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3. Executive Summary

Ffty-four million galons of wastes containing 180-million curies of radioactivity are stored
in dngle (SSTs)- and double-shell underground tanks (DSTS) at the U.S. Department of Energy’s
Hanford Ste in eastern Washington (Gephart and Lundgren 1997). They are a multiphase,
multicomponent, high-ionic grength, and highly basic mixture of liquids, solids, and, in some
cases, gases. Mixer pumps will be ingdled in twenty-eight 4,000-n? DSTs to siir radioactive
dudge/sdtcake and supernatant liquid (and possibly a solvent) so the waste can be retrieved from
the tanks for subsequent trestment and disposd. During the retrievd operation, complex
interactions occur between waste mixing, chemicd reactions, and rheology. Thus, decisons

made about waste retrieval must account for these complex interactions.

To saidy this need, we developed the non-Newtonian reactive trangport computer smulation
code ARIEL, which couples chemica reactions, multiphase hydrodynamics and transport, and
norn-Newtonian/Newtonian waste rheology under this EMSP Project 65371.  Integrating
chemigry and fluid mechanics into one computer framework holds a grest promise for
addressing the complex phenomena of tank waste retrieval. This approach is very new and is
used only for groundwaeter, river, and accidentd fire smulations (Yeh and Tripathi 1989; Steefd

and Lichter 1994; Steefdl and Lasage 1994; Gran and Magnussen 1996; Y abusaki et a. 1998).

ARIEL was intended for idedized waste conditions and represents the firs mgor step in our
sysematic approach to develop a scientific waste retrievad assessment capability.  ARIEL can

determine tank waste processing operationa parameters such as how and how much waste can
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be retrieved from the tanks. Its gpplications demongrated that ARIEL is gpplicable to idedized
tank waste conditions—pure crystd solids, no agglomerates, fast and smple kinetics, and smple

non-Newtonian rheology.

To make stientificaly defensble decisons for wadte retrieval, we must develop an assess
ment methodology that can evauate redigtic tank conditions: multiple solid phases with different
paticle szes, hydrates, chemicd properties, and effects on rheology. Unwanted chemicd
reactions and associated rheology changes could meke these waste retrieval operations
impossble.  Thus, the next step would be to build upon ARIEL to systemaicdly expand its
capability to address hydrates, agglomerated solids, colloidd formations, liquid and durry
viscogties, and varidble solution dengties.  With this future expanson of predictive capabilities
of the combined chemidry, rheology and waste mixing smulation, The ARIEL could address the

potentidly crippling waste retrieval issues associated with  hydrated minerd  formations.



4. Research Objectives
4.1 Research Objectives

In the U.S. Depatment of Energy (DOE) complex, 100 million gdlons of radioactive and
chemicd wastes from plutonium production are stored in 281 underground sorage tanks.
Retrievd of the wadtes from the tanks is the fird dep in its ultimate trestment and disposa.
Because hillions of dollas are being spent on this effort, waste retrievd demands a strong
scientific bads for its successful completion.  As will be discussed in Section 4.2, complex
interactions among wadte chemica reactions, rheology, and mixing of solid and liquid tank
wadte (and possibly with a solvent) will occur in DSTs during the waste refrieval (mixer pump)
operations.

The ultimate god of this sudy was to develop the &bility to smulate the complex chemicd
and rheologica changes that occur in the waste during processing for retrieva. This capability
would serve as a scientific assessment tool alowing a priori evduation of the consequences of
proposed waste retrieval operations.

Hanford tank wagte is a multiphase, multicomponent, high-ionic srength, and highly basic
mixture of liquids and solids Wastes stored in the 4,000-nT DSTs will be mixed by 300-hp
mixer pumps that inject high-speed (18.3 m/s) jets to stir up the dudge and supernatant liquid for
retrievd.  During wadte retrieval operations, complex interactions occur among waste mixing,
chemicd reactions, and associated rheology. Thus, to determine safe and codt-effective
operationa parameters for wadte retrieva, decisons must rey on new scientific knowledge to
account for physical mixing of multiphase flows, chemicd reactions, and waste rheology.

To satidy this need, we integrated a computationd fluid dynamics code with State-of-the-art
equilibrium and kinetic chemicad modds and non-Newtonian rheology (Onishi et d. 1999). This
development is unique and holds great promise for addressng the complex phenomena of tank
wadte retrieval.

The current mode is, however, gpplicable only to idedized tank waste conditions—solids are
crydds, not hydraes, kinetic rates are fast; the durry has smple rheology; and the water mass is
condant. Thus, this idedlized reactive transport modd, ARIEL could provide a bass for
addressing potentidly crippling waste retrieval issues associated with  hydrated minerd
formation by systematically expanding its modeling capailities.

