; Pasiuk-Bronikosska and Rudzihski, 1980;
Rancolph, 1962, 1969, 1971, 1977]. Therefore, the solution methods and the
nature of the various terms have often deen studied by previous researchers
and their results can now be applied directly to the nuclear colloid problem
without ~the delays of extensive research and development. To further
clarify the use of the population balance equation as developed here, it
' will be applied with a detailed description in the section on Model
fo Development .,

The birth, growth, and death rates of aicro-organisms in biochemical
processes are also ooemonly modeled with the aid of the population balance
e'quauon.‘?_ The work by Fredrickson and Tsuchiya [1963) is a good example of
the tnugﬁulpllury spplications of the population balance egquation.
Randolph and Larson [1971] in thelr book on the Theory of Particulate
Processes also give many interdisciplinary ezamples and applications of the
population balance. Several recent studles using the population balance
range in topics from modeling gas tubtles to mineral grinding models.

0
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3"'.{“{ :é‘
2};’

'

3

W

B. Applica%lion to N.clear Was'e kepons.:iory Assessment
In applying the pop..atilor da.arce equation to repository assessmers,
two scera~i108 are corngideres a~? the descriptive mathematical models are
" deveioped Tress scenarios 60 not represent a specific repository or site
but rather are used to derive a Quantitative description of colloid

transport and release.
Scenario (A) represents pernaps a worst case, near-field problem in
# which the ba:kfill surrounding & single canister fails, water penetrates the
canister, and radicactive collolds are released through the fractured back-
fill and (nto the surrounding geclogical formation where groundwater carrles
the colloids away from the engin-ered darrier, Also, the dissolved species
are in high enough concentrations to precipitate into additional colloids,
and adsorption of dissolved specles on natural groundwater colloids {s
occurring., This secenario is tnitlated during the thermal period and leads
to the far-field transport of colloids. A schematic of the processes in-
volved in the near-field region of scenario A is given in Figure 1, A
The second scenaric (B) represents the Cfar-field problem in which
dissolved nuélteas have aigrated beyond the repository and are available to
bond with mnatural groundwater colloids and be transported through the
fractured/porous geological formation. Colloids from the canister and/or
natural colloids which have adsorbed radionuclides may also be present. A
schematic of the far-field processes {nvolved in scenaric B is given in
Figure 2. )
The wmodel for scenario (A) will regquire the energy, mass, and popula-
tion balance transport equations. The distributed energy balance models the
fluid temperature as a func.ion of spatial position and time {Bird et al.,

1962]
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Kext the mass transport equations describe the migration of dissolved
species. Ore equation i3 needed for each species, thus the equation is
wrizte- for the general specles ':°.
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Mass Transport Equations:
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A sink ters, 51' is required in the mass balance to represent the

dynamic transfer of dissolved species to either the true or na‘ural
colloids,

 Next, the additional population balarce equations are required to model
the formation and migration of radicactive colloids. A few assumptions are

" necessary at this point to clarify the number and type of population balance

equations neeced. - These assumptions can be relaxed or changed as the
descriptive scenario may require. First, only one type of natural eclloid
fs assumed to exist, but the colloid may adsorb various nuclides. If more
than one type of natural colloid should exist we uéuld simply use an addi-
tional population balance equation to describe each one. Second, we will
reed & set of population balance equations to describe each true colloid
(Py, Am, etc.). True colloids, as opposed to natural colleids, are formed
by precipitation of a specific radicnuclide and will contain only that
nucllde plus daughter products. Applying these assumptions, two types of
population balances will be required, one dcscrtbtng natural colloids and
the other modeling the true colloids. :

The general form of the population balance allows ror any arditrary
nuaber of continucus property axes where particle size is just one such axis
TRandolph, 1962; Randolph and Larson, 1971). In the case of nuclear waste
modeling, & concentration level property axis is requirec for each nuclide
that 1 adsorbed on oatural colloids, and in the case of true colloids, one
is required for eaoh daughter product. .

