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Abstract
To remediate gas retention in the floating crust layer and the potential for buoyant
displacement gas releases fi-om below the crust, waste will be transferred out of Hanford Tank
241-SY-101 (SY-101) in the fall of 1999 and back-diluted with water in several steps of about
100,000 gallons each. To evaluate the effects of back-dilution on the crust a static buoyancy
model is derived that predicts crust and liquid surface elevations as a fimction of mixing
efficiency and volume of water added during transfer and back-dilution. Experimental results
are presented that demonstrate the basic physics involved and veri~ the operation of the models.
A dissolution model is also developecJ to evaluate the effects of dissolution of solids on crust
flotation. The model includes dissolution of solids suspended in the slurry as well as in the
crust layers. The inventory and location of insoluble solids after dissolution of the soluble
fraction are also tracked. The buoyancy model is applied to predict the crust behavior for the
fust back-dilution step in SY-1 01. Specific concerns addressed include conditions that could
cause the crust to sink and back-dilution requirements that keep the base of the crust well above
the mixer pump inlet.
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Summary
The crust layer in Hanford Tank 241-SY-101 (SY-1 O1) is a dynamic system in which
retained gas makes the crust more buoyant than the mixed slurry on which it floats. Gas
retention in the crust has increased since the mixer pump was installed in 1993, causing
accelerated waste level growth and accumulation of a large volume of flammable gas.
To remediate gas retention in the crust and the potential for buoyant displacement gas
releases from below the crust, it is planned is to transfer some of the waste out of the tank and
replace it (back-dilute) with water in several steps of about 100,000 gallons each. In the first
back-dilution, water will be added at the lowest possible elevations in the tank at a low flow rate
to maximize mixing and ensure that the transfer and back-dilution processes keep the base of the
crust layer well above the mixer pump inlet.
A detailed crust buoyancy model is needed to predict crust base elevation resulting horn
various back-dilution scenarios. Because the crust is floating, it can be modeled with simple
hydrostatic principles. This report documents the derivation of crust buoyancy models and the
predictions of crust behavior as a fimction of diluent mixing efficiency. First, a base buoyancy
model is derived to describe pre-dilution conditions. Based on these conditions, models were
derived to predict the perturbations resulting Ii-em dilution for three cases: 1) volume of diluent
not sufficient to submerge or float the crust, 2) crust submerged in the diluent (mixture is less
dense than the crust), and, 3) crust floats on the diluent (mixture is more dense than the crust).
Simple experiments were performed using both a weighted bottle and a porous matrix of
Styrofoam@ beads and copper pellets to model the crust. These tests verified the model and
demonstrated the salient features of crust behavior. In each test, water was added with little or
no mixing to a container of heavier fluid with an object floating in it. The results ‘demonstrated
that, even if the object is heavier than water, it feels the buoyant force of the water and rises
some distance out of the heavier fluid. If the object is lighter than water, it rises completely out
of the heavier fluid and floats entirely in the water.
Solids dissolution is calculated under the basic assumption that soluble solids will dissolve
until the liquid mixture of dissolved solids and water is in equilibrium. The mass of dilution
water required to dissolve a given mass of solids is therefore equal to the product of the solids
mass to be dissolved, the fraction of the solids that are soluble, and ratio of the mass of water to
the mass of dissolved solids in the saturated liquid.
As water is added below the crust, the density of the slurry above the injection point
decreases by dilution from the added water. This is partially compensated for by the release of
gas, which is assumed to be in proportion to the fraction of solids in the slurry that are dissolved.
If there is no top dilution, the analysis assumes that the crust is unaffected until all the soluble
solids are dissolved from the slurry. At that point the excess water begins to dissolve the bubble
slurry layer. Because the bubble slurry contains a disproportionately high volume of gas,
dissolution of this layer will greatly increase the average crust density. If this happens, the
diluted slurry will no longer be able to support the heavier crust, and the crust will sink.

In the current plan, two locations will be used for low water addition: the transfer pump
inlet, 96 inches from the tank bottom, and the mixer pump burrowing ring, 9 inches from the
bottom.(a) The lower the back-dilution water injection point, the larger the volume of slurry
available to mix with the water. This means that the back-dilution volume would be less limited
if water were added through the base of the mixer pump rather than through the transfer pump
inlet.
Because the back-dilution volume is expected to be the same as the transfer volume in most
cases, larger transfer volumes will result in an increasingly dilute slurry. At some point, the
mixed slurry density will be too low to float the crust, and the back-dilution volume will need to
be reduced to prevent the crust from sinking. With the back-dilution volume lower than the
transfer volume the crust base will be lower, because the volume of the mixed liquid slurry
decreases as transfer volume increases. Thus transfer volume is limited to the amount that
allows maximum back-dilution to keep the crust base fm enough above the mixer pump inlet to
ensure effective operation. Because the mixer pump has operated effectively with the crust base
as low as 295 inches, this level has been chosen as the lower limit.
The back-dilution limitations for the important scenarios with water injected at the 96-inch
transfer pump inlet and the 9-inch mixer pump burrowing ring are listed in the following table.

Table S-1. Volume Limits for Back-Dilution below Crust

Maximum transfer with equal
back-dilution allowable to
avoid sinking crust
Maximum transfer and backdilution allowable to keep
crust above 295 in. without
sinking
Maximum transfer and backdilution allowable to keep
crust above 295 in. with at
least 10 kgal margin to sinking
Maximum transfer with equal
back-dilution allowable to
avoid crust sinking with 20
kgal of total added on top

Water injected at 96 in.
transfer pump

Water injected at 9-in. mixer
pump burrowing ring

90 kgal transfer with equal
back-dilution

120 kgal transfer with equal
back-dilution

143 kgal transfer
with 80 kgal back-dilution

175 kgal transfer
with 112 kgal back-dilution

100 kgal transfer
with 72.5 kgal back-dilution

125 kgal transfer
with 103 kgal back-dilution

128 kgal transfer with equal
back-dilution

160 kgal transfer with equal
back-dilution

(a) LMHC Interoffice Memo 79000-99-053, from RE Raymond to the SY-101 Project Group, August 18,
1999. Subjecc 241-SY-101 Mixer Pump Inlet Level and SY-101 mixer pump drawing H2-89953.
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The table shows that top dilution is very beneficial in providing operational flexibility to the
transfer and back-dilution process. The crust base remains well above the 295-inch minimum
and does not limit transfer volume. In addition, there are no serious consequences related to gas
release if moderate volumes of water are added on top of the crust layer. Recent history shows
that the crust can be confidently thinned to 60 inches without releasing bubble slurry. This
requires approximately 50 kgal of top dilution. Even if the entire bubble slurry layer were
suddenly released to the headspace, the hydrogen concentration would be just above 50°/0 of the
LFL after a 100 kgal transfer and under 50% of the LFL after a 150 kgal transfer.
We conclude that, with proper planning, a 100-150 kgal transfer and equal back-dilution can
be accomplished in the fall of 1999 without danger of sinking the crust or releasing gas from the
bubble slurry. The greatest margin of safety is achieved if a significant fraction of the backdilution water is placed on top of the crust.
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1.0

Introduction

The mixer pump installed in Hanford Tank 241-SY-101 (SY-101) in July 1993 has prevented
the large buoyant displacement gas release events (I3D GRE) the tank has exhibited historically.
But the absence of periodic disruption fi-om GREs and the action of mixing have caused the crust
to grow by accumulating gas bubbles and solids from below. This has resulted in over 30 inches
of waste level growth, and the flammable gas volume stored in the crust has become a hazard.
To remediate gas retention in the crust and the potential for BD GREs from below the crust,
SY-101 will be diluted in the fall of 1999 to dissolve a large fraction of the solids in the tank.
Waste will be transferred out of the tank and replaced (back-diluted) with water in several steps
of about 100,000 gallons each (Raymond 1999). Back-dilution water may be added at the
transfer pump inlet, the base of the mixer pump, on top of the crust, or in some combination of
these locations (Barton 1999).
The mixer pump will continue to be required to prevent formation of a deep nonconnective
layer and resumption of BD GREs. Therefore, it is vital to ensure that the transfer and backdilution processes do not significantly degrade the pump’s effectiveness. Part of the strategy to
avoid mixing degradation is to keep the base of the crust layer well above the mixer pump inlet,
which is 236 inches above the tank bottom.(a) The crust must also be prevented from sinking.
The mixer pump may not be able to mobilize a sunken crust adequately to prevent BD GREs.
Because the crust is floating, it can be modeled with simple hydrostatic principles. Most
basic is that the weight of the crust must be equal to the weight of fluid displaced. The amount
of crust submerged depends on the density of the fluid it displaces. For the crust to float, the
specific gravity of the fluid surrounding the crust must be greater than that of the crust. During
back-dilution, the specific gravity of the fluid supporting the crust depends on how well the
dilution water ties with the slurry and how the crust dissolves.
This report documents the derivation and predictions of the crust buoyancy model and the
predicted crust configuration as a function of mixing efficiency, back-dilution volume, and
injection location.’ Section 2 describes the current state of the crust layer in SY-101. Section 3
presents the basic buoyancy model for crust flotation and provides a methodology for predicting
the perturbations in crust buoyancy resulting from back-dilution both above and below the crust.
This section also presents results of simple experiments that verify the model and demonstrate
the basic behavior. Section 4 presents a model for determiningg the effect of dissolution of solids
on the volume and density (and hence the mass) of the crust and the liquid slurry. Section 5
predicts the limits needed on transfer and back-dilution volumes to ensure that the crust does not
sink and always floats with its base well above the level of the mixer pump inlet. References are
listed in Section 6.

(a) Lockheed Martin Interoffice Memo 79000-99-053, RE Raymond to SY-101 Project Group, August
18, 1999. Subject: 241-SY-101Mtier Pump Inlet Level
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2.0 Current State of SY-I 01 Crust Layer
Measurements show that the top of the crust is currently about 432 inches above the tank
bottom. Neutron and gamma probe data indicate that the crust base is about310 inches from the
bottom. The free liquid level in the tank is estimated at roughly 414 inches. These data indicate
that the crust is about 120 inches thick and floats on the liquid with almost two feet of
“freeboard” exposed above the liquid level. This configuration is the result of a redistribution
event that occurred from mid-March through early May 1999, during which the base of the crust
dropped about 30 inches. There was concurrently an abrupt and sustained increase in pumpinduced gas releases and a gradual reversal of the level rise trend. The crust has remained
approximately in its current condition since June 1999. Before the redistribution event, void
ilaction instrument (VFI) (Stewart et al. 1998) and retained gas sampler (RGS) (Mahoney et al.
1999) void measurements along with the fust neutron/gamma profiles showed that a high-void
layer more than a foot thick may have existed at the base of the crust. Upward migration and
dispersal of the gas in this layer may explain the redistribution. Analysis indicates that the
average void fraction decreased as the crust thickness increased, so the total stored gas volume in
the crust remained roughly constant. Neutron probe data after July 1999 show that a high void
layer about 10 inches thick has reformed at the new crust base level.
Recent neutron/gamma count profiles, temperature profiles, operation of the mechanical
mitigation arm (MMA) in late May 1999, and penetration of the crust with the 40-inch spray
lance in August 1999 show that the crust now consists of four distinct layers. From their
physical characteristics and position, these layers are termed “bubble slurry,” “paste,” “wet clay,” ‘
and “inferred freeboard.” The neutron profiles are shown in Figure 2.1, and a conceptual
understanding of the crust configuration is illustrated in Figure 2.2.
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Figure 2.2. Concept of Crust Configuration and Properties

The “bubble slurry” is the bottom layer (310-320 inches) and consists of a relatively highvoid material. It has a void fraction that may be approaching 0.6 and a relatively low yield
stress, estimated as less than 100 Pa. The “paste” layer consists of the middle two-thirds
(320-400 inches) and is relatively strong, approximately the consistency of stiff peanut butter or
soft clay. It has a moderate void fraction, averaging about 0.2, which decreases with height.
Estimates of the torque required to rotate the MMA indicate a yield stress on the order of
400-3000 Pa.(a) The “wet clay” layer (400-414 inches) lies just below the liquid level. It has a
very low void fraction, estimated at 0.08, and appears to be very strong. Although there are no
direct measurements for this quantity, its yield stxess is inferred to be greater than 3000 Pa. This
layer may also contain old “wastebergs” that existed prior to mixing, but it is not clear whether
they could still be distinguished from the surrounding material.
The top sixth of the crust (414-432 inches) is the porous broken material above the liquid
level and composes the current freeboard. Water added on the waste surface readily flows into
this layer. Although individual fi-agments are quite strong and brittle, this layer has no strength
as a unit. The height of vertical ledges visible after dissolution by flush water and estimated
resistance to the cruciform lance penetration in August 1999(a)indicate a local yield stress greater
than 10,000 Pa.

(a) Wells BE and G Terrones. October 1999. Estimates of the Yield Stress in Shear of the Floating
Crust Layer in Tank 24I-SY-101. Letter Report TWS99.60, Pacific Northwest National Laboratory,
Richland, Washington.
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3.0 Crust Buoyancy Model
This section presents an overview of the crust buoyancy model, which is used to determine
the results presented in Section 5. The crust floats on the liquid slurry by the same physical
principles as a bar of soap in a bathtub. The depth to which the crust is submerged, and whether
or not it floats at all, is determined by the balance between the weight of the crust and the weight
of the fluid it displaces. The buoyancy model is needed because transfer and back-dilution will
alter the density of the fluid currently supporting the crust. The density of the crust may also
change due to dissolution of solids, or by the porous crust freeboard absorbing some amount of
the fluid in which it is submerged. This means that dilution operations will change the
submerged depth of the crust and could even cause it to sink.
This section contains a conceptual description of the crust buoyancy model. Section 3.1
describes the basic model, with the main assumptions. Section 3.2 describes the three main
variations to consider when using this model to determine crust buoyancy with back-dilution. In
Section 3.3, model results are compared with experimental data from tests simulating crust
behavior for several postulated back-dilution scenarios. The derivation is presented in detail in
Appendix A.

3.1 Reference Buoyancy Model for Crust Flotation
The crust buoyancy model applies the simple physical principle discovered by Archimedes
more than 2300 years ago: the weight of an object floating in a liquid must be equal to the
volume of liquid displaced by the object. The crust is an object made up of solids, retained gas,
and liquid held within the porous structure of the crust. The solid material in the crust is by itself
too dense to float on the slurry; the crust floats only by virtue of trapped gas within the crust.
Gas is assumed to be retained in the crust as isolated particle-displacing bubbles that constitute
some specific void fraction relative to the total volume of the crust. The pores between particles
are assumed to be completely saturated with liquid in the submerged portion of the crust.
The overall density of the submerged portion of the crust depends on its void fraction, solids
volume fraction, and the liquid and solid phase densities. Similarly, the density of the slurry on
which the crust floats depends on the solids volume fraction (due to particles suspended in the
liquid), the void fraction (due to small gas bubbles that may be attached to the suspended
particles), and the phase densities. The density of the unsubmerged portion of the crust (i.e., the
“freeboard”) also depends on its void fraction, solids volume fraction, and the liquid and solid
phase densities. These quantities are not the same as in the submerged portion of the crust. The
exposed crust contains open pores and void spaces surrounded by solid crust material. These
pores and void spaces are assumed open to the headspace and therefore contain the headspace
atmosphere. The pore spaces, but not the voids, are assumed to be partially filled or saturated
with liquid due to capillary action. This model is illustrated schematically in Figure 3.1.
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Figure 3.1. Diagram of Crust Buoyancy Model

Balancing the upward buoyancy forces and downward gravitational forces on the crust yieIds
relationships to determine the depth the crust is submerged (S), the height of the liquid level
(HL), the height of the crust surface (HS), and the height of the crust base (HB). The details of
the derivation and formulation of these relationships are presented in Appendix A.

3.2 Buoyancy Model with Back-Dilution
The amount of mixing that occurs with injection of water during back-dilution under the
crust determines the density of the liquid slurry the crust is floating on. The mixing of the liquid
slurry and added water is expected to be very good at best and essentially nonexistent at worst.
To express this range of possibilities for modeling purposes, back-dilution is assumed to form
two distinct stratified layers in the liquid. The upper layer is assumed to be a homogeneous
mixture of dilution water and some specific fraction of the original mixed slurry. The volume of
mixed slurry divided by the volume of added water is defined as the mixing ratio. The lower
layer is assumed to be essentially the same as the original undiluted slurry. This model also
assumes that no solids dissolve when the crust comes in contact with the added water or
unsaturated water-slurry solution (this assumption is relaxed in the model presented in Section 4.) The crust itself is assumed to have passages through which water can flow relatively
easily, such that all hydrodynamic effects can be ignored. That is, the crust behaves purely as a
hydrostatic system before, during, and after adding the dilution water.
Because the density of water is much lower than that of the slurry, any water that is added on

top of the crust will initially penetrate only to the existing liquid level. Similarly, even when
water is added below the crust, the diluent mixture of water and slurry will of necessity be lighter
than the original slurry, and the diluent mixture will percolate up, through, and around the crust
to strati~ on top of the unmixed slurry. The crust will rise or sink until it displaces a sufficient
volume of fluid to support its weight in the surrounding liquid. Depending on the amount of
mixing, the diluent mixture density may result in the crust being either partially or wholly

submerged in the liquid. The submerged portion of the crust may be supported entirely in the
diluent mixture layer or partially in the diluent mixture layer and partially in the underlying
original slurry layer.
In this section the crust buoyancy model is applied to various flotation scenarios. Section
3.2.1 describes the case in which there is only a small amount of dilution that is not enough to
completely submerge the current crust freeboard; Section 3.2.2 discusses the case in which
enough water is added for the resulting diluent mixture to filly submerge the crust, but there is
insufficient mixing and the diluent mixture is not dense enough to support the crust. In this case,
the lower part of the crust is supported by the original (undiluted) slurry, and the upper part of
the crust is submerged in the diluent mixture. Section 3.2.3 discusses the effect of water added
beneath the crust in sufficient volume and with enough mixing for the the crust to float on the
diluent mixture, with no part of the crust submerged in the original slurry.
3.2.1 Partial Submergence

or Flotation

When a small volume of dilution water is added on the top of the crust or a light diluent
mixture percolates up to form a stratified layer on top of the slurry, the level at which the crust
floats will change. If the added volume of water is small enough, the diluent mixture layer will
not be deep enough to completely submerge or float the crust. The conditions before and after an
addition of this type areas shown in Figure 3.2.
The density and void fraction of the originally submerged portion of the crust are assumed to
remain unchanged. The density of the originally unsubmerged portion of the crust that remains
unsubmerged, above the level of the diluent mixture, is also unchanged. In the newly submerged
portion of the crust, however, the diluent mixture can penetrate the pores and voids that were
formerly occupied by air. The buoyancy due to the additional subermergence increases the
difference between the new crust surface level and the level of the undiluted slurry.

INITIAL STATE

DILUENT ADDED
.

:
:

::+

2
—.——..—.—————2

I

Figure 3.2. Small Volume of Water Added with Little or No Mixing
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Appendix A, Section A. 1 contains a detailed derivation of this case for the crust buoyancy
model, defining the relationships for the new liquid surface level, crust surface level, undiluted
slurry liquid level, and the submerged depth of the crust. In addition, relationships for the
density of the newly submerged crust freeboard and the density of the diluent mixture layer are
derived. These are expessed in terms of the mixing ratio, M, for the diluent mixture. The mixing
ratio is defined as the ratio of the volume of slurry that mixes with the water to form the diluent
mixture to the volume of water added. It is assumed that volume is conserved while the two
fluids mix. For pure water added so it does not mix at all with the slurry, M = O.
The new depth to which the crust is submerged can be calculated from the volume of water

added. The model assumes that the diluent mixture fills the available air space in the pores and
voids above the original liquid level in the crust freeboard plus any portion of the liquid surface
area that is not occupied by crust (see Figure 3.2). This solution is applicable only if the crust is
not completely submerged or is floating entirely in the diluent mixture. The volume of mixed
diluent needed to just submerge the crust can be computed as a fimction of the crust thickness
and the mixing ratio M. If the volume of water to be added is larger than this amount, the model
is applied as described in Section 3.2.2. If the mixed diluent is of sufficient volume and density
to completely float the crust, the model is applied as described in Section 3.2.3.
3.2.2 Crust Completely Submerged

in Diluent

If the diluent is less dense than the bulk crust material, the diluent mixture will remain above
the slurry level and the crust may be entirely submerged, as shown in Figure 3.3. The lower part
of the crust is submerged in the original (undiluted) slurry, and the upper part is submerged in the
new diluent mixture. The sum of the crust submergence depths is equal to the total crust
thickness. The diluent mixture will also penetrate the porosity and void space throughout the
newly submerged freeboard, which was originally above the liquid surface level before the water
addition.
The new mixture level is determined from the amount of diluent in excess of that required to
fully submerge the crust and can be expressed as a function of the mixing ratio, M, the volume of
water added, and the volume of water required to just submerge the crust (determined from
calculations using the model as applied in Section 3.2.1). The relationships that describe the
conditions illustrated in Figure 3.3 are presented in detail in Appendix A, Section A.2.
This approach is valid only if the diluent density is less than that of the crust. When the
density of the diluent mixture is just sufficient to float the crust, the submergence depth in the
original (undiluted) slurry becomes zero. The mixing ratio and volume of water needed to
achieve this state can be determined using the relationships described in Section A.2 of
Appendix A. If the mixture ratio is greater than this value, the crust will float in the diluent
mixture without any portion of it submerged in the original slurry. In that case, the crust
buoyancy model is applied as described in Section 3.2.3.
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Figure 3.3. Diluent Added so Crust Is Completely Submerged

I
3.2.3 Crust Floats in Diluent

If enough mixing occurs for the diluent mixture to be denser than the bulk crust material, the
crust will float entirely supported by the diluent mixture. This is illustrated schematically in
Figure 3.4. This is similar to the original condition of crust buoyancy descibed in Section 3.1.
The only difference is that the crust will be submerged to a greater depth, because the density of
the diluent mixture must of necessity be somewhat less than that of the original slurry.

CRUST FLOATS ON
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Figure 3.4. Diluent Mixture Is Dense Enough to Support the Crust
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The volume of diluent mixture needed to float the crust entirely in the diluent mixture layer is
the volume of water required to form a mixed diluent that will submerge the crust such that its
bottom is just at the intefiace between the diluent mixture layer and the original (undiluted)
slurry layer. The volume of water needed to achieve this depth of submergence for the crust is a
function of the thickness of the crust, its overall density, and the mixing ratio, M, which must be
larger than the maximum value defined for the conditions described in Section 3.2.2. The
detailed formulation of the model for this condition is presented in Appendix A, Section A.4.

3.3 Experimental

Demonstration

of Crust Buoyancy Model

Two simple experiments were run to verify the operation of the model and to demonstrate the
basic behavior the model is designed to predict. In these experiments, a simple model of the
buoyant crust was floated in a graduated cylinder containing a fluid that simulated the mixed
slurry. One experiment used a sealed weighted bottle and another a porous cylinder to simulate
the crust. Cases with the floating object denser than the diluent fluid were run for both
experiments. Cases with the floating object less dense than the diluent fluid were also run for
both experiments. Section 3.3.1 describes the sealed bottle tests. Section 3.3.2 describes the
porous cylinder experiment. The experimental results are compared to model predictions in
Section 3.3.3.
3.3.1

Bottle Buoyancy

Experiment

In these experiments, the crust was simulated using a 57 I-r& