











Figure 6.8. 40-nm spherical bismuth oxide (Bi,O3) (a) before irradiation and (b) after irradia-
tion (fluence: 2.0 x 10'*ions/cm?) with 1 MeV Xe* ions

Figure 6.9. 50-nm spherical silica (SiO,) (a) before irradiation and (b) after irradiation (fluence:
1.0 x 10'% ions /cm?) with 500 keV He* ions

6.4 Conclusions

The goal of the study presented herein was to determine if anisotropic deformation affected select
mineral solids found in Hanford TRU sludges. The driving factor is the anisotropic particle
shapes found in actual Hanford tank sludges (see Chapter 2). Irradiation of colloidal silica and
bismuth oxide produced mixed results. For silica irradiated with Xe, noticeable anisotropic
deformation was observed for 100 nm spherical particles at a fluence of 8.0 x 10'4ions/cm?.
Smaller 50 nm silica particles were not anisotropically deformed by either Xe and He irradia-
tions. It is possible that either the experimental fluences examined (up to 1.25 x 10 ions / cm?)
were not sufficient to effect deformation or surface forces are significant enough to retard the
internal deformation processes. lon irradiation of bismuth oxide effected significant expansion
of the sample in the viewing plane and caused a crystalline to amorphous transition. Time con-
straints prevented the study of higher fluences and the effects of He ion irradiation on 100 nm
silica and bismuth. As such, it is unclear if anisotropic deformation can be accomplished by o
radiation. The experimental results indicate that deformation of materials present in Hanford
TRU sludges can occur as a result of heavy-ion bombardment. Examination of different particle
sizes suggests that smaller particles could be resistant to anisotropic deformation. Whether o
can effect changes in particle-shape and morphology remains an open question. The issue could
be addressed by irradiating larger colloids (i.e., particles 100-500 nm in diameter) with He ions.
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7.0 Methodology for Colloidal Aggregation Modeling

The shear thinning behavior of colloidal suspensions is based on the formation and growth of
colloidal aggregates. The key to modeling suspension behavior is to accurately predict the
aggregate size distribution that, in turn, determines the suspension properties such as effective
conductivity and effective viscosity. The aggregate size distribution is a function of the local
flow conditions, so there is coupling in both directions.

The aggregate size distribution is determined by solving the population balance equation (PBE)
at every computational node in the domain of interest. The Direct Quadrature Method of
Moments (DQMOM), which represents the evolution of the aggregate size distribution using

a small number of scalar values, is described in Section 7.1. The lattice kinetics simulation
method, described in Section 7.2, is used to model the system flow and diffusion transport of the
scalar quantities. The original version of DQMOM assumes that the orthokinetic aggregation
rate is based solely on the collision rate of the particles and aggregates. However, suspensions
where the particle interactions have an energy barrier require a sufficient shear energy to achieve
aggregation. A description of this shear-activated aggregation is provided in Section 7.3. This
modeling approach is being validated using data obtained from the University of Washington.
The progress to date is described in Section 7.4.

7.1 Description of the Direct Quadrature Method of Moments

The simulation approach we are using to simulate colloid agglomerate growth is the DQMOM
method (Marchisio and Fox 2005). The primary advantage of this method is that the particle
size distribution may be described with reasonable accuracy using a limited (typically six) num-
ber of transportable scalars.

The DQMOM method begins with the population balance equation

on(L;x,1) + iUin(L;XJ) G {DW

- I I } = S(Lx,1) (7.1)

where 7 is the particle size distribution, L is the internal coordinate vector, D is the diffusion
coefficient and S is the source term, which contains molecular growth, aggregation and breakage.
The PSD is expressed using a quadrature approximation of order N

N
n(Lyx,t) = Z Wa (x,2)8 [L — L (x,1)] (7.2)

a=1
where 0 is the Dirac delta function, wg, are the weights and L, are the ‘abscissas’ of the approxi-
mation.

Substituting into the PBE, each of the weights and abscissas develops a corresponding transport
equation with source terms. The weight and abscissa equation source terms are calculated from
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the moment source terms, given by the expression

- _I$ v 3735 ST S "k
SkZEZ(DiZ(DJ‘ (Ll-—f—Lj)‘ Bij_ZLimiZBijmj+Zaibi (Di_ZLiaimi (73)
i=1 j=I i=1 Jj=1 i=1 i=1

where 3;; are the aggregation kernels, the probability that aggregates of different sizes will
combine, a; are the breakage kernels, the probability that an aggregate of a certain size will
break into two fragments, and b; are the fragmentation kernels, the probability that certain size
fragments will be formed. Each of these kernels is a function of local flow conditions.

