


methodology to estimate colloid 
concentration and sorption of radionuclides 
onto iron oxyhydroxide colloids, this model 
extends the analysis capability by using pH 
and ionic strength from the geochemical 
analysis to calculate colloid concentration and 
radionuclide sorption rate. The mass losses 
due to colloidal transport are then calculated 
according to their size distribution and the 
overall flow rate. This model allows colloid 
particles to be subjected to the same resultant 
forces from buoyancy, gravitation, and drag, 
as the insoluble particles rather than assuming 
that all colloidal particles exit the waste 
package completely. 

The application and results from the 
model are discussed and compared with 
results from the geochemical model that 
contains only soluble transport. 

11. MODEL DISCUSSION 

The nuclide inventory in the failed 
waste package can be computed and 
monitored by performing mass balance 
calculations at specified time steps. The mass 
balance calculation typically includes 
depletion due to decay, in-growth due to 
parent decay, and mass depletion due to 
advective (and possibly diffusive) releases. 

Transport can occur through advection 
when there is a fluid flux through the waste 
package, and by diffusion through continuous 
fluid pathways in the waste package. In order 
to apply diffusion theory (the familiar Fick’s 
Law), it is necessary that there should be a 
gradient (i.e2 a change with distance) of some 
function of the nuclide density. The quantity 
whose gradient determines the rate of 
diffusion in a given direction, from higher to 
lower density, is taken to be the nuclide 
density itself. If the fluidized material in the 
waste package is well mixed, there is no 
nuclide density gradient and the diffusion rate 
is negligible. It is generally believed that 

sufficient decay heat exists to generate 
convective circulation and mixing of the 
water and non-settling particulate material 
inside the waste package. 

The advective nuclide transport includes 
the soluble transport, insoluble particulate 
transport via entrainment, and colloidial 
associated transport. The conservation of 
mass can be derived from the continuity 
equation and the decay equation. Therefore, 
the mass balance for each nuclide in the 
accumulated water contacting the waste 
package internals leads to a differential 
equation of the following form: 

where 
m, = mass of nuclide i in waste package 

A, = decay constant of the nuclide i 
m,-l = mass of the parent nuclide i-1 in 

waste package at time t 
A,-] = decay constant of the parent nuclide 

i- 1 
q,, = waste package incoming water 

volumetric flow rate at time t 
q,,, = waste package outgoing water 

volumetric flow rate at time t 
‘,,in = waste package incoming soluble 

concentration at time t 
s,,,,~ = waste package outgoing soluble 

concentration at time t 

entrainment concentration at time t 
c,,,, = waste package incoming colloid 

concentration at time t 
= waste package outgoing colloid 

concentration at time t. 

at time t 

= waste package outgoing insoluble 
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where 
p = liquid density 
pp = entrained particle density 
g = gravitational acceleration 

Fig. 2. A Free Body Diagram of an Entrained 
Particle Submerged in the Water 

For the conceptual model, the 
entrainment concentration may be formulated 
as a function of the buoyant force, 
gravitational force, and drag force. Since the 
buoyant force and the gravitational force 
operate along the same axis, these two forces 
can be summed together. The function may 
be expressed in the first order linear equation 
as follows: 

where 
E = entrainment concentration 
k, = entrainment coefficient due to 
the sum of buoyant and gravitational 
forces 
k ,  = entrainment coefficient due to 
the drag force 
Fh = buoyant force 
Fg = gravitational force 

F, = drag force. 

The buoyant force and the drag force [4] 
may be expanded further such that the 
equation becomes: 

V p  = entrained particle volume 

C, = drag coefficient 
A ,  = particle cross-sectional area 
U = liquidvelocity. 

Particle shapes can vary dramatically 
from clay, which is plate-like, to aeolian- 
derived sand, which is almost perfectly 
spherical. The shape affects transport factors 
such as density and drag coefficients. For 
flow relative to a solid sphere, Fig. 3 shows 
the observed behavior of the drag coefficient 
as a function of the Reynolds Number, a 
dimensionless term which measures the 
relative magnitude of the inertia and viscous 
forces [4]. A similar diagram can also be 
found in Heat Transfer [5]. 

Reynolds Number 

Fig. 3. Drag Coefficient Versus Reynolds 
Number for Flow Relative to a Solid Sphere 

The linear relationship of the drag 
coefficient and the Reynolds Number on a log 
scale can be derived analytically from Stokes' 
law and the definitions of drag coefficient and 
Reynolds Number [6]. An experiment using 
terminal velocity indicates that Stokes' law is 
a valid model for situations that satisfy a 
criterion based on the Reynolds Number 
being less than or equal to 0.1. The motion of 
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a particle relative to a fluid such that the 
Reynolds Number is less than 0.1 is usually 
referred as creeping flow. The seepage flow 
rate in the waste package will be shown to be 
in this region such that the drag coefficient 
may be expressed as follows: 

q, low 
q, medium 

q, high 

where 
,u = liquid viscosity Flow Cross-Sectional Area, A (cm2)a 

1 10 100 

Velocity, U (cmk) 

4.7565~10-~ 4 . 7 5 6 5 ~ 1 0 ~ ~  4.7565~10-’ 

4.7565~10-~ 4.7565~10-~ 4.7565~10-~ 

4.7565~10-~ 4.7565~10-~ 4.7565~10-~ 

(5) 

D = entrained partic,,: diameter 

When Equation 5 is substituted into 
Equation 4, the entrainment concentration (E) 
can be further simplified for a sphere particle 
as follows: 

Correlations are generally derived from 
experimental results. However, due to the 
absence of applicable experimental data an 
alternative solution will be used. A linear 
relationship among the buoyant force, 
gravitational force, and the drag force in 
Equation 6 results in kl as 1; and k2 as 0, 
1/& , and 1 for 0-, 4 5 ,  and 90-degree flow 
directions, respectively. If the net force is 
positive in the upward direction the particle 
will be taken out of the waste package at the 
end of each integration time step. 

1I.B Entrainment Calculations 

II.B.l Laminar Flow 

The drip rate into the waste package for 
the model was varied from 0.001 5 to 0.15 
m3/yr. The drip rate is taken from a 
correlation between percolation flux and drip 
rate, also called mean seep flow rate [7]. 
Three different flow rates (q), low, medium, 

and high corresponding to 4 .7565~ 1 0-5, 
4.7565~10-~, and 4 . 7 5 6 5 ~ 1 0 ~ ~  mL/s 
respectively were selected. The egress flow 
velocity can be calculated by dividing the 
volumetric flow rate by the estimated flow 
(breach) area. The results are shown in Table 
1. 

TABLE 1. Flow Velocity as  a Function of 
Volumetric Flow Rate and Cross- 

Sectional Area 

The cross-sectional areas selected here 
are rather small compared to the actual 
physical dimensions of commercial waste 
package designs. The outer diameters of 
waste package design are 171.83 cm and 
175.64 cm for 21-PWR and 44-BWR waste 
packages, respectively [9]. However, the 
volumetric flow rate is small enough that a 
larger waste package breach size will only 
further reduce the flow velocity. 

Among commonplace industrially 
important liquids, water is one of the least 
viscous liquids with a viscosity at room 
temperature of approximately 0.0 1 g/(cm.s) 
[4]. The water density is approximately 1 
g/mL at room temperature. The largest 
particle sizes are selected for the 
corresponding flow cross-sectional area in 
order to maximize the Reynolds Number. 
The Reynolds Numbers are calculated and 
shown in Table 2. 
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TABLE 2. Reynolds Number as a Function of 
Volumetric Flow Rate and Particle 

Diameter 

q, b w  
q, medium 

Particle diameter, D (cm)" 
1,128 1 3.568 I 11.284 

Reynolds Numberb 
5 .36~  1 0-3 1.69~ 1 0-3 5 . 3 6 ~  1 0-4 

5.36x10-* 1 .69~10-~  5 .36~10-~  

I q, high [ 5.36x10-' [ 1.69x10-' I 5.36x10-* I 
NOTES: a Sphere diameters correspond to cross- 

sectional areas in Table 1. 
bVelocities used to calculate Reynolds 
Numbers correspond to that in Table 1. 

The results in Table 2 indicate that for 
Reynolds Numbers less than or equal to 
0.536, the flow is within the range of the 
linear relationship shown in Fig. 3. The 
particle sizes considered for entrainment and 
colloidal transport are in the micron and 
nanometer ranges respectively. The Reynolds 
Number for a colloid or entrained particle 
based on the same flow rate and flow 
conditions would be much smaller than that 
presented in Table 2. Therefore, the linear 
relationship of the drag coefficient versus 
Reynolds Number as shown in Fig. 3 (with 
extrapolation in the lower Reynolds Number 
range) can be applied to calculate drag force, 
so Equation 6 is valid. 

II.B.2 Density and Weight Fraction of 
Minerals 

EQ6 (a reaction path code that models 
watedmineral interactions) calculates the 
moles of minerals at each time step during the 
time the waste package is degrading [lo]. 
The mineral weight in grams, its fractional 
weight, and density can be calculated using 
the molecular weight and the molar volume 
values from the EQ6 data file. The results of 
an EQ6 case at the 101-year time step are 
shown in Table 3. For minerals where the 
molar volume is unavailable, both the molar 
volume and density are left blank. The 
underlined values in Table 3 show the 

mineral masses that make up the majority of 
those produced during the waste package 
degradation. 