4.2 Tank Waste Characteristics to be Accounted for in the Waste
Retrieval Assessment Tool

To achieve find waste disposa, the waste must be removed (retrieved) from the tanks.
These wadtes are highly basc (pH of 10-14), have high sdt content, and are chemicaly and
physcaly very complex. Solids, sdt cakes, dudges, liquids, and vapors often coexig in the
same tank. Even the dudges done have varieies of solids with a widdy varying chemicd and
physica characterigtics (Onishi et d. 1996), as shown in Figure 4.1.
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Figure 4.1. Some primary particle and agglomerate sizes and shagpesin dudge

The wastes stored in 28 of the 4,000-n? DSTs a the Hanford Site will be retrieved by
inddling one or two high-powered rotating mixer pumps tha inject 18-m/s jets to dir up the
dudge/sdtcake and supernatant liquid in the tank, blending them into a durry that will be
pumped from the tank to a wadte treatment fecility, as shown in Figure 4.2 (Onishi et d. 2000).
In some cases, solvents (e.g., water or sodium hydroxide solution) will be added to dissolve and
thus reduce the amount of solids, decrease the density and viscosity of the solution, and make the
waste easer to mix, retrieve, and trandfer (through pipdines) to other tanks or to the treatment
fadlity.

When a dudge is mixed with supernatant liquid and solvent in the tank, physical and
chemical changes occur. Dilution aone changes important physical properties. This change can
be observed from rheological measurements of wastes in DST 241-SY-102 at Hanford (Onishi et
al. 1996). As shown in Figure 4.3, the origina dudge is non-Newtonian, while the sludge
diluted by 48 wt% of supernatant liquid is Newtonian. Thus, when the sludge is withdrawn to
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Figure 4.2. Double-shdl tank pump jet mixing

the mixer pump near the tank bottom and is injected back into the dudge layer, the jet is a non+
Newtonian flow. The jet entrains the supernatant fluid as it penetrates and mixes with the dudge
layer. The resulting durry becomes a Newtonian flow with dgnificantly reduced viscosty and
shear dress.
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Figure 4.3. Conditutive relationship between shear stress and shear rate of
Tank 241-SY-102 Newtonian and non-Newtonian Wastes (Onishi et d. 1996)



Aqueous and chemicd reactions and solid dissolution and/or precipitetion will occur in
reponse to changing conditions during mixing. The dissolution and precipitation change solid
and agueous chemicd compostions and thus affect physica properties (eg., dendties of
supernatant liquid and dudge), rheology (eg., viscosty and yidd dress'strength), and flow
conditions (eg., drags behind solid particles). These changes, in turn, affect the durry mixing,
solids resuspension, and settling of tank wastes.

Unwanted chemica reactions and associated rheology changes could make these waste
retrievd operations impossble. At Hanford, auminum-containing precipitates represent one of
the largest fractions of materiad present. Aluminum solids may be composed of the larger
gibbste (Al(OH)3) paticles or smaler boehmite (AIOOH) particles, depending on tank wagte
conditions. Boehmite can ds0 form a gd with dgnificantly higher viscosty, as shown in
Figure 4.4 (Rector and Bunker 1995).
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Figure 4.4. Viscosty of boehmitein 1 M NaNOs as afunction of pH and solid loading
at shear rate of 11.5 s

During pump jet mixing, tank waste may experience complex rheological changes.
Figure4.5 shows a jet penetrating into dudge thet is initidly non-Newtonian (see the top image
in the figure). As the waste is being mixed, the durry becomes Newtonian (middle image), as
Figure 45 indicates. However, if chemicd conditions and solid concentrations are such that
boehmite and its aggregates form even locdly, the waste becomes a gd (bottom image) and the
tank waste can neither be removed from the tank nor transferred into treatment facilities through
pipdines. Since the wadte retrievd is the first step for tank waste remediation, not being able to
remove waste from underground tanks has severe consegquence to DOE's tank waste remediation
program. Thus, it is important to investigate chemica reactions, rheology, and mixing processes
with ther interactions.
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Figure 4.5. Pump jet mixing of waste having gibbsite and boehmite reactions

Another example that shows the critical importance of chemicd changes on waste rheology
and thus wagte retrievd and pipdine trandfer is related to trisodium phosphate hydrates, which
can make wadte retrieval impossible, as discussed previoudly.

Even without the dramatic changes caused by formations of boehmite and trisodium
phosphate hydrate, changes from a non-Newtonian to Newtonian durry affect how the jet
spreads, mixes, and erodes the dudge. If Equation (4.1) for the erosion of fine sediment (st and
clay) is indicative of dudge eroson (Krone 1962), a Newtonian durry can be more easly
removed from the tank than a non-Newtonian durry with a given shear dress acting on it (see
Figure 4.6). This difference between Newtonian and non-Newtonian mixing has aso been found
from numericd mixing experiments (Ten et d. 1996, 1997, 1998). Moreover, the amount of
dudge retrieved from the tank bottom is linearly proportional to the shear dress, indicating the
importance of accurately evaluaing jet mixing processes and shear stresses of both Newtonian
and non-Newtonian durries for waste retrieval.
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E = erodability coefficient

S =amount of solid eroded per unit bottom surface area per unit time
tand t. =shear stressand critica shear stress (yied stress) for erosion.
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Figure 4.6. Sudge Mass Transfer Rate Versus Shear Stress

To summarize, during mixing agueous reactions and solids dissolution and precipitation will
change the amount of solids and the agueous chemicd compostions and affect the physca
properties and rheology of the waste. These changes, in turn, affect durry mixing, solid erosion,
and sttling. A capatiility is needed to account for these multiple reactions.

5.0 Methods and Results

5.1 Work Performed at Pacific Northwest National Laboratory

5.1.1. Waste retrieval assessment approach

Under this project, Pacific Northwest National Laboratory (PNNL) adapted a new reactive
transport approach (Gran and Magnussen 1996; Y abusaki et a. 1998) to develop an integrated
chemical reactions, hydrodynamic transport, and changing waste rheology by combining the
state-of-the-art-equilibrium chemical reaction code, GMIN (Felmy 1995), a kinetic chemica
reaction model, a time-dependent, three-dimensional computer program, TEMPEST (Trent and
Eyler 1994), and formulations for tank waste physical property/rheology (Mahoney and Trent
1995) into one computer program, ARIEL (Onishi et al. 1999). The ARIEL code explicitly
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accounts for interactions of agueous chemical reactions, adsorption/desorption, and dissolution/
precipitation under high ionic-strength conditions and associated rheology changes.

ARIEL was intended for idealized waste conditions and represents the first major step in our
systematic approach to developing a scientific waste retrieval assessment capability that can
determine tank waste processing operational parameters under redistic tank waste conditions
such as how and how much waste can be retrieved from the tanks. Its current limitations include

no hydrates

crystd solids but not agglomerated solids

no colloidd formations

fast (equilibrium) kinetic reactions (eg., NaNO,, NaNOgs), but not dow kinetics (eg.,

AIOOH)

durry viscodties controlled by solid volume fractions and drain rate not by chemica
Species

condant solution dendty and viscodty for hydrodynamic cdculations that are not
affected by agueous chemical species

constant liquid water mass with no accounting for water mass changes due to chemica
reactions (e.g., AIOOH — Al(OH)3 and NaPO4- n H,O)

relatively coarse grid used due to requirements of large computation time, especialy for
simulating chemical reactions.

Nonetheless, it is a state-of-the-art non-Newtonian reactive transport computer code that is
fundamentally applicable to a time-varying, three-dimensional hydrotherma field with multi-
phase, multicomponent, high ionic-strength, and highly basic chemica conditions.

5.1.2 Non-Newtonian reactive transport computer code, ARIEL

The waste retrievd assessment methodology, ARIEL developed under this EMSP project is a
time-dependent, three-dimendond computer code that can smulate fluid mechanics, equilibrium
and kinetic chemica reactions, and rheology, al coupled (Onishi et a. 1999).

Fluid dynamics

The fluid mechanics portion of the assessment methodology solves three-dimensond, time-
dependent equations of flow, turbulence, heat, and mass (solids, liquids, and gas) trangport. It

usss integrd forms of the following fundamental consarvation laws gpplied in a finite volume
formulation (Trent and Eyler 1994), as shown below:

»  Consarvation of mass (continuity)

—lrav+ | ruda, =0
cv cs (5.1)
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Congsarvation of momentum (Newton's second law)

—lruav+ | gUU+iaA, = 8+ F,
ov cs (5.2)

»  Consarvation of energy (first law of thermodynamics)

M P s 2 _ ¥
ﬁl redv + | a’USh+JqSe:iAS_§.q
v cs (5.3)

» Consarvation of turbulent kinetic energy, k

%I rkdv + | & Uk+j, @A, = §,
o o (5.4)

»  Consarvation of turbulent kinetic energy disspation

%I redvV + | g Uetj &A, =9,
cv cs (5.5)

»  Consarvation of mass condtituents (solid, liquid and gas), C;

%| rCdv + | ar (U+U) C+jcedA, = g,

cv cs (5.6)

where A = area in the s coordinate direction; G = mass concentration of " congtituent; cs and cv
= control surface and volume, respectively; e = internd energy; F = force component in the "
coordinate direction; g = gravitational component in the " coordinate direction; h = enthapy; js
= diffusive flux (gradient function) for conserved quantity, X, in the s coordinate direction (1 and
g as x are momentum and heat); k = turbulent kinetic energy; r = tensor coordinate index; r = 1,
2, 3; s = tensor summation index (used as a free index); s =1, 2, 3; é(ci = source term for " mass
contituent; = source term for turbulent kinetic energy, é(m: source term for momentum, §;=

source term for thermd energy; é(e: source term for disspation of turbulent kinetic energy; U, =
velocity component in the r" coordinate direction; U = setfling or risng velodity of i
condtituent; t = time; V = volume; e = turbulent kinetic energy dissipation; and r = dengty.

We incorporated various viscodty modes of non-Newtonian and Newtonian fluids as a

function of the drain rate and solid concentration to cdculate the shear dtress. The dudge
viscodty is used in viscous terms of the Navier-Stokes equation (Equation. 5.2), whereas yield
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grength is treated as a force that ressts the shear and norma stresses of a fluid flow (Onishi and
Trent 1999).

Equilibrium chemistry

The GMIN code (Femy 1995) was incorporated into ARIEL to cdculae chemicd
equilibrium (Onishi et d. 1999). This equilibrium chemisry submodd minimizes the Gibbs free
energy to Smulate fast agueous chemicd reactions. It can dso cdculate chemicd equilibrium
for solid, solid solution, gas, and adsorption phases. Because much of the tank waste exists
under high ionic-strength conditions, the excess solution free energy is modeed by the Pitzer
equations (Pitzer 1991) in the agueous phase modding. The governing equdions to minimize
the Gibbs free energy subject to the mass and charge baance are

ns

G= .éln]nj (5-7)
]:
subject to
ns .
a. A” nJ bi =1, p (58)
j=
nas
a zn =0 (5.9)
j=1
n;® 0 foralj (5.10)

where G = the Gibbs free energy, m = the chemical potentia of species j, n = the number of
moles of species j, ns = the totd number of the chemical species in the system, A; = the number
of moles of component i in one mole of species j, h - the number of moles of each component i,
p = the number of linearly independent mass-balance congtraints, z = the charge of species j, and
nas = the number of agueous species.

Kinetic chemistry

The kingtic chemidry in ARIEL smulates kinetic reections of precipitation/dissolution. We
used the following rate law (Steefd and Lasaga 1994) for the solid, i, and the associated aqueous

Species, j:

J—] ={kiy + ki,[Cq ]}.1- _?5 (5.11)

d[cwj] =g C{;Si-l (5.12)
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where [C4] = madity of solid i, kiz = solid i’s reaction rate, which is independent of the solid
concentration, k, = solid i’s reaction rate, which is dependent on the solid concentration, Q = the
activity product, K = an equilibrium congant, [C,;] = molality of agueous species j, and g = the
number of moles of aqueous species j, produced from precipitation/dissolution of one mole of
lid i. ARIEL cdculates Qi/Ki in Eg. (5.11) under the equilibrium chemigry caculation to
determine the deviation of the actud agueous condition from the fina equilibrium condition.

5.1.3 Model testing work performed at PNNL

PNNL developed a nor-Newtonian reective trangport computer program coupling chemicd
reactions, non-Newtonian rheology, and hydrodynamics for wagte refrieval assessment.  With
this newly developed non-Newtonian smulation code, ARIEL, we studied nortNewtonian waste
dudge eroson and waste chemidry, rheology, and mixing interactions through mathematical
modding.

We then examined mobilization and settling of erosonresiging tank wastes by amulding:
1) solid depostion and accumulation in a tank, 2) jet injection into tank dudge, and 3) dudge
pump jet mixing. The computer evaduation indicated that the durry pump jets rapidly burrow
into the dudge bank, collgpsing the overhanging dudge layer but eroding only those portions of
the dudge where the shear and normd stresses are greater than or equa to the dudge's yield
grength. For dudge and sdtcake with a yield strength of 200 Pa (representative of Hanford DST
low-activity wade sdtceke [eg., Tanks 241-AN-104 and -AN-105]) and 1,000 Pa
(representative of Hanford DST high-activity waste dudge [eg., Tanks 241-AZ-101 and —
AZ-102]), smulation results are shown in Figure 3.7. As shown on the left Sde of the figure, the
jet injected by the pump is strong enough to penetrate through the entire length of the weaker
dudge (200-Pa yidd drength). Its latera spread is ill rather limited because the dudge resists
being mobilized by the wesker jet-induced velocity at the peripheras of the jet. With greater
dudge drengths of 1,000 Pa, the jet did not penetrate through the entire dudge length (right plot
of Figure 3.7). With the dudge having a yield strength of 3,000 Pa, the mixer pump mobilized
no dudge. These tests showed that the mobilizationimmobilizetion of solids is controlled
directly by the dudge yield strength, which changes its vdue with solids volume fraction, gtrain
rate, and solid chemical terms. Moreover, the dudge eroson is mostly due to norma stress, not
much by shear dress thus in Stu or laboratory measurements should be taken of the dudge's
grength in resisting the combined forces of normal and shear siresses.

The ARIEL computer code, developed under this EMSP Project 65371, was then applied to
actud Hanford DST 241-AZ-102 waste to determine how much solids would be mobilized. This
evduaion for the W-211 Project and a waste feed ddivery planning project were needed to
determine whether two 300-hp rotating mixer pumps were needed, and if so, how much dudge
with 1,650 Pa yidd drength could be retrieved by the two pumps. (The W-211 Project at
Hanford isingdling 300-hp mixer pumpsin 10 DSTsthat arefird in line for waste retrievd.)
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Figure 5.1.

Three-dimensond didributions of predicted velocity and eroson pattern of the

dudge with yield strengths of 200 and 1,000 Pa at one smulation hour

The ARIEL code, smulating three-dimensond AZ-102 pump jet mixing, predicted that 50% of
the dudge would be eroded by the mixer pump jets and that suspended solids would be
uniformly distributed throughout the tank, except for the portion where dudge was not
mobilized, as shown in Figure 5.2. The figure shows one of the 22 airlift circulators and hesting
coils. ARIEL thus provided useful information on retrievd desgn and waste feed ddivery
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The main limitation of ARIEL is tha its rheology (yidd strength in this goplication) is not
corrdlated with chemicad conditions, while actud tank waste rheology is clealy affected by
chemicd conditions beside the physica conditions (Onishi et a. 2000).

In another gpplication, we tested this interactive behavior with an axisymmetric pump jet to
mix the sdt cake overlain by water. Because gpproximatdy haf of Hanford DST waste consists
of sodium nitrate and nitrite, we consdered their chemicd reections. In addition, these chemica
reactions do not involve hydration, and ther kinetic resctions are rdaively fast. Thus sSx
agueous species (Na', NOy, NOs, NaNOy(ag), NaNOs(ag), and H,O) and three solids
[NaNOy(s), NaNOs(s), and nonreactive solids representing nondissolvable solids]  were
examined. The non-Newtonian viscosty was assgned to be a function of solid volume fraction
and drain rate.  The axisymmetric modd predicted that, as water penetrated into and mixed with
the sadtcake, NaNOy(s) and NaNOs(s) would be dissolved and only the nonreective solids
remained as solids. As these solids dissolved, viscosty of the sdtcake decreased and the totd
amounts of Na, NOy,, NOz", NaNOy(ag), NaNOs(ag) in the solution increased. These changes
are shown in Figure 3.9 (left plot) for NaNOs(s) concentrations predicted a 20 smulaion
seconds.  As the smulation time progressed, dl NaNOy(s) and NaNOs(s) eventudly dissolved.
There was a mass baance error of several percent, and we identified this problem caused by the
repeated use of expected liquid dendty to convert agueous chemicad species concentration
between moldity and kg/nt a every computationa cdl a every time step of the entire
gamulaion time. This cdealy illusrates the importance of cdculating accurate solution dengty
as apart of the smulation, and we plan to address solution density in the proposed studly.
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Figure 5.3. Predicted NaNOs(s) concentrations (vol%) at 20 Smulation seconds with
(Ieft plot) and without (right plot) chemica reactions
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Without the chemicd reactions (Figure 5.3, right), solid concentration changes are due soldy
to mixing. Thus, accounting for the chemica reactions, the mixer pump will encounter a smaler
amount of solids with less dudge/sdtcake viscodty to mobilize  This results in improved
efficiency. This dmple numerica test reveds the importance of accounting for the chemica
reections and associated rheology changes to determine the effectiveness of mixer pumps to
mobilize the dudge. Adding water to low-activity waste tanks (eg., the AN tanks) is currently
the base retrieval operation process.

We dso compared the behavior of non-Newtonian and Newtonian mixing with chemica
reections assuming that waste viscosty was a function of the solid concentration but not
dependent on drain rae for the Newtonian case. As shown in Figure 5.4, the smulation indicates
that non-Newtonian durry generdly mixes less than Newtonian. PNNL's EMSP project team
supplied the time-varying computed velocity field to the Universty of Minnesota project team
for ther detaled mixing andyss, which confirmed PNNL's finding, as is discussed later in
Section 5.2 However, in some ingtances, non-Newtonian mixing is more extensve, reveding
the very complex nature of chemicdly active non-Newtonian durry mixing phenomena

ARIEL showed that it can dmulate chemicdly reective waste mixing if waste conditions are
ample, eg., lids ae crydads. ARIEL’s limitations in these tests are that viscosty of the
solution and durry and solution dengity are not related to chemical species.