The abscissa L corresponds to the net solid volume contained in the aggregate. However, the
collision length, L., will be significantly larger since colloidal aggregates are fractal objects, that
is, porous particle networks that decrease in density as a function of distance from the center

of the aggregate. This behavior is characterized by the fractal dimension, Dy, which is used to
calculate the collision size using

N
LC_L(%) (7.4)

The connection of two aggregates to form a larger aggregate is assumed to occur by either of two
different mechanisms. Orthokinetic or “shear induced” aggregation occurs when a shearing flow
field brings two aggregates into contact. The aggregation kernel for this is

4 3
1= 3G (Lei+Le j) (7.5)

where G is the local shear rate and F is the probability of aggregation for each collision. For the
original DQMOM model, the probability F' was assumed to equal one. However, for colloidal
systems where the particle-particle interactions have an energy barrier, the function F takes a
more complicated form. This will be discussed in more detail in Section 7.3.

The kernel for Brownian aggregation of fractal aggregates is

2kT 1 1
Br
Br— (4 — ) (Ley+ Le.; 7.6
B B <Lc,i+Lc,j)( ei T C’]) (7.6)

The breakage kernel is assumed to have the form

1
a;i =AG'L] (7.7)
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where Y is in the range of 1.6. The fragmentation kernal selected is for symmetric fragmentation
and has the form

p®) — 255 [k (7.8)

The goal of this task is to predict the agglomerate size distribution as a function of location based
on operating conditions. The DQMOM method has been implemented into the lattice kinetics
computer program and tested for colloidal systems.

7.2 Description of the Lattice Kinetics Method

The lattice kinetics flow solution method is similar to the lattice Boltzmann method (Sukop
and Thorne 2005) in many respects. The single particle distribution function f(x,v,7) is the
probability of finding particles at position x with velocity v at time z. The Boltzmann equation
describes the evolution of the distribution function

of _ fr
FTAE A

(7.9)

where 7 is the relaxation time and (7 is the equilibrium Maxwell distribution. To solve this
equation on a computer, the spatial domain is discretized into a finite number of lattice sites,
where each lattice site has values for density, pressure, flow, etc. The single-particle distribution
function, which describes the probability of a particle traveling along a particular direction and
speed, is discretized to form a finite set of displacement vectors connecting each lattice site to
adjacent sites.

The lattice Boltzmann equation describes the evolution of the discretized particle distribution

function, f;(x,7), along direction i as a function of time. The new time distribution function is
given by the equation

(vt Atert+A1) — fi (x,1) = —% [ (o) — £ (x,0)] (7.10)

where 7 is a linear relaxation parameter and f“? is the local equilibrium distribution. The direc-
tion vectors for two dimensions are

eg = 0
el—4 = {cos [g (i—l)} , Sin [g (i—l)}}c
es_g = \/E{cos[g(i—S)—l—ﬂ,sin[g(z—S)%—g]}c

(7.11)
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The local equilibrium is expressed in the form of a quadratic expansion of the Maxwellian distri-
bution

3ei-u 9(ei-u)®  3u?
eq __ i i o
fit=wip |1+ ——+—53 22 (7.12)

where c is the reference lattice speed, ¢ = Ax/Ar and the weight coefficients, w; for a three-
dimensional system are wo = 1/3, w;_¢ = 1/18 and wy_13 = 1/36.

The lattice Boltzmann equation may be rewritten to take the form

fi(x+Ate;,t +At) = £ (x,1) + (1 - %) [fi (x,1) — 77 (x,1)] (7.13)

The first term on the right hand side represents the distribution function for the special case of
T = 1, which corresponds to the kinetic viscosity

1 1\ Ax®

The second term is the additional shear term resulting from a kinematic viscosity that is different
from the reference case. The lattice kinetics method replaces this second term with an explicit
calculation of the local stress based on velocity gradients

fi(x+Atej,t + At) = £ (x,1) (7.15)
where
Bei-u 9(ei-u)?  3u? dug  Oup
eq . 1 1 .
fii=wip |1+ ) + ) + AAt _8x5 + _axa €in€ip (7.16)

and the coefficient A is related to the kinematic viscosity by the expression

At
A=0.75 —4.5VE (7.17)
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The new time density and velocity values are determined using the expressions

p(x+Are;,t+ A1) =Y £ (x,1) (7.18)

pu(x+ Atej,t +At) = foq (x,1)e; (7.19)

This procedure is repeated for the specified number of time steps until a steady-state solution is
obtained. The result is a second-order solution to the Navier-Stokes and continuity equations.

7.3 Adaptation of the DQMOM Method to Shear-Activated Aggregation

The aggregation kernel used in the original DQMOM method assumes that the aggregation
rate depends solely on the collision rate between aggregates of various sizes. However, some
colloidal systems have particle-particle interactions with an energy barrier, which reduces the
probability of aggregation for each collision, F;;.

The potential interaction between two particles may be described using DLVO theory, which
states that the total potential energy is the sum of a van der Waals (or dispersion) attractive term
and a repulsive electrostatic double layer term

Vi =Va+Vg (7.20)

The van der Waals attraction is given by the expression

A

VaD)=—17m

(7.21)

where D is the particle-particle separation and A is the Hamaker constant, which is a function of
the particle materials. The screened Coulomb repulsion term for low surface potentials is given
by

Vg (D) = 2megert2exp (—kD) (7.22)

where r is the particle radius, € is the solvent permittivity, & is the zeta potential and K is the
Debye length. The location of the potential energy barrier, V,,,y, is determined using the first
derivative with respect to separation

VooV (dVT (D) _ O)

D (7.23)
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The existence of a potential energy barrier results in a reduction or elimination of aggregation
unless there is a mechanism for overcoming the barrier. Guery et al. (2006) reports the shear-
activated aggregation of otherwise stable suspensions. The shearing motion creates hydrody-
namic energy, which can be characterized by

Epya =NGr?d (7.24)

where 1 is the viscosity, G is the shear rate, r is the radius and is the microscopic length over
which the interparticle repulsive potential is effective. The probability for aggregation per
collision takes the form of a thermally activated Arrhenius process

Epa —V,
F =min {1, exp (%ﬂ (7.25)
B

Note that when the hydrodynamic energy exceeds the maximum energy barrier, the aggregation
probability is one.

7.4 Validation of Modeling Methodology

It is hoped that this simulation methodology accurately predicts aggregate size distributions
and ultimately shear stress-strain rate relationships for steady-state suspensions in a shear field
given the system’s colloid properties and shear rate. The accuracy of the predictions made by
this simulation had not been tested against real systems. The objective is therefore to validate
using an experimental data set provided by the John Berg research group at the University of
Washington.

The data set provided to PNNL consisted of aggregate particle size distributions as a function of
colloidal interaction parameters and applied shear rate. Systems of aqueous titania suspensions
were aggregated at a controlled shear rate by adding known amounts of salt. These systems
were convenient since, under the conditions used, particle interaction potentials can be calcu-
lated according to DLVO theory. Particle interactions as calculated using DLVO theory require
the knowledge of certain colloidal parameters including the zeta potential. This quantity was
measured using a Brookhaven Zeta-PALS.

Various controlled shear rates were obtained using a Physica MCR-300 rheometer. Stable titania
suspensions at pH 10 were sheared at controlled rates with the rheometer. Then salt solution
was injected into the sample by syringe so that the aggregation process occurred within the shear
field. Various amounts of salt were used in order to obtain particle interaction potentials ranging
from repulsive to strongly attractive. The aggregation process was allowed to reach steady-state.
It was assumed that a steady-state was achieved when the recorded shear stress at the given shear
rate became constant with time.

Samples were then taken for particle size determination. These samples were immediately
diluted in order to prevent further aggregation. Particle size distributions were determined by a
settling technique which uses light obscuration to track sedimentation rate then calculates size
based on Stokes Law. The equipment used for this measurement was a Horiba CAPA-500.

7.6



A matrix of particle size distributions of systems with various zeta potentials aggregated at
different shear rates with two different solids contents was collected using these measurement
techniques.

A series of DQMOM/Iattice kinetics simulations are being performed for the different solids
loadings, solution chemistry (including pH, zeta potential and salt concentration) and shear rate
conditions. Transient simulations are run until the aggregate size distribution reaches steady
State.

The results obtained from the DQMOM simulation are expressed in terms of pairs of weights
and abscissas which contain information about the first six moments of the aggregate size dis-
tribution. To compare these results to the detailed distributions provided by the University of
Washington, we must be able to convert these results to a similar form. The procedure for doing
this is to define a series of cubic splines (Press et al. 1992) so that the moments match those of
the DQMOM results. The tie points for the spline connections are adjusted and a merit func-
tion is constructed based on the difference between the moments of the test distribution and the
DQMOM moments.

The results for the validation simulations have not been completed at the time of this report. A
joint publication for submission to the journal Colloids and Surfaces A is in preparation.
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9.0 Publications
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being submitted for publication in peer reviewed journals:

Poloski AP, PR Bredt, RC Daniel, and AE Séez, “The contribution of frictional contacts to

the shear strength of coarse glass bead powders and slurries”, Rheologica Acta, published
on the web, DOI: 10.1007/s00397-006-0105-3 (2006).

Saez AE, AP Poloski, and RC Daniel, “A Continuum Constitutive Model for Cohesionless
Granular Flows”, Submitted to Chem. Eng. Sci. (2006).

Daniel RC, AP Polski, and AE Saez, “Vane Rheology of Cohesionless Glass Beads”,
Manuscript in preparation.

Rector DR, PB Laxton, and JC Berg, on the comparison of Lattice-Boltzmann simulations
to sheared particle aggregate size distribution data for submission to Colloids and Surfaces
A.
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Huang AY and JC Berg, “High-salt stabilization of Laponite clay particles”, J. Colloid
Interface Sci. 296 (2006) 159-164.

Laxton PB and JC Berg, ‘“Relating clay yield stress to colloidal parameters”, J. Colloid
Interface Sci. 296 (2006) 749-755.

Laxton PB and JC Berg, “Investigation of the link between micromechanical interparticle
bond rigidity measurements and macroscopic shear moduli of colloidal gels”, Colloids and
Surfaces A, submitted September 1, 2006.
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10.0 Project Accomplishments

The overall objective of this project was to develop a fundamental understanding of how macro-
scopic TRU sludge rheological behavior correlates with particle-scale interactions and phenom-
ena. To this end, extensive study of the rheology of dense slurries and colloidal suspensions in
a variety of aqueous media has been conducted. With regard to coarse granular matter, mod-

els have been derived to allow characterization of the shear/mobilization strength and dynamic
stress and velocity fields of powders and slurries using simple rheometric equipment, namely

the vane rheometer. These models incorporate the effects of interparticle friction and cohesion,
account for some properties of the suspending phase, and allow inclusion of process geometry
effects such as friction between individual particles and confining walls. The development of
granular theories surrounding the vane rheometer represents a significant step forward, as current
techniques for characterizing dense sludge and slurry rheology require atypical test geometries
that are not standard on commercial rheometers or advanced imaging methods (such as mag-
netic resonance imaging [MRI]). A continuum model has been developed to allow prediction of
three-dimensional granular flows. Because the formulation of this model is independent geom-
etry, it can be applied to study of pipeline flow and mechanical agitation of slurries. From these
accomplishments, it is now feasible to characterize the frictional and cohesive behavior of coarse
grained slurries using conventional rheometers. The results of these analyses can be applied to
scaled-up operations through the use of the continuum model developed herein. Work on coarse
granular rheology has resulted in three manuscripts for publication in peer reviewed journals (one
in-press, one submitted for peer review, and another in preparation).

Study of fine colloidal materials similar to those present in Hanford tank waste indicate that
particle shape deformation can occur as a result of heavy-ion bombardment. It is speculated
that similar processes may occur in tank materials as a result of long-term irradiation with alpha-
particles, resulting in changes in the overall rheology because of alteration of dispersed phase
morphology. A simulation methodology has been developed to predict the colloidal aggregate
size distribution based on local flow conditions. The simulation uses the lattice Boltzmann/
lattice kinetics method to obtain the system hydrodynamics. This method is an improvement
on conventional computational fluid dynamics in that it allows for parallel processing, reducing
run time. The direct quadrature method of moments (DQMOM) method is used to solve the
aggregate population balance equation at every computational node based on local flow and
chemistry conditions. The resulting aggregate size distributions can then be used to predict the
shear stress-strain rate relationships, which feed back into the flow solution. The methodology
is currently being validated using data obtained from particle size information obtained from the
University of Washington.

Overall, the project was successful in providing a means by which select macroscopic properties
of Hanford tank sludge can be characterized and related to particle-level interaction.
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11.0 Future Work

With regard to the studies presented in this report, future work should be aimed at refining the
characterization techniques and modeling equations and testing their effectiveness for predicting
velocity and stress fields in pilot-scale mixing vessels or pipeline flow. The model for granular
system dynamics is dependent on functional forms for scaling of frictional and dilatancy effects
with inertial number obtained from two-dimensional granular media simulations. While applied
successfully to both granular mobilization and rheometric flows, there is still some uncertainty
regarding the nature and influence of anisotropic stresses on the measured flow behavior, espe-
cially with regard to dynamic systems. In one example, this ambiguity is manifest by lower than
expected quasi-static forces on a mixing impeller at low rotational rates. It is speculated that

the impeller alters the granular stress field. To resolve this particular issue, direct measurements
of normal stress fields should be attempted for granular systems under shear (using a load cell
similar to the one used to measure the static stress fields herein). The challenge here is to design
a sensor whose footprint is small enough not to alter the stress field it is measuring.

Application of the granular continuum models is only done on the bench-scale. There is some
uncertainty as to their ability to correctly describe pilot- and engineering-scale systems. Mixing
and flow testing of dense granular slurries in large tanks could be potentially carried out at the
High Bay Testing Facility (336) Building at PNNL. These tests would focus on verifying the
proper form of the granular normal stress distribution and on validating the shear strength and
continuum models for pilot-scale granular stress and velocity fields.

With regard to the colloidal phenomena discussed in this report, studies of anisotropic defor-
mation were inconclusive as to whether of o radiation could induce a shape change. However,
the al pha radiation studies were conducted using particles that resisted deformation even under
heavy-ion bombardment. This issue could be addressed by irradiating larger colloids (i.e., par-
ticles 100-500 nm in diameter) with He ions. Bismuth oxide would present the best candidate
for these studies, as it was significantly altered by irradiation with heavy ions. Studies covering
a broader range of particle sizes would also be useful, as they would further elucidate the role
particle size and surface forces play in resisting anisotropic deformation.
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Appendix A — Vane rheograms for Dense Slurries of Glass Beads in
Kaolin Suspensions

The rheology of the suspending phase significantly influences granular medium rheology. Both
models presented in Chapters 3 and 5 have granular rheology that depends on a buoyant den-
sity. In the most basic sense, the suspending phase moderates the intergranular normal stresses
through bouncy, reducing the stress required for both mobilization and flows.

For dynamic flows, the numerical simulations by da Cruz et al. (2005) for the basis for the model
presented in Chapter 5. These simulations only consider the dynamics of cohesion rigid spheres
undergoing simple shear. While Jop et al. (2006) and Séez et al. (2006) have extended da Cruz’s
simulations to three dimensional flows, neither of these approaches consider how the rheology

of the suspending phase might influence the overall rheology of a dense granular slurry. This
was observed to some extent in the study of the 203-um slurry in water (see Section 5.3.4), where
a slightly higher b constant was required to correct slurry dynamics as compared to dry glass
bead dynamics. It is speculated that the increased b derives from viscous dissipation of bead
momentum by the suspending phase motion.

For the examination of granular rheology presented in Chapter 5, both systems tested had a
Newtonian suspending phase: air in the case of the glass bead powders and water in the case

of the glass bead slurry. In this appendix, vane rheographs for dense slurries of 203-pum glass
beads in a 35-wt% Kaolin suspension are presented. The goal of these studies was to explore the
influence of a non-Newtonian suspending phase, in particular, a Kaolin clay suspension, on slurry
rheology.

As before, Potters Industries Spheriglass® 1922 Type-A glass beads were used as the coarse
granular fraction. The material properties of these glass beads are listed in Section 3.2. Slurries
of glass beads in Kaolin suspensions were prepared by slowing loading the glass beads into a
kaolinite matrix. The matrix was prepared by mixing deionized water with EPK Kaolin pro-
duced by Feldspar corporation to a loading of 35 wt% and allowing clay-water mixture to hydrate
for a period of one week. Three kaolin slurry were prepared in proportions of 1) 74-wt% glass
beads — 26-wt% kaolin matrix, 2) 64-wt% glass beads — 36-wt% kaolin matrix, and 3) 54-wt%
glass beads — 46-wt% kaolin matrix. These slurries were fully mixed prior to testing. Vane
rheograms were measured using the same methodology outlined in Section 5.2.1. Once the
shear strength measurement was completed, the vane was removed and the test sediment resus-
pended using a large spoon vertical bottom-to-top lifting motion (i.e., by ladling the slurry).

Figures A.1, A.2, and A.3 present the measured vane rheographs for the 54-wt%, 64-wt%, and
74-wt% systems, respectively. Two major differences between the Kaolin slurry vane rheograms
and rheograms for the dry glass bead powder and dry glass bead slurry in water: 1) vane torque
appear to show similar dynamics behavior at all depths and 2) rheographs show a strong decrease
from 0.01 to 0.1 rad/s for the densest slurry.

The local value of torque appears to be depth dependent, with deeper immersion depths gener-
ally showing higher vane torques. This indicates some lithostatic loading effects. However,

the increases (or decreases) in torque with increased rotational rate are similar for all tested
immersion depths. This contrasts with previous experiments, where deeper immersion depths
show much larger increases in dynamic torque over shallow vane immersion depths, which show
almost no increase in dynamic torque. Similar vane rheograph structure for all tested depths
suggests that the suspending phase rheology (which is independent of depth) dominates the slurry
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rheology. On the other hand, the presence of the coarse fraction does add to the rheology. This
is evidenced by the difference in torque ranges observed for different glass bead loadings. The
54-wt% glass bead slurry shows torques ranging from 200 — 700 uN-m whereas the 74-wt%
slurry shows torques ranging from 500 — 2000 uN-m. It is unclear if the torque increase asso-
ciated with higher concentrations of glass beads results from increased interparticle friction /
collision or simply from increased viscous dissipation. The lack of significant change in the
lithostatic slope at increasing rotational rates for the 74-wt% slurry would appear to indicate the
latter mechanism.

The large dip observed in the 74-wt% slurry sets it apart from previously measured granular
rheographs. This decrease appears to be a function of the glass bead concentration. This is
evidenced by the fact that the 54-wt% shows no dip and the 64-wt% shows only a minor dip. It
is speculated that the decrease is associated with shear thinning of the Kaolin matrix exaggerated
by the presence of glass beads.

These studies indicate the importance of suspending phase rheology on the overall rheology

of a granular suspension. They highlight a deficiency in the models presented in Chapters 3

to 5: the role of the suspending phase is not adequately considered. While the lack of dynamic
granular interaction could be modeled using b = 0, there is no established means of including the
shear-thinning behavior of the Kaolin matrix and its interaction with the granular medium into
the model of Séez et al. (2006). One way of accomplishing this would be to treat the apparent
granular viscosity [Eq. 4.11] as additive to the suspending phase rheology, with the frictional /
collosional contributions properly moderated by slurry concentration (i.e., properly lowered at
lower concentrations). Despite this deficiency in the current continuum model, it still represents
a robust step toward treating flow dynamics in granular media.

D 1 1 1
0.01 0.1 10 100

1
Q [rad/s]

Figure A.1. Vane rheographs for a 54-wt% glass bead — 46-wt% kaolin matrix slurry over vane
immersion depths of 1 cm to 9 cm
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Figure A.2. Vane rheographs for a 64-wt% glass bead — 36-wt% kaolin matrix slurry over vane
immersion depths of 1 cm to 9 cm
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Figure A.3. Vane rheographs for a 74-wt% glass bead — 26-wt% kaolin matrix slurry over vane
immersion depths of 1 cm to 9 cm

A3






Appendix B

University of Washington Collaborative Effort Update






Appendix B — University of Washington Collaborative Effort
Update

Note: This appendix contains a year-three research progress summary submitted by Dr. John
Berg at the University of Washington to the DOE

Work relating to the development of relationships between colloidal parameters and bulk physical
properties was accomplished through a collaborative effort between PNNL and Professor John

C. Berg from the University of Washington [DOE grant DE-FG02-04ER63796]. Year three

of this continuing collaboration has yielded significant progress in the development of funda-
mental understanding of the behavior of Hanford transuranic, TRU, waste sludge. In the most
recent study, data have been collected that will determine the applicability of a new simulation
protocol to the waste sludge removal project. A second study investigated the link between a
new micromechanical measurement technique and the bulk rheological properties of gelled slur-
ries. Also, it has come to light throughout the course of this work that an understanding of the
behavior of colloids intercalated within a gel network could prove indispensable in the removal,
packaging, shipping, and storing of TRU wastes. The work done over the past project year has
provided considerable advancement toward the goal of developing fundamental understanding of
the TRU sludge suspensions by correlating their macroscopic properties with particle interactions
at a colloidal scale in representative media. Year three accomplishments and milestones are
summarized as follows and elaborated below:

* Papers appeared:
1. A.Y. Huang, J.C. Berg, High-salt stabilization of Laponite clay particles, J. Colloid
Interface Sci. 296 (2006) 159-164.

2. P.B. Laxton, J.C. Berg, Relating clay yield stress to colloidal parameters, J. Colloid
Interface Sci. 296 (2006) 749-755.

* Presentation given: ‘“Relating clay yield stress to colloidal parameters”, P.B. Laxton, 80th
ACS Colloid and Surface Science Symposium, Boulder, CO, June 20, 2006.

* Manuscript submitted: P. B. Laxton, J. C Berg “Investigation of the link between microme-
chanical interparticle bond rigidity measurements and macroscopic shear moduli of col-
loidal gels”, Colloids and Surfaces A, submitted September 1, 2006.

* Manuscript in preparation: D. Rector, P.B. Laxton, J.C. Berg, on the comparison of
Lattice-Boltzmann simulations to sheared particle aggregate size distribution data for
submission to Colloids and Surfaces A.

* Arrangements have been made for a collaboration with Professor Wilhelm Oppermann of
the Clausthal University of Technology.

B.1 Summary of Current Results

A method of simulating the aggregation behavior of colloids in a shear field is being investigated
at PNNL [D. Rector, PNNL, Hanford, WA. Private communication, 2006]. The simulation uses
the Lattice-Boltzmann method to obtain system hydrodynamics. This method is an improvement
on conventional computational fluid dynamics in that it allows for parallel processing, reducing
run time, as well as the inclusion of additional forces, e.g. surface forces. Simulations of
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this type have been used extensively for calculating transport in porous media. At PNNL the
Lattice-Boltzmann method has been extended to colloidal suspensions. The direct quadrature
method of moments [D.L. Marchisio, R.O. Fox, J. Aerosol Sci. 36 (2005) 43] is used to reduce
computational requirements in aggregate population balance calculations. It is hoped that the
simulation accurately predicts aggregate size distributions and ultimately shear stress-strain rate
relationships for steady-state suspensions in a shear field given the system’s colloid properties
and shear rate. The accuracy of the predictions made by this simulation had not been tested
against real systems. The objective was therefore to provide an experimental data set that could
be used to compare with simulations.

The data set provided to PNNL consisted of aggregate particle size distributions as a function of
colloidal interaction parameters and applied shear rate. Systems of aqueous titania suspensions
were aggregated at a controlled shear rate by adding known amounts of salt. These systems
were convenient since, under the conditions used, particle interaction potentials can be calcu-
lated according to DLVO theory. Particle interactions as calculated using DLVO theory require
the knowledge of certain colloidal parameters including the zeta potential. This quantity was
measured using a Brookhaven Zeta-PALS.

Various controlled shear rates were obtained using a Physica MCR-300 rheometer. Stable titania
suspensions at pH 10 were sheared at controlled rates with the rheometer. Then salt solution
was injected into the sample by syringe so that the aggregation process occurred within the shear
field. Various amounts of salt were used in order to obtain particle interaction potentials ranging
from repulsive to strongly attractive. The aggregation process was allowed to reach steady-state.
It was assumed that a steady-state was achieved when the recorded shear stress at the given shear
rate became constant with time.

Samples were then taken for particle size determination. These samples were immediately
diluted in order to prevent further aggregation. Particle size distributions were determined by a
settling technique which uses light obscuration to track sedimentation rate then calculates size
based on Stokes Law. The equipment used for this measurement was a Horiba CAPA-500.

A matrix of particle size distributions of systems with various zeta potentials aggregated at
different shear rates with two different solids contents was collected using these measurement
techniques. The full data set was then provided to PNNL for comparison with simulation results.
A joint publication for submission to the journal Colloids and Surfaces A is in preparation.

Another method relating the bulk properties of colloidal systems to microscopic colloidal param-
eters has been independently explored with experimental data collection. The ability to measure
a previously inaccessible quantity, the interparticle bond strength, has allowed for a simple
calculation of colloid gel modulus. It has been recognized since the 1980s that the shear mod-
ulus of colloid gels follows a scaling law with volume fraction [R. Buscall et al. J Chem Soc,
Faraday Trans 1. 84 (1988) 4249]. Pantina and Furst have recently developed a technique to
directly measure the appropriate pre-factor, known as the bond rigidity, for the scaling law which
allows for the calculation of gel modulus [J.P. Pantina, E.M. Furst, Langmuir, 22 (2006) 5282].
Although Pantina and Furst provided bond rigidity measurements and therefore predictions of
bulk modulus, they did not provide experimental bulk moduli as confirmation of the technique.
The goal of this work was therefore to measure bulk colloid gel moduli for comparison with the
predicted values.

Using micromechanics Pantina and Furst measured the bond rigidity of a series of linear colloidal
aggregates. They used optical trapping with laser tweezers to create controlled linear aggregates
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of monodisperse latex spheres suspended in aqueous systems with various ion type and concen-
tration. They then used a three point bending test, employing the laser tweezers, to measure the
bond rigidity of these aggregates. The bond rigidity divided by the particle radius is the pre-
factor which makes the gel modulus scaling law an equation. Using the measured bond rigidity,
gel modulus was then calculated for bulk systems analogous to the aggregates investigated by
Pantina and Furst.

In order to calculate gel modulus some system parameters must be known. The particle vol-
ume fraction, aggregate fractal dimension, gel backbone fractal dimension, the particle radius
and bond rigidity must all be known. Volume fractions of the systems studied were determined
by thermal gravimetric analysis. Aggregate fractal dimension was measured with static light
scattering. The gel backbone fractal dimension was taken to be 1.1 in accord with Meakin [P.
Meakin, J. Phys. A, 17 (1984) L975]. An average hydrodynamic particle radius was deter-
mined using photon correlation spectroscopy. Finally, as mentioned previously, the bond rigidity
was reported by Pantina and Furst. The gel shear modulus was calculated from these parame-
ters. The bulk modulus of identical systems was then measured for comparison.

Shear moduli of poly (methyl methacrylate), PMMA, spheres in aqueous media were measured
using a Physica MCR-300 rheometer. The 1.5-um diameter PMMA spheres used in this study
match those used by Pantina and Furst as closely as possible; they were provided by the same
source, Bangs Laboratories, Inc. Suspensions of these particles were gelled using salt types and
concentrations matching those used in the Pantina and Furst study. In this way it was ensured
that the reported bond rigidities could be used in calculating moduli of the systems studied.
After gelation, moduli were measured in oscillatory mode using a rheometer tool with significant
surface roughness. A high frequency amplitude sweep was performed and the storage modulus
at the lowest measurable amplitude was taken as the shear modulus. The surface roughness

of the measuring tool is crucial for rheological characterization of colloidal systems since they
experience slip which results in erroneous data when using smooth tools.

Calculated and measured values of shear modulus for these PMMA gels agree to within a factor
of two. The general trends predicted by the calculated moduli were observed for the bulk sys-
tems. These were seen to be a significant contribution to the field and have been submitted for
publication in the journal Colloids and Surfaces A.

Over the course of the third year of this project substantial progress has been made. Fundamen-
tal studies of systems that simulate transuranic waste behavior have been performed. Future
work pertinent to this project has been identified, as described below. The studies performed
have resulted in significant contributions to the field of colloid science as well as produced results
that may prove important in handling actual waste materials. The work over the course of this
past year has been significant and proved to be sufficient to be the subject of two journal articles.

B.2 Future Work

The knowledge gained over the course of this project on the subject of relating macroscopic

flow properties to colloidal scale particle interactions can be used in developing processes and
designing equipment. A concern that is not addressed by the work completed is the formation
of dense sediment cakes within process equipment upon cessation of flow which could lead to
clogs. Given the high level of radioactivity involved in the waste materials to be handled, a
serious health and safety hazard could be generated simply by turning off a pump for too long.
Avoiding this scenario would be crucial to ensuring the safety of the operators of the waste
handling equipment. One way to prevent this would be to add a polymer gel to the waste sludge.
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The flow properties of polymer gels are highly tunable. A gel could be made in such a way as
to flow easily yet set quickly and strongly enough to prevent particle sedimentation and thus
caking and clogging. Knowledge of colloid behavior within polymer gels would be useful in
formulating such a system. A literature review of this subject reveals a gap in the knowledge
base of the field. This gap appears to exist due, in part, to the fact that measurement techniques
appropriate for studies in this area have been developed only recently. Although there was not
time to perform studies in this area during year 3 of this project, many questions remain to be
answered. A three month visit Professor Wilhelm Oppermann’s research laboratory at Clausthal
University of Technology in Clausthal, Germany has been planned for the upcoming fall in order
to gain expertise in novel polymer gel characterization techniques. These techniques will be
used in the following year, approximately 12/06 through 11/07, in order to perform investigations
into the fundamental behavior of colloids intercalated into polymer networks. This work will

be accommodated by way of a no cost extension to this project which has been institutionally
approved.
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