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ABSTRACY

The population balamce methodology is
described and applied to the tramsport and cap-
ture of polydispersed colloids ia packed columms.
The transient model includes particle growth,
capture, convective tramsport, and dispersion.
We also follow the dymsmic accusulation of cap-
tured colloids on the solids. The
uul tidisensional parabolic pertisl differential
equation was solved by & recently enhanced method
of characteristics techmiqua. This computatiomal
techaique minimized uusesrical dispersion amd is
cosputationally very fast. The FORTRAN 77 code
ren on &8 VAX-780 fa less than a mioute and slso
vuas on an IBM-AT uwsing the Professionsl PFORTRAN
compiler. The code was exctensivvaly tested
againet various simplifi~d canses and against
smalytical sodels.

The packed coluan experiments by
Saltelll et al. were re-anmaslysed fncurporating
the exparimsotally reportad sise distridbution of
the colloid feed materisl. Coiloid capture wes
modeled using a linaar sise depemdant filtration
function. The effects of a colleid sise
dependent filtration factor and various imitial
eolloid sise distributions oun colloid migration
and capturs were investigated. Also, we followed
tha changirg colloid sise distridution as s func-
tion of position in the columm.

Some simple argumanta are wade to assess the
1ikelihoed of colloid migratiom at a potential
WTS Yucoa Mountain waste dlsposal eitas.

1WTRODUCTION

To date doth lsboratory (Saltelli et al.
1984; Preid ot al. 1976) snd ofta stwdies (Champ
et al. 1982; Travis and Nuctal!l 1983) have
demonstrated the exintence und im soms cases the
accelerated tramsport of colleida. Myttall,
Mart, and Travis (1983) developed & theaory for
colloid trassport using the population balance
ecomcept. Travis snd MNuttall (1985) applied the
population balamce theery amd tha TRACRID com-
puter aede to study the hydrology and tranmsport
of radiecellelids at a Les Alawes wants dispesal
site, Baltslll et al. (1984) derived and tested
s ona-dimeusional filtration medel amd applied it
te triusient celumm profile davs obhtained by fa-
Jecting 2%lan centaminated wasta-glass colleids
fnte & 26 mm by 180 on sand pached columa. They
nassured the sinme dictribution of feed colleides
and sttenpted to model the affacts of the
polydisparsed coelloids ea the capture prefile by
assuming o diatridbution feor tha filtratien
facter. This appreach did not yield a fundawan-
tal wederstanding of the ecffeot

of colloid sise, but they did show that one must
counsider the size distribution in treating the
experimental data.

In the folloving analysis of colloid
transport, we used the multidisensional form of
tke population balance equation to snaly:ze
directly the effect: of polydispersed colloids.
The theory is developed for the transport of
polydispersed colloids through a ome~dimesnsional
porous region. Coaversion from a weight dis-
tribution to the corresponding number density
fuaction and back to a weight distribution after
solutinn of the population balance aquation is
treated. UWe used the model to investigate the
offect of tvo sise distributions and to compare
the effect of a constant versus size dependent
filtzation type colloid capture model.

THEORY

Randolph (1962) derived the general form of
the population bslance model {n 1962. The
population balance theory was derived at adbout
the sames time by Hulburt amd Kats (1964). The
p2pulation balance {s a mumber comtinuity equa-
tion which has been applied successfully to
crystallisation, aerosols, and biological
procenses. Racently Travis and Wuttall (198%)
applied this methodology to tha problem of col-
loid tramsport. In this study, we apply the
dynswmic microscopic form of the population
balence sedel with comnvective transport im one
spatial dimension and particle growth along a
coliold esise axis to the problem of radioccolloid
transport ia nuclesr waste disposal.

The colloid population density function,
P(t,s,L), is dependent on time, space and the
colloid characteristic sise which we assume to be
the colloid diameter. P(t,s,L) is the numbder of
collofids of a particular size L at s point =z in
space and time ¢t per unit volume of solutinm.
Vhen P {5 integrated over the colloid sisze range
we bave the total musber of colloids per uoit
voluse, Iu gemarsl, collodd cimrge or any other
usaful colloidal preperties could de modeled bdy
efmply adding the appropriats properiy axes. The
population balance aleo fnaludes & birth/death
tera £(P,t,s,L) which again accounts for the
birth of mew culloids an wall as the adsorption
and rvalsase of collolds by the rock metrix. The
odsorptien and rvelsuse fumction treats colloide
of axbitrary sise. 1n this stedy wa do not treat
the adsorption of radienuclides on the colloids
aer ave ve ianvestigating the growth of colloids.
Te medel colloide of the sane sire dut with dit-
fering amownts of readiomuclides would require an
additional property anis {for coemcemtration.
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Under these asavaptions the population balance
is:

)4 14 .14 JP
+v -D +u - -f (1)
(A0 Tabi b shdll >
The filtration tara is
£ = A(L) v P(t,s,L) . (2)

It is s>astimes desirable to work with a dimen-
sionless fcrm of the population balarce.
Carrying out the tremsformation of Eq. {1) weimg
the dinensionless variabdles defined in the mota-
tion section leads to:

?L:%%Fr":i} R

-'--; £(¢,t,8,0) (3)

P,v

i
Adsorption of colloids outo the surroundiag
matrix is sassumed to follow the filtration model
where the rate of mass sccumulation ie prepor-
tional to the concentration of colloids im the
solution. In our model the colloids comceatra-
tion 4o solution must be expcessed in terms of
the population distribution function. The msss
concantration c(t,s) of colloids in the fluid is

c = ;‘e(x.)u. (4)

whare 3
e(L) = -] K' ’(t.l.l-) L 1 (3)
and K, * volumetric shaps factor, =/6 for a
sphere.

The rete of mass build up on the matrix at a
point in space for each colloid sire is

do‘

it "¢ A(L) v e(L) (6)
The total rate of mass accumulation for all col-
loid sises is equal to the integrsl of Eq. (6)
over the colloid sine ramge.

L.
do )
o " cev k'{ A(L) P(e,s,l) L 4L Mm

In the gemeral case A(L) will be seme fwnctiea of
coliold sise. MHowever, Lf )\(L) 18 sis=me
fadependent then the filtration follews the acm-
ventionsl form showiag a strajight lime profile
for the comcentration of cello’de captured om the
sand pucking wher plotted em semileg payer.

To treat experimsntal data, it is of ten
wecessary to cemuvert between walght dictributions
and number distributions. Ia terws of the nwaber
density function the distributed weight fumction
1s (Randolph and Lavsom 1971 )1

‘ 3
w(L) = PR L !(I.)/HT (8)
The population balance, BRq. 3, was selved

sumarically by an fmpreved metied of chrractacis-
tice techmique pregsentead by Deuwglas

and Ruwssell (1982). The buildup of colloida on
the porovs matrix is described by Rq. 7 which was
soupled to e pepulation h‘k‘m and solved as a
veries of ODBs using the 4 ovder Rumge-Kutta
sethod . Wots that o is & function of column
positice, s, and time.

Ia our studies wa tasted both a gamma and a
leg-normal distribution to model the initial
weight diatribution of rediocolloids. The log-
normal distribution gave a detter fit to the
measurad feed distridution. The cuaulative and
distributed forms for the log-mormal distribution
sTe raspsctivaly: (Ramdoulph amd Larson 1971,
p. 32)

¥(L)= 0.5 + 0.5 eri(s) (9)
s = (1a(L/E)172Y2 10 o

where I” @ geometric mean sise, pm; ¢” = width
pazemater, (geometric §TD), um and the dis-
tributed form of the log-morusl fuamctiom {s

1 -uﬂ;ng'z
w(l) = —r 2 (10)
(2%)"' “1m ¢ t - )
can stuniEs

Packed Column Sisnlaticas

Saltolli, et at, (1984) investigated the
aigration of polypdispersed 241am collotds through
a rcu celemm of glawconitic samd. Colloidal
2%l pn, leached from & simulated wasts glass, was
fnjected into a column. Three experiments of 28,
80, amd 170 day duration were Twa. At the end of
cach test the coluwm was dismantlied, sectioned,
and tie 2%1an profile amalysed. Those suthors
asalysed their dats uwsing the filtra*ion capture
model and found that the columa profiles could
oot be matred using the comnventiomal constant
petameter fi) tration medal. To fit the profile
gnrves they assuned that the colloid feed ex-
hibited o distridbution of filtration
ceefficients. Iu this wvay they hoped to ap-
pruximate sise dependent filtration and by
odjuntiag the filtratiem distridutior. parameters
they d4d fit the shape prefile curves. Timir
wedci aleo incluied a Languuisr isetinin modeal to
treat the sdesrved early adsarprion of I%lam
which eceurred threughout the h-’tl\ of the
colwsn. This rapid adsezption of "lax on the
porous matrix wae at a very ‘eow eeseentration
level and the mechaniss for thie phevemsnen has
not boen Cirectly imvestigated; thurefere, we d4id
not choose to includu this mechamien {8 our
aniel. Te matah the experimsntal dats we sfnply
asenmph on {aitial adserded lan comventration
of 10 woles/1iterx.