The ARIEL code was tested in a Hanford DST to determine how much water (added as a solvent
to the tank) would dissolve and mix sdtcake with two 300-hp mixer pumps. The viscosity of this
tank waste varies seven ordes of magnitude from sdtcake to supernatant liquid. We
incorporated a non-Newtonian rheology mode in the code, as shown in Figure 55. This figure
presents measured viscosty vaues and our tank-specific rheology modd with the following
formulation of the viscodty as a function of solids concentration and strain rate:
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Figure. 5.4. Predicted NaNOs(s) didributions for 2-D non-Newtonian (left) and Newtonian
(right) cases with chemica reactions a 20 Smulation seconds

17



Tank AN-105 Rheology at 45 C

10°

—— Cv =0.19 (Pasec)
10 E e s Cv =0.07

01

0.01

N Cv=0
1000 E ° e Ball Rheometer
— E » Cv=0.19 (Herting)
8 100 = Cv=0.07 (Herting)
o
a 10 E Cv = 0.19 (Tingey at 25C
P = - Cv = 0.07 (Tingey at 25C
B n Cv =0 (Tingey at 25C)
g 1LF
> :
E

IERRETT R TITI EEAERTT | BN E AT T B AR R R 1T BN R AN TATI| B AR T

0.001
0.0001 0.001 0.01 01 1 10 100 1000 10°

Strain Rate (1/sec)

Figure 5.5. Viscosty measurements and rheology model for aHanford DST 241-AN tank

nfy.c)=m expgaeA(b)%HaiéL- éarctan(azlnl g+ as)agug

where
a,b(l+4b) C
b)= 4 =—
Ab)=1 a,b(l- 2b+a,b’)’ and b Cun
and
a: = condants
C.: = oolid volume fraction
Cvm: = maximum solid volume fraction
m = viscogty (in Pas-sec)
my = viscogty of theliquid
l: = time congant of the fluid.

The sdtcake in these tanks has a yied drength of 100-200 Pa, which is dso being smulated
in thistank modd.

Chemicd reactions smulated in this case ae Na-OH-AI(OH);—CO3—S0;—NO,—NO3—
NaNOz(ag)-NaNOs(ag)—H20 with solids of Na&CO3¥,0, N&SO,4, and AI(OH)s. Mogt of the
NaCO3H20(s) and NaSO4(s) are expected to be dissolved with water, based on experiments
and our chemicd modding. The modd setup is shown in Fgure 5.6, and the smulaion result
for NaCO3H20(s) a avery early time (10 smulation seconds) is shown in Figure 5.7.
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Figure 5.6. Hanford AN tank pump jet model Figure 5.7. NaoCO3¥,0(s) concentrations

This tet case deds with more redigdic waste conditions. Although ARIEL darted to
gmulae this case, it dearly shows its current limitations—its inability to handle the following
gtuation: 1) NaCO3H,0O(s) is a hydrate and as it dissolves, the water will be released to the
solution, 2) NaCO3z3H,0O(s) may form NaCO3z4A0H,O() as it mixes with water, thus,
sgnificantly reducing dudge and solid dengties and increesng solid sze, 3) NaSO4(s) may
form NaS0440H,0(s), affecting both dudge property (density and viscosty), and solution
dengty by changing the amount of water in solution, 4) these hydrates may form agglomerates
and gds 5) these chemicd reactions may occur a firg localy in smdl scde and may eventudly
spread to the whole tank (see detailed mixing andyss discussed in Section 4.2), 6) ther kinetic
rates may not be in the same time scde as the hydrodynamic time scade, and 7) the solution
density is affected by the agueous chemical species and concentrations.

Overcoming these limitations is a formidable scentific and technicd task requiring a
gystematic and comprehensive approach. One approach would be to systematically expand the
current ARIEL’s capability to address these shortcomings, so that it can evaluate more redigic
wagte conditions and changes.

PNNL developed the non-Newtonian reactive transport computer code as a tool to examine
interactive chemicd and hydrodynamic mechaniams that control waste mixing in Hanford tanks.
This teding indicates the usefulness of the non-Newtonian reactive transport code, ARIEL, for
ideal waste conditions, and its potentid to evaduate waste retrieval. However, as shown in the
three-dimensona (Figures 56 and 5.7) case, it dso shows the current limitations to handle
redidic waste conditions, especidly deding with hydrates and ther associated complexity.
Thus, ARIEL needs to be sysemdticaly expanded to handle norrided, more redigtic waste
conditions, including hydration.

19



5.2 Work performed at University of Minnesota

During this grant period, we have studied the effects of mixing in therma convection, shear
deformation in solid-gate incdlusons with different rheologies, and mixing in waste tanks
Besides refining the techniques for the field gpproach in passve mixing (Ten et d. 1996, 1997)
we have further developed a particle-line method conggting of particles linked together in a line
(Figure 5.8). It is a LaGrangian-based method using passve particles that are connected by
fourth-order bicubic splines and dynamicaly distributed a each time step. We have used up to
one million tracers per line and ten lines for obtaining high-resolution fine features encountered

Tracers

z (depth)
|

X

Figure 5.8. Schematic of line approach. Veocity fidd advects the particles passvedy; up to a
million particles were used to ensure accuracy; dynamic update of each line occurs adaptively.

in mixing with a resolution that is equivdent to a grid configuraiion of 500,000 x 500,000
equally spaced points (Ten et a. 1998, 1999; Yuen & a. 2000 ). One of these articles (Ten et d.
1999) appeared eectronicdly with severd movies in Electronic Geosciences and is dso
available for downloading on http:/bobby.ms.umn.edwmixing.

Figures 5.9 and 5.10 show the dynamics of mixing in both globa and local perspectives. The
zoom-in view of Figure 510 reveds the complexity of the stretching and folding processes in
mixing, which can shed light on mixing in nudear wase Our finding of the multipliaty of
goatid scdes from the globa to the very fine shear-band dructures suggests that locd mixing
may teke place in cetan regions where chemicd reactions and rheologica trangtions would
adso occur. Thus retrieval operation decison making must account for the interactions of
chemica reactions and physical mixing induced by norn Newtonian rheology accurately.

We dso andyzed by soectrd andysds of the veocity fidd (Figure 5.11) the difference

between Newtonian and norn-Newtonian mixing (Ten et a. 2001) and developed an andytica
method for looking at folding and stretching events in shear flow (Figures 5.12 and 5.13). We
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Figure 5.9. A sequence of shots portraying the mixing of passive tracers by the method of lines.
There are one million particles per line, and 10 lines have been deployed.

Figure 5.10. Zoom in of Figure 5.9. The encircled area is around 1/70 of the origind domain.
Note the occurrence of materia filaments being continuoudy dsretched and folded by means of
the horseshoe transformation as mixing induces smaller- scale structures.
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Figure 5.12. Modes of dretching in pure shear: @) line grows proportiondly to V*dt; b) folded
line grows proportionally to 2V*dt; ¢) a double-folded line grows proportiondly to 4V*dt
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Figure 5.13. Mixing of Newtonian tank waste dudge by a congant-velocity jet portrayed with
passive particles



adso devdoped a method for caculating the length of each line undergoing recurrent gtretching
and folding events (Figure 5.14). Measuring the reative length of the dretched lines can throw
condderable light on the overdl mixing process. The longer the line, the more it has been mixed
and dretched. Yuen et a. (2001) aso recently developed a 2D wavdet transform method for
examining mixing processes by decomposing the mixed fidds into various scaes (Figure 5.15).
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Figure 5.14 A compaison of the length of dretched lines as a function of time caused by
mixing and dretching in Newtonian (blue) and non-Newtonian (red). The lines being compared
are taken from the middle line for each rheologica case.

Figure 5.15. Diffeeent scaes of 2D mixing in non-Newtonian rheology portrayed by 2D
Gaussan waveet trandforms.  We display the origind fidd of mixing (upper-left pand) dong
with the wavelet decompression of the fidld into three different length scaes.
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In mixing liquids and dudge we employed the 2-D veocity fiedds from Ornishi and Wdls
(2001) and dudied mixing with particles for both Newtonian and non-Newtonian rheology
(Figures 516 and 5.17). These movies show agan tha non-Newtonian flows mix less
efficiently than Newtonian flows. Movies of the mixing for both types of rheologies can be
found on our web gte: http:/Aww.ms.umn.edu/~cathy/pnnlproposal /ffigures.html.

In the redm of matrix inclusons, which is rdevant for deformation between materids with
different rheologies, we caried out two-dimensond invedtigaion of time-dependent deforma-
tion behavior of an incduson and its dependence on the ambient rheology under smple shear
(Ten and Yuen 1999). We used the level-set method (Sethian 1999) for monitoring the deforma-
tion of the induson with developing shear motions.  The results of numericad modding (Ten and
Yuen 1999) show that a key factor of structurd appearance is the contrast between effective
viscodty and incluson to the solid matrix. The high contrast is found to inhibit sretching of the
incluson. Reaults of this work can be gpplied to mixing in maerids with different materid

properties.

a)] 0.0000 =

c) 14.947 8 d} 59.904 s

Figure 5.16. Mixing of Newtonian tank waste dudge by a congant velocity jet portrayed with
passive particles

a) 14.947 =

Figure 5.17. Mixing of non-Newtonian tank waste dudge with a constant velocity jet portrayed
with passve particles. Initid configuration of particlesisthe same asin Figures 5.3 and 5.4.
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6. Relevance, Impact, and Technology Transfer

With edimated cods ranging from tens to hundreds of billions of dollars, retrievd and
solidification of a large volume of radiocactive and chemica wades is one of the greatest
problems facing DOE. Fifty-four million gdlons of this waste is sored in 177 underground
tanks at the Hanford Site in Washington State (Gephart and Lundgren 1997).

A basc rerievd process is mixing chemicdly reactive, non-Newtonian, tank wastes with
solvents (eg., water and NaOH solution) in DSTs to mobilize and dissolve tank waste solids
within the tank or pipdine for the retrievd and pipeline transfer operations. These tank wastes
will experience complex interactions of agueous and solid chemicd reactions, rheology, and
non-Newtonian and Newtonian durry mixing, as discussed in Section 4.2.