II.B.3 Mineral Entrainment 

The five minerals with the highest 
weight percentages in Table 3 represent 99.5 
percent (by weight) of the minerals produced 
from the waste package degradation at the 
101-year time step, The buoyancy terms of 
these minerals are calculated as a function of 
density difference between water and mineral 
and its particle diameter as shown in Table 4. 

The drag term in Equation 6 is 
calculated as a function of flow velocity and 
particle diameter as shown in Table 5. The 
flow velocities are chosen from Table 1. 

The 90-degree drag term (Table 5) for 
three velocities and the buoyancy term (Table 
4) for the five minerals are plotted against the 
particle diameter in Fig. 4. Only four particle 
sizes are selected since the larger size results 
in minerals settling to the bottom of waste 
package. The three highest velocities from 
Table 5 are designated as low, medium, and 
high velocities in Fig. 4 with values of 
4.7565~10-~, 4.7565~10-~, and 4.7565~10-~ 
cm/s, respectively 

-*-Medium Velocity 
*-High Velocity 
i Glbbsite 

-x- Nontronlte-Mg - Schoepite 
I Pyrolusite 

-Hematite 

0 
2 
0 1 0 ' 0  

10-4 1 0 3  10-2 
Particle Diameter (cm) 

NOTE: Y-axis represents drag term for three velocities 
or buoyancy term for five minerals 
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Fig. 4. Drag and Buoyancy Terms Versus 
Particle Diameter for Minerals at the 101-Year 
Time Step Following Waste Package Breach 

For the high velocity case, the drag term 
is greater than the buoyancy term for all five 
minerals with particle diameters between 
0.0002 and 0.0004 cm. For the medium 
velocity case, the drag term is greater than the 
buoyancy term for Gibbsite and Nontronite- 
Mg for particle diameters of 0.0002 cm. In 
the low velocity case, the drag term is less 
than the buoyancy term for all five minerals 
for all particle diameters. 

II.B.4 Insoluble Entrainment with Sue 
Distribution 

A particle size distribution for soil 
samples excavated during waste handling 
building foundation investigations [ 1 11 is 
shown in Fig. 5. 
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Fig. 5. Particle Size Distribution for Soil Samples 

The same distribution curve will be 
applied here for the entrainment calculation 
since no other data are available. For 
simplicity the size distributions are grouped 
into three sizes, i.e., 4, 8, and greater than 8 
microns. The mass percentages are 4.025 
percent, 0.7 percent, and 95.275 percent 
respectively. 

An illustrative calculation is included 
here to indicate the possible magnitude of 
iron mass transport through entrainment for 

typical commercial spent nuclear fuel (CSNF) 
waste package conditions. If the high drip 
rate with the low cross-sectional area is used 
from Table 1 ( 4 . 7 6 ~  1 0-3 c d s ) ,  according to 
Fig. 4, the drag term is greater than the 
buoyancy term for two particle sizes [0.0002 
cm (2 microns) and 0.0004 cm (4 microns)] 
with 4.025 percent size distribution for the 
latter. The hematite concentration is 1 1.2 1 18 
mole/L (Table 3) at the 10 1 -year time step 
from the EQ6 pickup file [2]. Therefore, the 
mass of hematite that can be lost in 101 years 
is: 

mole m3 L 
mFeox = 1 1.21 1 8(-). 0.15(-) - 1 O O O ( 7 )  

L Yr m 

10l(yr) 4.025% = 6836.81(mole) 

(7) 

The same calculation is performed for 
most of minerals listed in Table 3 except 
those densities that are blank. 

1I.C Colloidal Transport 

II.C.l Colloidal Transport of Significance 
for the CSNF Waste Package 

Modeling the colloidal transport out of 
the waste package requires an estimation of 
the colloid concentration evolution over time. 
The colloid concentration can be added as a 
separate term (in addition to dissolved 
concentration) in the calculation of the mass 
transfer out of the waste package for each 
radionuclide. This analysis is performed for 
each radionuclide that can impact criticality 
potential. This section discusses the relevant 
categories of nuclides and, where applicable, 
presents a model or abstraction for colloidal 
transport in detail. 

Fissile Nuclides-The colloidal transport of 
fissile nuclides can be neglected in the 
criticality assessment of the waste package 







to colloids, and a small fraction remains 
dissolved in the fluid. Allocating a fraction 
of the total Pu onto the stationary corrosion 
products reduces the quantity of Pu 
transported by colloids, but allowing sorption 
onto stationary corrosion products is more 
realistic than not including this process [3]. 
Since the majority of total Pu is sorbed to 
corrosion products, the irreversible sorption 
of Pu transported by colloids will be 
neglected. 

The reversible sorption of radionuclides 
onto iron oxyhydroxide colloids may be 
calculated by the following equation [3]: 

concentration of 
radionuclides reversibly 
sorbed on iron oxyhydroxide 
dissolved concentration of 
radionuclides 
distribution coefficient for 
reversible sorption of 
radionuclide element RN 
onto iron oxyhydroxide 
colloids 
mass of iron oxyhydroxide 
colloids per unit volume of 
water. 

The distribution coefficient, Kd,RN,FeOx , 
is 1 x lo6 mLlg for reversible sorption of Pu 
onto iron oxyhydroxide colloids [3]. The 
dissolved concentration of radionuclides, 
CIWd,,v.v, can be obtained from EQ6 data files. 
The value for Pu at the 10 1 -year time step is 
2 .50~10-’~  mole/L. The concentration of Pu 
reversibly sorbed on iron oxyhydroxide is 
calculated as follows: 

CRNcOll, b-eox = 2.5 0 E - 1 Omole I L x 1 .E + Gm L I g 
x1.E-9glmL = 2.50E-13molelL 

(10) 

The lowest iron oxyhydroxide colloid 
concentration, 1 x 1 o - ~  mg/L or 1 x 1 o - ~  g/mL, 
is applied here because it is in the zone of 
instability according to pH and ionic strength. 
Since a high drip rate, 0.15 m3/yr, is used in 
the calculation, the mass of Pu sorbed on iron 
oxyhydroxide that can be lost in 101 years is: 

mole m3 
mKNcoll,FeOx = 2.50E - 13(-) 0.15(-) 

yr (11) L 
L 

m 
~ l O O O ( ~ ) ~ l O l ( y r )  = 3.7875E -9(mole) 

The mass loss of iron oxyhydroxide due 
to colloidal transport from Equation 8 and the 
mass loss due to sorption of radionuclide onto 
iron oxyhydroxide colloids from Equation 11 
are then divided by the normalization factor 
of 4,685 (scaled volume) [lo]. The results 
are subtracted from the EQG data for the next 
time step. 

1I.D Comparison of Mass Losses 

An illustrative integration of the mass 
balance Equation 1 is shown here. The first 
four terms on the right hand side of Equation 
1 are decay and soluble transport terms that 
can be calculated by applying the EQ6 model. 
The fifth term is the entrainment loss, which 
may be calculated as shown in Section 1I.B. 
The last two terms are colloidal transport 
terms that can be calculated by applying 
colloid model from Section 1I.C. 

For conservative purposes, a high drip 
rate of 0. I5  m3/yr is used in EQ6 calculations, 
a high velocity for that drip rate, 4 . 7 6 ~  1 0-3 
c d s ,  is used to calculate the drag term, and 
90-degree drag force is used to maximize the 
mass loss. The EQ6 code is run for seven 
time steps with a 100-year time span each. At 
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TABLE 3. Weight Ratios and Densities of Minerals at the 101-Year Time Step 

Total I I I 

TABLE 4. Buoyancy Term for Minerals at the 101-Year Time Step Following Waste Package Breach 

Particle Diameter (cm) 

(glcm ) Buoyancy term (dyne) 
Mineral 

Gibbsite -1.441 -5.92~1 0-’ -4.73~1 O-* -3.79~1 0-7 -3.03~1 0-6 

Nontronite-Mg -2.128 -8.74~ 1 0-’ -6 .99~ 1 O-’ -5.59~ 1 0-7 -4.47~ 1 Ob6 

Density Difterence 2.00x10-~ I 4 . 0 0 ~ 1 0 ~  1 8 . 0 0 ~ 1 0 - ~  I 1 .60~10-~  



Particle Diameter (cm) 

(glcm3) Buoyancy term (dyne) 
Mineral 

Schoepite -3.874 -1 .59x 1 O-* - 1 . 2 7 ~  1 0-7 -1 .02x 1 0-6 -8.1 4x 1 0-6 

Pyrolusite -4.060 -1.67~1 O-* -1.33~ 1 0-7 -1.07~1 0-6 -8.53~ 1 0-6 

Hematite 4 .275 -1.75~ 1 0-8 -1.40~ 1 0-7 -1.1 2x  1 0-6 -8 .99~  1 OT6 

Density  iff^^^^^^ ~ . O O X I O - ~  I 4.00~10-~  I 8 . 0 0 ~ 1 0 - ~  I 1 . 6 0 ~ 1 0 - ~  I 

TABLE 5. Drag Term as a Function of Flow Velocity and Particle Diameter 

TABLE 6. Drag and Buoyancy Terms for Hematite Colloid 

NOTE: aMertz et al. 2000, Table I [12]. 
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