The olse digtribution of the selleid feed
was wr~suted by filtration and represented in eur
analyats bz a leg-normal distribution. The
asanured Mian gelletd distridbution alemg with
wvr sugve-ficead diatridbuted and cumulative leg-
uernal diotridbutions ave Lilustrated in Pig. 1.
The messured range of the feed celleids vwas froa
apprenimately .03 ym te a maninwm of 10 pa. Our



cutve-£it
tien were

tametors for the log-sormal distribu-
" - 0.4% ﬂlﬂ o= 7,3 ..

The upper celloid sise was axperisentally
controlled by passing the feed solutiom throuwgh &
10 pa filter prier to enterimg the columa. The
experiasatai conditions are give in Table I.

-.-
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Colloid feed sise distridution.

Pigure 1.

TABLE 1 - Experimental Parameters

Column Dimensions: 18 caX 2.6 ca

Porosity: 0.38
Disperaion Coefficient: 62.6 Clzld
Darcy Velocity: 20.9 cm/d
Talet Concentration: 3.8 x 10710

3.5-6.5 x 10713 n

Exit Comcentration:
Feel Councentraticn
Correction at 179 d: 0.242

Colusn Paclking: Sand with 20X clay

Ve solved the population balance model for
the above conditions and used the log-normal die-
tribution o represent the colle’d feed. Ve also
fownd that A sise depeadent A\ wam required. 1In
our asalysis, hewever, A represents the actual
sapture mechanism whereas in Saltelli et al.
(1984), )\ reprasemtad capture mechaunism amd sise
distribution effects tegether. The resulting
cencentration profile for 2%lAm on the porous
agstrix s compared with the experimentally
measurad prefile afrar 170 days of comtinwous
selumn eparation amd sheun in Fig. 2 . The
streug survature fa the calculated profile {0
evsated by the lissar sine depandant filtration
function, A = 1 kg The asymptotic level of com-
sentiation at 10 showan en the far wight of the
eurve was medelead by arbitrarily settimg this
Lleval of cencentration as an initial comdition in
the columa. The mochanisu for this earxly low

level of concentration is stiil speculative and
can be nodelled in seversl ways; however, the
trus physical machkenise has not been identified.

®

t = 170 doys

COLLOID CONCENTRATION
v v ¢ o 0

¥ | L RS LR AR
v u
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COLUMN LENGTH, cm

Figure 2. Moasured and calculated solid comn-
centration profile for 2law, (comcentration,
moles/litar of column.)

The numericsl solution of the population
balance also provides some interesting informs-
tion on the change in the fluid phase colloid
sise distribution as a function of position down
the vertical column. Pig. 3 illustrates in three
diwensions the posicion varying colloid weight
distridbution in the lLiquid. The surface shows
both the rapid decrease in the mass of colloids
in solutioe and the shift {n the wode of the dis-
tribution to small asizes. Becanse of the sine
dependent filtsation coefficient e larger col-
loide are prefereaatially ramoved sarly at the top
of the column leaving the emaller particles to
transport dovawexd through the porous medium, In
the case of a comstan: fltration factor, A\, the
nature of the colloid sime distribution hae -o
effeact on the solid comcentration profile since
then each particle btas the same capture
probadilicy fedependant of sise.

The calculated 2414z gomcentration profile
fin Fig. 2 follows the txend of the experimuntal
dara but deeas not agraa aqually well at avery
point. A major canse of this s the uncaxtainty
fa thu true form of the filtxation fuuction A(L).
An altaraetive approach to swralysing this cxperi-
sent Lis to comsider {t o taverss problam for
A(L). That fo, tnstead ~/ catisating A(L) and
theu calculating collioud .vwuweport, we could
solve Eqs. (1) amd (7) diyect)y for A(L). That
18, wa could solve the minimisation prodbles



Figure 3. Liquid phase colloid weight distribu-
tion versus position slong coluim.

sin § 5 ‘oo(t“lj) -, (tﬁ,lj)2 (11)
subject to

do L

]':2" c pvi, [ P A(L) P(t,s,L) LY AL (12)
and

P BP a2p

— - . B - L P. 13

M1 th v A (L) (13)

P(t,o,L) = g(L), P(n,s,L) = 0 (14)

vwhare o (t1.l ) 4s the observed mass accumulation
at time ¢t uh location 5. and o_ is the caicu-
lated nh}o. The -olutto& can 'c obtained by
nonlinear optimisation tachniques, such as the
adjoint method. The solutien will be the most
l1ikely form for A(L). Wea plan in fact to solve
the equatiocn set (11) to (14) ia the near future.
This anelysia polnts out s probles frequently
encovntared--{nconplete data. Iu this case, &
set of experiments, each weing & differeat dut
wniform colloid sise, would allovw independent
detarmination of A(L).

RTR_YUCCA MOURTAIN 8.TE

Collolids may originate in & wets repositery
from several seurces: by the cerrosion of waste
glase and camisters, by dag=rdation of the en-
gineered backfilla, snd by srosiom frem muturally
scourriang clays. Hemce, there is & riscemable
1ikeliheod that celleids uwill exfist; hewever, the
fmportant censideration is whethar the geolegical
medium is conducive te colleid tramspert eor
whether colloid wigratiom and capture will retand
their tramsport. Celleid tramspurt deprads om at
least four factore: filtratiea, pH of the solu-
tlon, water velocity, and diffusica.

At Yucca Nomtais filtration will be an ef-
fective larrier in the tuif mstrix. Pere sise is
as faportant alemsat ian filtration.
Poswdocolloids will obviously aot flow through
pores that sre smaller thas the psaswdocoileids
thenselves. Pore sise distributinas have been
ssasured for several Yucca Newstalin tuff samsples.
Mercury porosimetry data, measured by
Quantachrowe Co., on & sample of Topopabh Spring
tuff showed that most of the pores are lcss than
1 ps snd spproxisately 50X are smaller than
0.1 ym. Bven though s small percemtage of porcs
are lazger than 1.0 ym these lazge pores will not
trangport colloids bdecause they will be dry. In
the Topopah Sprisg formstico at WIS, the satura-
tion is less than 90X end large pores sre the
last to become saturated. 11 asother NTS site
formetion, Calico Hills, approximataly 30% of the
pores are ssaller than 0.06 ya. Heoce colloids
sust be om the order of 0.1 um in dfsmeter or
less to pass through the NTS ceff.

Pore water velocities, assuming matrix flow,
are estimated at less then 2.0 cm/yr. Thase low
velocitiss ste on the ovder of molecular diffu-
sion ratss thus grestly Limitimg the migration of
colloids within the tuff mstrix. Transport of
colloids through fractures is pocsidble; however,
for the meanured fracture apertures of 30 to
250 ya in Topopeh Sprisg tuff the water tlow rate
would only be sbout 2 m/yr or still mot much
greater than molecular diffusion traasfer ratss.
1f fracture flow were episoiic, corresponding to
s few intense tainfalls per year, flow ratas in
fractures aight be such lazger but for only ver_
short timms.

Colloids grester than 0.1 pa in dismeter
will likely be removed by gravitationsl settling
(Apps, ot al. 1983). The tramsportiamg adility of
very omall colloide msy be diminished by 4iffu-
sion of radicmuclides out of the particles and
subsequent adsorption of the nuclides cnto the
tuff matrix. Diffveivities for soms mucliday in
sosa clays have beeu mesasured at 10 to
10 " ca?/s. Characterist’c diffusion times for
0.1 um particles ars consequently ounly a few
days. MNigration of srall colloids may be pos-
oible in & fracture flow regime. WVWork is
continuing to waderstand tie migretion mechanions
of the very small colloids.

SUNMARY

The population bdalance msethodology which
oparates on a nuwsber comtinuity approsch fa well
suited for describiag the complex phencmsna of
celleid tramsport. 1Im the preseat study the
prodlen of pelydispersed celleid trameport in a
porous nediva was successtully medeled and agree-
meat was foeund between nedel resultes and data.
Tha advaatages of this wmethedelegy are that (t
prevides a comprobonsive and fundamental tool for
analysing the complax seshaunionms of ceoelleid
aigration. The appreach requires seanversion back
sad ferth detwess the weight atd nusbder
distributions; however, this senvetsioen is o
atraight forward precess. 1lp this atwdy, che
solleid sise dictribution had a signifisant of-
feat ou the nigration and capture precess vhen a
sise depeadent fileration capture nedal wes



uwsed. In the csse of sisme dependant filtzation,
the largerx colleids were vapidly captured while
ths amaller enes sigrate such further through the

nediwm. Doeth 2 comstant send 2 limsar sise
dependeat filtration type capture medel usrte
tasted. The sise dependent madel was required to
aatch the msssured cclumm prefile data. The ex-
perimental dats was nedeled seccessfully with
ouly one adjustable parasmeter, s, the slope of
the filtration coesfficient fuactiva. 1f A, the
filtration factor, is comstant then ths collodd
sise distribution has uo effect on tramsport or
capture.

A limited study of parameter sensitivity
showed that the width of the colloid feed dis-
tridution influenced the curvature on a sesilog
plot of the solid phase concentration profile
with nervoving of the distribution converging to
ths sonocdispersed model cnd producing ¢ linear
concentration profile on a semilog plot.

In light of our findings, we made a prelimi-
narty teview of some colloid tranmsport
characteristics for a potential NTS auclear waste
disposal site. We found peoclogical factors
favorable for retarding cclloid msigration,
However, the potsntial for very small colloids to
migrate in fractures with episodic flovw chavac-
teriatice may he siganificant and therefore
requires further study and analysis.
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