It is a formidable and chalenging scientific and technicd task to account for the chemica
and physcd interactions in the decison-making process for retrieval safety and operations.
Because in dtu tank and laboratory experiments are impossble to perform for a wide range of
tank conditions prior to actua tank waste mixing, we need new computationd tools to determine
the safety and design/operational parameters for waste processng activities in a timely and cost-
effective manner.

As discussed in Section 51, under this EMSP Project (#65371), PNNL successfully
developed a non-Newtonian reactive trangport computer code, ARIEL, to assess waste retrieval
under idedized conditions. As illustrated in Section 5.1.3, The ARIEL computer code was
applied to actual Hanford DST 241-AZ-102 waste to determine how much solids would be
mobilized to determine whether two 300-hp rotating mixer pumps were needed, and if so, how
much dudge with 1,650 Pa yidd srength could be retrieved by the two pumps. (The W-211
Project at Hanford & inddling 300-hp mixer pumps in 10 DSTs tha are fird in line for wase
retrievd.) The ARIEL code, smulating three-dimensond AZ-102 pump jet mixing, predicted
that 50% of the dudge would be eroded by the mixer pump jets and that suspended solids would
be uniformly digtributed throughout the tank, except for the portion where dudge was not
mobilized. ARIEL thus provided useful information on retrievd desgn and wade feed ddivery
planning.

This ARIEL code was aso used to determine whether two 300-hp mixer pumps could mix
very viscous (over 1,000-Pa-s viscosty a a low drain rate) sdtcake with added water (as a
solvent) The viscodty of this tank waste varies saven orders of magnitude from sdtcake to
supernatant liquid.  With a non-Newtonian rheology modd in the code and yield strength of 100
Pa incorporated in the modd, the tank mixing smulation predicted that two mixer pumps could
totdly mobilize the sdtcake and fully mix it with water, thus, providing information needed for
the waste retrievd design and planning.

The two- and three-dimensond modd tegtings of waste retrievd dso illudrate the
importance of accounting for the interactions among waste chemicd reactions, rheology changes
and waste mixing to evauate the tank wadte refrieval. These tedtings indicate the usefulness of
the non-Newtonian reactive transport code, ARIEL, for ided waste conditions, and its potentia
to evduae wade retrievd. However, it dso shows the current limitations to handle redigtic
waste conditions, especidly deding with hydrates and ther associated complexity. Thus, this
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dudy provide the needed basis for sysematicdly expanding wadte retrievd assessment
capabilitiesto handle non-ided, more redigtic waste conditions, including hydration.

7. Project Productivity

The joint team of University of Minnesota and PNNL successfully achieved the project gods
by (i) devdoping the coupled reactive transport code for waste retrieva assessment, and (i)
evauaing the non-Newtonian mixing processes in detail.
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Dr. Y. Onishi a Huid and computation group

Dr. JR. Rustad at Environmental Molecular Science Laboratory
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10. Interactions

Co-Principd Investigator, Dr. Onishi a PNNL participated a Tank Focus Area workshop (in
1999), an EMSP workshop (in 2000) and a Tank Focus Area meeting (in 2001) on waste
retrieval and pretrestment.

This project was jointly performed by Universty of Minnesota lead by Professor Yuen
and PNNL led by Dr. Onishi. Dr. Yuen's graduate student, Catherine Hier worked on some parts
of this project aa PNNL for summers of 2000 and 2001, as a part of her on-going Ph.D. thess
work.

11. Transitions

The AREIL computer code developed under this project was used for the Hanford’s W-
211 Project to evauate the retrieval design and operation decisions, and waste feed delivery
planning, as described in Section 5.1.3.

12. Patents

No patent was generated under this project.

13. Future Work

The waste retrieval assessment code, ARIEL was intended for idealized waste conditions for
mixing of chemicaly active waste with a solvent (water), and was successfully tested. It
represents the first major step in our systematic approach to developing a scientific waste
retrieva assessment capability that can determine tank waste processing operationa parameters
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under realistic tank waste conditions such as how and how much waste can be retrieved from the
tank’ s redlistic waste conditions. Its current limitations include

no hydrates
crystal solids but not agglomerated solids
no colloidd formations

fast (equilibrium) kinetic reactions (eg., NaNO,, NaNOs), but not dow kinetics (eg.,
AIOOH)

durry viscogties controlled by solid volume fractions and drain rate not by chemica
species

constant solution densty and viscosty for hydrodynamic cdculations that are not
affected by agueous chemical species

congant liquid water mass with no accounting for water mass changes due to chemicd
reactions (e.g., AIOOH — Al(OH); and NaPO4- n H,O)

relatively coarse grid used due to requirements of large computation time, especialy for
simulating chemical reactions.

Thus, the ARIEL code must be systematicaly expanded its capability to overcome these
limitations to be able to cover more redigtic tank waste conditions.
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