!li;thll way the population balance can track the adsorption and decay
of eaok nuclide of interest. Of course, if it is not necessary to track
each nuclide then the prodles can be simplified. The population dalance
equation for true and natural colloids ls given below, '

!
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True Colloid Population Balances:

", Vel : ' Ay, )
'1-‘_ . (V*tl) - Db' vti OJE‘ —ET- . Dl - 51 t 0 (3)

Natural Groundwater Colloid Population Balances:

30 p (v otl)

. . 3 -
-E-o?(vt ) va 'nk jtgl__rij—— Dk Bklo (0)

The energy, mass, and population balance equations together déscrlbe
mathematically the near-field process where many physical and chemical
processes are occurring simultanecusly. To complete the adbove model, the
systex geometry, boundary conditions, and specific terms within the egua-
tions must be defined. - Submodels or kinetic expressions are required to
represent the certain terms in the population balance equation. The exten-
sive population balance and colloid modeling literature provides the general
foras for these subeodels [Randolph and Larson, 1971; Clontz and ¥cCabe,
1971; Nielson, 1964; Volmer and Weber, 1926; Treybal, 1980; Maldie and
Wilkinson, 1983; and McDowell-Boyer et al., 1985]. Key terms in Equatfons 3
and & which require lpeclal consideration are the following:

0

6879

‘k. Thla tera represents the rate of particle number disappearance from

a particular particle size category per unit solution volume. Death {s
caused by colloid capture on the rock matrix, agglemeration, and
dissolution,

2. B In & similar fashion, this tera represents the rate cf appearance

ik’
of particles into & aize category per unit solution volume. Births
result from nucleation, agglomeration, and release of captured or new
colloigs from the rock matrix.
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3. v, s the growth rate or dissclution rate on a WOiec..ar sca.e ‘ue

colloids. This term accounts for the gradual incresse or decresse of
particle size due to mass acdition or subtrac:iion from €C.i0ids

a v ) :
3!
&, 1:1 -333-— y is the rate of population density change ajong a progerty
3

axls, for example, colloid growth along the particle site acls  4ieo
it represents and accounts for the concentration of radlonuclidges or ‘he

colloids.
{ ~ a.nk M
- 5. <. T ) - Db"'nk' These thrgc terms represent respectively,
-— the accumulation in the number of colloids of a particular size per unit
o solution volume, the convective transport of particles, and the disper.

X sive transgort of particles in the fluid streanm.

o P;fameiers within the subtmodels can in many cases be assigned conserva-

g N tive values or msy require estimates from experimental data. Many
g © ~ investigators in numerous fields have used the population balance model ang
E. o this information can ald in developing and evaluating the necessa-y
i suteodels.

. Subeodels. Mathematical submodels are required to describe the follow-
A;i ing phenocmena:

;5_»

d’ Birth (heterogenecus and homogenecus nucleation) rate

¥ Release rate of colloids from the rock matrix
= Death rate

Orewth rate

igglomeration rate
o De-agglomeration rate
i Adsorption/Desorption of radionuclides
Decay of Nuclel within or on a colloid

These subaodels are generally site specific incorporating the ap-
proprlate geochemisty, reaction kinetics, and transport processes for a

11}
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potential waste disposal site. The more important submodels will be
discussed {n the foliowing sections. Future studies will be required to
define these sutmodels for the NNWSI site; however, the technical literature
does provide structural guides for the various submodels.

The second scenario (B) is the far-field problem in which the thermal
period has passed and nuclides have migrated out from the repository into
the groundwater of the surrounding geclogical formation. Hatural
groundwater colloids of Si, Fe, and Al may be present to adsord dissolved
nuclides and thus provide a mechanisa for rapid transport along cracks or
faults. Here, as in the previcus case, true colloids originating within the
repository may also be present and have migrated into the far field. The
overall ‘assessment model consists of the dissolved nuclide mass balances, a
set of true collold population balances (one for each nuclide), and the

. natural colleid population balance. If there is more than one type of

natural colleid, then one population balance equation is required for each
type. : A

The population balance methodology establishes an overall structure for
sodeling colloid transport. Howsver, to describe site specific physical
systeas, the varfous teras in the equation must be correctly evaluated and
the appropriate submodels supplied. The suomodels are sceetimes developed
through general rules which can be applied to many systeams, but sore often
the submodels and/or parameters within the subsodels must be defined for
specific systeas., Each of the required submodels in the population balance
will be discussed léparltcly. The probles of defining sutecdels 1s open
ended and models will evolve as new physics and ohemistry for a specific
systes are identified.

Sutmodels for colloid transport include: birth, capture, agglomerstion,
and growth. For more oomplex applications of the population balance model
where the eoncentration of chemical species on individual colloids i3 re-
Quired, submodels are Deeded to descride the adsorption/desorption and other
appropriate chemical reactions.

1. Birth/Nucleation. The birth/nucieation term treats the formation
of new collolds caused by & phase change In the fera of nucleation
{precipitaticn), by the {introductton of mew co.:ni1de irte the syster from

the Surrounding rock Matriz or By the agg: mrra®.on nf eme. .- col.:i33
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The 17troduction Of €oi:0.9s .a” ‘e a.3¢e  “y ssnpv aLion and cooling of thne
sojution, by additior ¢ l res. 8. ‘ & reagger? thc' changes the systen
- solubility, and 1In some caper ', '--".a‘ the sojlutlon {van Nostrand's
Scient . fi: Encyclopedia, 958
Rans.iph and Larson [197°) state that new crystal formation can result
_ from homcgeneous fAucieation, heterogeren.s nucleatlion, seocondary nucleation,
& and attrition. In practice, Kiers nuc.esation sodel has been successful for
descridbing mary inorganic iyslo-a Tre M.era nucleation mode] is written as

E . 8° s wc - ' S8

A

' - Often Cl 13 very close to the saturation concentration c.. thirerorc C.‘lx
g: o used in post crylt:llizaclon studies. Therefore, nucleation rate, B%, i3 a
"E: function of the degree of super saturstlion.

‘f o In geclogical systems clay ainerals will sost likely constitute the
45 ~ natural colloids becauss of their very fine particle size. K. van Olphen
B : [1977] points out that clay ainerals may be formed in nature either by
@2 = alteration (diagenesis) of mica wminerals or by synthesis from oxides
;; 2 (genesis). Clay minerals exhibit a crystal structure anc belong to the
Qg _ phylloslltcites. The main bqildtng tlements are the two-dimengional arrays
3 of silicon-oxygen tetrahedra and two-disensional arrays of alumimm- or

magnesium-oxygen-hydroxyl octahedra. Thougr clays have been formed {n the
laboratory, birth rate models for the appearance of clays in natural systesms
are not available. Further work and gite specific studies are neeced in
this regard.

Other types of oolloids may also be present in the geological system
for 'd&lposai of ouclear waste. The proposed glass and fron waste canisters
rc-ct;nndcr geological conditions to produce fron siii:ate colloids (FeS10,)

{Jantgen snd Bibler, 1985]. Birth models or colloid canister release models
are needed in the assessment modeling. Maste package studies should be
‘required to provide this type of (nformation.

2. Capture Models. The capture rate for colloids s very important In
ceterz.ning colloid transport. Mechanistically the colloids are removed
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froz ®olution by simply attaching to the rock matrix. However, on close
examination of this process the picture is more complex. McDowell-Boyer et
al., [1985) indicate three general types of particle removal: fiiter
caking, straining, and Physical-Chenical resoval. There are five sechanises
for the capture of oolloids in the Physical-Chemical remova! scheme:
B8rowmlan wmotion, inertia, interception, hydrodynamic, and sedimentation
{Ives, 1970}. For very small particles less than | ms, the particles are
captured by Brownian motion. To sodel capture phenomena, most researchers
begin with the basic filtration equation empirically proposed by [lwasaki,
1937]. The equations are:

Liquid
d€ . L.ac | (6)
dx

Soli¢ P
g s eviC » (1
dx

The simple filtration model is a useful starting point in providing a cap-
ture sudbeodel u_: the population balance. This submodel will be developed
further and applied to the treataent of experimental column data in a later

~section of this report.

3. fSggiomergtion. Agglomeration, the grouping of colloids to form
o o 2y lmportant congideration affecting the net migration of
" satural media. Because colloid science appears in many
mergtion s referred to as flocculation, aggregation,
%& end ooagulation. The stability of colloid sclutions is a

mmt ‘of eonsidersdle study among oolloid sclentists. Clay colloids are
negatively ocharged and tend to npulu other collcids (n solutions of weak
fon strength. Here the electric doudle-layer fs sufficiently far reaching
Lo act as a shield to approaching colloids or clusters of colloids. Botn
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e “GEE] miture of the collotds and that of the solution affect collotd
stadITNFT 1.44 2 the tendency to coagulate.
™he “VIFLh anc Gesth terms in the population balghce are well suited to
treating e prodliem or agglomsration. Swoluchowski {1917) ws first to
Gevelcs & ¢iffusion 1inited agglomeration model for mencdispersed particles.
_Wore recently Nidy end Brock [1971] reviewed the work by Smoluchowski and
the extensions b0y Swift and Friedlander [196X] to polydisperse size dis-
tridutions of agglomerating particles. Most recent work by Hurd [1986) has
included oharge effects n a VWitten-Sander model and has shown that the
resulting fractal like particle has a fractal dimension of 2. The two
disensiona) fractal studies by Hurd [1986] procuce interestingly shaped
particie olusters but at present the amount of calculations are prohibitive
for inclusion of this type of sodel in the populauon balance.

The birth tera for mlmnttm can be written in terns of pnrucle

v sy u :
luee pmd ’u

L/

p
b | N I.‘(u."p'up’?‘“’"’('pﬂp‘t) ‘l' (8)
and tha death term as:

e ‘
D = Rvy,t) Iot(up,vp)ﬂup.t) dug : (9)

Death are functions of tho rate of ocolloid agglomeration.
’t‘;) is defined by the type of agglomeration. In the case of

' .,n"'oulclonuon will be by Brownian diffusion and the kernel

is witten as

l(u " ) - %—lu - 1/3) l .‘/3 'p -"3’ (‘0)

18
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the chemical nature of the collcids and that of the solution affect colloie
stabllity, 1.e., the tendency to ccagulate. '

The birth and death tarms in the population balance are well suited to
treating the prodlem of agglomeration. Smoluchowski [1917] was first to
develop a diffusion limited agglomeration model for monodispersed particles.
More recently Hidy and Brock [1971] reviewed the work by Smoluchowsk! and
the erxtensions by Swift and Friedlander [1964] to polydisperse sige dis-
tributions of agglomerating particles. Most recent work by Hurd (1986] has
inc‘.-.aded- charge effects in a Uittcn-&ndor sodel and has shown that the
resulting fractal like particle has a fractal dimension of 2. The two
dimensional fractal studies by Hurd [1986] produce interestingly shape:

~N
~ particle clusters tut at present the amount of calculations are prohibitive
’ for inclusion of this type of model in the population balance.
= The birth term for agglomeration can be written in terss of particle
o X .
volumes o and up as:
o
™~ 'P
o B = Iol(up.vp-up)l’(up.t)(vp-up.t) du, (8)
O ] A
and the death term as:
S ‘ o .
b D = Blvy,t) [ol(up.vp)l’(up,t) dug (9)

- g Duth are runctlons of the rate of collold agglomerstion.
I(n'%r) fs defined by the type of agglowmeration. 1In the case of

‘ll‘ eollola. agglomeration will be by Brownian diffusion and the kerne,
is written gs '

T

Lo SO T R V) -1/3 =173 .“
((up.vp) T {u vp } ["p . i ('

¢ P
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Particle disruption models are also avallable but disruption of small

colloid clusters seeas rather unllikely.

Crowth rate submodels are also available from the literature but it
doesn't appear likely that ground water colloids will be growing or
dissolving; however, If needed the population balance can adequately model

this phencmenon.

19
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I11. ANALYSIS OF EXPERIMENTAL COLUMM DATA

4. Background

In this section the population balance sethodoiogy 18 nﬁsm and
applied to the transport and capture of polydispersed eolloida i1n pacsed
columns. Model simulations are compared to experimectsl Geta The tran-
sient wmodel developed earlier includes particle growth, capture, eonvective
transport, and dispersion. In this application Lhe €ynasic scoumilation of

captured colleids on the 80llds 18 coupled to the popu.stion BMeis~ce for the

liquic¢ phase, :

The packed oolumn experiments 0y Saltelll @t al. I'ﬁll were
re-analyzed incorporating the experimentally reported sise €isiritution of
the colloid feed material. Colloid capture was modeled using & linsar gise
dependent filtration functlion. The effects eof a eollold sise Gegunde~t
filtration factor on colloid migration and capture were investigated. Bleo,
we modeled the changing collold size distridution as a function of position
in the column. - .

Modeling results from the analysis of these ladoratory studles were

used to Interpret the likelihood of 00lloid migration at the eandidate NTS

Yuoca Mountain waste disposal site.

Lt

To date both laboratory [Saltellf et al., 1988; Pried et al., 197¢] and '

site studies [Charo et al., 1982; Travis and Wuttall, 1905] Rave
demonstrated the existence and in some cases the sccelerated trenaport of
colloids. Travis and Nuttall [1986) developed & theory for eollold
transport using the population balance oonoept. Travis and Buttall [ V985)

~ applied the population dalance theory and the TRACRID computer code to study

the bhydrology and Sransport of radicolliods at the Los Alamos DP Vest
L, Wste G16fNal site. Saltelll et al. [1934] cerived and tested 4
g_untlon model. They modeled transient column proflle

, ting *'aa contaminated waste-glaszs colloids into a
[0 -xyﬁl packed oclumn. They measured the size distridbution of
»ids and sttempted to Bodel the effects of the polydispersed col-

feed

loids on the capture profile by assuming a distridution for the filtration
factor. This approach did not yield a fundamental understanding of the
effect of colloid size, but they did show that one must consider the size
distribution in treating the experisental data.
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In the following analysis of collold transport, we used the multidisen-
sionzl form of the population balance eguation to analyze directly the
effects of polydispersed ocolloids. The theory fs developed to model the
transocrt of polydispersed colloids through a one-dimensional porous reglon.
The problems of converting from a weight distribution to the corresponding
rumber density function and back to a weight distribution after solution in
the population balance equation are treated. We used the mcdel to inves-
tigate the effectsa of the various sige distributions and to compare the
effects of a constant versus size dependent filtration type colloid capture
sodel .,

- B.  Applied Population Balance Theory

In this study, we apply the dynazie aicroscopic form of the popuht!on
balance model with convective transport in one spatial dimension and per-

ticle growth along a oolloid size axis to the prodlex of polyduporud,

ﬁg

radiocolloid transport in nuclear waste disposzl.

The coliold population density function, P(t,s,l), is dcpendent o
time, space and the oolloid characteristic sise which we assume tO be the
collold diameter. P(t,2,L) i3 the mumber of oolloids of a particular sise
at & point in space and tim: per unit volume of solution such that when P ia
integrated over the oclloid sgise range, W have the total oumdber of eclloids
per unit wolume. In general, oolloid charge or any other useful ocolloidal
properties oould be modeled by simply adding the appropriate property axes.
The population balance also {includes a birth/death ters [(P,t,z,l) which
again accounts for the birth of new oolloids as well as the adsorption and
release of colloids by the rock matriz. The sdsorption and release function
treats ocolloigs Q,Qr’ltury size. In this study we do not treat the ad-
i ﬁii&s on the oolloids nor are we investigating the
',?-ndol oclloids of the same sige cut with differing
o1tdes would require an additional property aszis for

» r an
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It 18 @esiredle Lo work with a dimensionless form of the population balance.
Carrying eut the transformation of Eq. (11) using the dlmlonlu: vari-

abvies Galined in the notation section 1uds to:

'.L..‘.L _2} .ot i . fhnes (12)

1 v t 14 P‘v

Adsorption of collolds on the surrounding solids is assumed to follow the
fiitration model where the rate of mass accumulation {s proportional to the
concentration of esollds in the solutions. In our mocel the solids con-

" centration In solution must be expressed In terms of the population

distridution h.mét.t_on. The mass filtration term is

foass ® ML) v e NG

Where c 1s the mass concentration of colloids and 1s expressed in terms o?
the population density distribution as

Javrw da ’ (1)
(L) « o £ PL) L3 | (15)

P

The rate of mass bulld up on the matriz at a point in space for each collold
size is

(16)

-y . 1:‘ r
7 date” d’-u accumulation for all colloid sizes 13 equal to the
lntqnl ot Eq. (16) over the collotd size range.

L
[
s cove, ] ML Rl e an
o .

~neeage .,




In the general case XML) will be an unknown function of colloid size.
However, &f A(L) 1s size independent, 1.e., equal to a constant, then the
riltration follows the conventional form ghowing & straight line profile for

the concentration of colleids captured on the sand packing when plotted on

g semilog paper.

A To treat experimental data, it is often necessary to convert between
* veight distributions and mumber distributions. In terms of the mumoer
density function the distributed welight function is (Randolph and Larson,

1971):

w(L) = Pk LIR(LING (18)

& ,i N .

,"i; . »
e o Randolph and Larson [1971] also showed that the nusber distribution was
»-,j : related to the weignt distribution, Eq. (18), by .
% ‘ :
g < PLY = Wy (L) ok LP) (19)

T§ i By dividing by the total mass of sample, K, the number of colloids per unit
F - '

ssss of sarple is given. The equation is ‘

- (20)

PLIM = (L) (o L)

The rnumber of colloids at any size per unit volume of sclution can be found
by sultiplying Eq. 20 by the total mass concentration of colloids. The
population balance, Eg. 12, vas solved numerically by an isproved method of
characteristics technique presented by ODouglas and Russell [1982). Tne
dbu:ldup of colloids on the porous satrix 1s described by Eq. 17 which was
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ccupled to the population balance and solved as a series of ODEs using the

a'® order Runge-Kutta method. Note that ¢ is a function of column position,
z, and time,

In our studies we tested both a garma and & log-normal distridution to
sodel the (nitfal weight distribution of radiocolloids. The log-normal
distridution gave a better fit to the measured feed distridution. The
cusulative and distributed forms for the log-normal distridution are respec-
tively [Randolph and Larson, 1971):

| W(L)e 0.5 + 0.5 erf(x) (21)
~ where
- s (a2 1n o
(=} .
E where U' = size parameter, geometr{c mean gize, m a
o 0' = width paramecter, geometric STID ‘.
| o and the cumulative form of the log-normal function 19
° _
: il A
w(ln(l)) s —-—"-;—-—- exp [—%%,4—":—‘.‘-2) (22)
(21) ""ln @' .
“' C. Packed Column Simulations
he ot &5(19&] invei:lg’atgd the migration of polydispersed
" i rough 8 packed oolumn of glauconitic sand. Colloidal

't I .o .
from a simulated waste glass, was injected into a column.

Three GRESizents “of 28, 80, and 170 day duration were run. At the end of
‘each test the oolumn was dismantled, sectioned, and the '*sm profile
analyzed. The size distridution of the colloid feed wvas measured by filtra-
P tion and represented in our analysis by a log-normal distribution. The
"“ authors analyzed their data using the filtration capture model and found
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that the oclumn profiles could not be matched using the conventional ccne

stant paraseter filtration model. To flt the profile curves, they assumed
that the oolloid feed exhidbited a distribution of filtration coefficients.
In this way they hoped to approximate tne affects of gize dependent filtra-
tion and by adjusting the [lltration distridbution parameters they did fit
the shape profile curves. Their model alsc included a Langmulr isothers:
sodel to treat the observed early adsorption of "‘u; which occurred
throughout the length of the column. This rapid adsorption of 18340 on the
porous matrix was at a very low concentration level and the mechanisa for
this phenomenon has rnot been directly lnvutt;uéd; therefore, we did not
choose to include this sechanism in our model. To match the experimental

data, ‘we simply assumed an initial solids '*'Am concentration of 10~ '°

Boles/liter,
The wmeasured !‘'pa colloid distribution along with our curve-fitted

distributed and curulative log-normal distributions are {llustrated In -
Fig. 3. The wmeasured range of the feed colloids was from approximately

05 m to a maximm of 10 . Our curve-fit parameters for the log-normal

distridution were L' = 0.45 ym and o' = 7.39.
- The upper colloid size was experimentally controlled by puﬂﬂ( the
feed sclution through a 10 pm filter prior to entering the column. The
experimental conditions are give in Table §.

The population balance model for the above conditions was solved using
the log-normal distribution to represent the colloid feed. The resulting
concentration profile for !‘'Aa on the porous matrix 1s compared with the
experimentally msasured profile after 170 days of continuous Column opera-

tion and u shown ln Fig. 8 . The strong curvature In the calculated

"the linear size depencent filtration function, b2

_IO iﬂol of conccmrauor at 10’ ‘o shown on the far right of

"Udlhd by uburnruy setting this leve. of concentration as

lcve'l of concentration 13 still speculative and can be wode.ed in Several

- Ways; however, the true physical wechanise has not been i«ntlflo@.

The numerical solution of tre popu.atine ba.ance sleo provides some
insight {nto the charge in the co.il 1! size fissritation 1= the fiull prase
as a function of position down the ve''.ca. ~v.@n F.g * s..astrates in

=m1t(nu in the column. The mechaniss for this (nitial low
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three dimensions the varying ccl.oidal weight distribution in the liquid as.
a function of position . The surface shows both the rapid decrease in the
mass of collolds (n golutior ang the shif: in the mode of the distribution
to small sizes, Because of the size depencdent filtration coefficient, the
larger colloids are preferentially removed early at the top of the column,
leaving the amaller particles to transport downward through the porous

. medium. In the case of a constant filtration factor, X, the nature of the

colloi¢ size distritution has no effect on the solid concentration profile
since each particle has the sare capture probadbility independent of size.

D. Results
The population balance wmethodology which operates on a numter con-
tinuity approach {is well suited for describing the compiex phencecna of
colloid transport. In the present study the problem of polydispersed col-
loid transport in a porous medium was successfully modeled and very good
agreezent was found between model results and data. The advantages of this
methodclogy are that it provides a comprehensive and fundamental structure.
for analyzing the ec-plex mechaniszs of colloid migration. The approach
requires eonverslon back and forth between the weight and oumber
distridbutions; however, this conversion {s a straightforward process. In
this study, the oolloid size distridution had a significant effect on the
aigration and capture process when a size dependent filtration capture model
was used. In the case of size dependent filtration, the larger colloids
were rapldly captured while the smaller ones are less likely to be captured
and therefore the smaller ones migrate much further through the porous
medium, Both a constant and a linear size dependent filtration type capture
wodel ucrc tested. The size dependent model was reguired to match the
S¥in Wiforile data. The linear filtration model was of the form
 function is simply proporticnal to the particle size;
'Shat the larger colloids are preferentially captured. This
rifisd by the shape of the experimental concentration proflle
curves. ~The emperimsntal data were modeled successfully with oaly one
ac'ustable parapster, 8, the slope of the filtration coefficient function.
1f L, the filtration factor, i{s constant then the colloid size distribution
has no effect on transpor: or capture.
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A limited study Of parameer se v ' g, wrcwed thatl 're widtl’ of tre
ccliold  Teed distribution iv:..e"re ! ‘re  rygture on 2 sem..of £.0. Of t-e
30.10 Pphase CcONCentratior pro‘i.e w.'" “garr.w.ng ©f Pe Qistridution cor-
verging to the monodispersed mo:i-. 41 prodac.mg 4 ..%ear cincentrat;sn
profile on a seailog plot.

I~ light of our findings, we exde & pre..almary rev,ew of the colin:d

transport characteristics for tre card:ds’e TS nuc.ear waste dlapotal site.

We found that many of the geologica. factars were favoradie for retarding
coiloid migration, err. the putertigl ¢or very sma.l collolds 20
gigrate in fractures with episodic f.uom charactlerigtica say be sigificant
and therefore requires further study and analys:s

IV. NTS YUCCA MOUKTAIN SITE

Colloids may originate from severa: sources: by the corroglor of the
waste glass and canister, by degrada’ion of the enginsered Dacellils, and by

erosion from mnaturally occurring clays Wence, thars i3 & reasorabie

likelihood that colloids will extst. - If collcids sigrete, there ia a strong
likelihood that they will {ncrease radioruc.lde wigration. Hence, the
important consideration 1is whether the ‘iclo(lu; eed.um 18 oonducive 0
colleid transport or whether collold sigration and ospture will retard thelr
transpert. The semiarid candidate WTS waste disposal site has mary advan-
tageous geological characteristics which should impede the aigration of
radfocolloids, Ceolleid tranaport depends on at least four Tactors: filtra-
tion, pH of the solution, water velocity, and diffusion.

At Yucca Mountain, filtration will be ar effective darrier in the tuff
satrix. Pore size 18 an important elemert (n flltration. Paeudocolloids
will obviously mnot flou through pores that are sma;ler than the pseudocol-

loids size distribu’:ons have been messured for severa.

- Yucea ), " eamples.  Mercury porositetr; data, ®easured Dy

Quantach ton 8 u-plc of Topopah Spring tuff sroweq trat most of the
pores argisy _'

Even though & lilll poreontago of pores are larger than ° I m, these iarge
pores will not transport colloids bec;~se they wii. be ary. In the
Topopah Spring formation at NTS, the saturation is less than Q0T and large
pores are the last to become saturated . 'n aruther NTS site format.c-,

Ca.ico Hills, approximately 5SuU% of the pores are sma..er han v, ™ wr.

27
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Hence ' colloids wmust be on the order of 0.1 um in diameter or a3z 1o pasi
~mrough the NTS tuff,

Pore sater velocities, assuming matrix flow, are estimated .° (ess *~an
Z.0m.yr. These low velocities are on the order of molecular d:ffusior
rates; thus, greatly limiting the migration of collolds within the t.fr
u;trlx. Transport of colloids through fractures 1s possible; however, f-.
the measured fracture apertures of S0 to 250 wn at Topopah Soring tuff. tre

water fiow rate would only be about 2 m/yr or still the order of Bc.e . ar

g¢iffusion transfer rates. If fracture flow were episodic, corresponding *.
a few intense rainfalls per year, flow rates In fractures might be eu.n
larger but for only very short times,

Colloids greater than 0.1 yu in diameter will likely be resoved by
gravitational settling (Apps et al., 1683]. The transporting adtlity of
very sma.l colloids may be diminished by diffusion of radionuclides out of
the particles and subsequent adsorption of the nuclides on the tuff matrix.
Migration of small true colloids may be possible in a fracture !> regime.
Work is continuing on understanding the migration mechanisms of the very
snall colloias,

V. CONCLUSIOKS

Radiocollolds must be considered (n the lsscssneht of a nuclear waste
repository. The mathematical approach to ocollold assesstent was presered
and tested using experimental oclumn data for Asericlum’glass coilcids.
Certain key submodels and supporting Jata are needed to assess the KNWS!
candidate waste Npoa.ltory site. The fol.owing conclusions summarize the

B Colloids
of Yucca MO .4 ™ Rave 8 wr °Fe wilely 213°riDLte!
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;;ég 8. Adsorption Capac:ty of Na- .-<a. .3y Colioi3zs ' : )
1 35 Clays (-on:mcrllionx:é) nave a higr ion adsorption capacity (BC-10:
mec 100g) [van Olphen, 1977, »
a
5%% £. Migration in Porous Geological Mez.a
e Clays do wmigrate in geological formations. Clays adsorp microbes anc

£

have been shown to migrate.
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D. Colloid Size Considerations

_The wupper and lower sizes of colloids is limited. In porous media (not
large fractures), particles greater than 1 micron should readily be captured
(inertia and gravitational forces are both active on these larger colloids).
Solutions of very fine colloids have been ghown to be unstable because the
repulsive energy between small particles is smaller than that dbetween large
particles carrying an identical doudble layer because of the larger imterac-
tion surface of the latter. Hence very scall colloids will have & strong
tendency teo aggregate, thus limfting the presence ¢f small colloids. w

E. Status of the Population Balance Approach
The population balance equation was successfully solved and aprliez to

L o the analysis of experimental data. There was very good agreesent in fitting
e the experimental colloid transport data using the population balance equa-
*; tion with a size dependent filtration type capture submodel.
This sodeling approach is applicable to colloid transport assessment at the
NWWSI site.
-Ll; nneded in both the submodels and experimental verifica-
L o .lﬂhnodel development i3 needed for the agglomeration,

s X :'?loasc :nd‘ bacterial collcid behavior. Submodels will require
g experimental and eventually field verificatisn data. :

b




‘ . ’ TR e "‘;‘“K%

" NCTATION
B colloid birtn funct.on
g° nucleation rate
c solute concentration
Cs saturstion concentration
c colloid concentration gu/cxt
Ci concer.tration of species ‘i’
< D, nydrodynamic dispersion coefficient cal/d
P D eol)old death functien
- Dh Brownjan diffusion
O ) .
f birth/death rate function §/catimd
?
o faass mass filtration term ¢/cm’ind 4
~N k nucleation rate constant
o [ { colloid shape factor, /6 for a sphere
K(u_,v_ ) agglomeration kernal
O R
L colloid size dimension ¥
[ size parameter, geometric mean size, ca
M Initial mass concentration of colloids o/’
s(Ll) mass concentration of size L collolds /ca’
P population density function ¢/cmtvm
3
Po Lg{nccor /" @
Py o &enslty function at 2:0.0 t/a’in
s alope ng iltration function cn?
S, ¥ehtranafet. gf species to the collolds and rock matrix
T absolute temperature ' .
t time d '
u growthn rate along the size axis ua/d
u colloid volume

30




v Darcy water veiocity cm/d
Vo colleid volume
" weight distribution function ' gn/en’im
W cusulative weight distributfon . gu/en’
z - space dimension o
Creek Symbo.s _
v population density function (P/P‘) dimensionless
¢  velocity (v/¥) ‘ dimensionless
omn v growth rate (uz/vl) or property rate dimensionless
~ c space (2/1) dimensionless
- ) colloid size (L/[) ' © dimensionless ";;-
o collold densit n/cx’ T
’p 4 y o : gf
- filtration coefficlent - ™! MR 2
l‘ radioactive decay constant for species '}’
~
o ¢ mass concentration of colloids on the solid gu/em’
o mass concentration of colloids at sfze L  guw/ca’im
O
¢! width parameter in log-normal distridbution
T time (tv/2) ' disensionless,
- average properties or limiting properties
4 property axis
< Boltzmnn's constant
u fluid ytleoaity

- "y:i.‘i‘
pog s

e A

_,ﬁ_-'tiEiiaggiae. which form true colloids
p(épcrty'lxii';ypt (stze and concentrations)

index for type of natural colloid (Si, Fe, Al, etc.) .
s number of property axes

natural collolds

o D B K ta -
[

true colleics
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figure V. Near-Field

SILICATE POLYMERS FROM
BOROSILICATE GLASSES

Nuclear Maste Scenaric (4)
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t = 170 doys

4
COLLOD CONCENTRATION

COLUMN LENGTH, em

ot m oad Coleulated Satte Concoatration Profile for 3imm,
tien, selev/ituer of Calamn.)

Figure §. Measured and Calculated Solid Concentration Profile for '*'am.
(Conecntrlilon. soles’liter of Column.)
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-Column Dimensions: 18 ca by 1.25 c=
Porosity: 0.38
Dispersion Coefficient: 62.6 c2%/d |
Darcy Velocity: _ 20.9 cm/d ,
Inlet Concentration: 1.8 x 10"0 |
Exit Concentration: 3.5-6.5 x 10 "3 x
~ Feed Concentration Correction at 170 d: 0.282
Al Column Packing ' ' Sand uith 20% clay
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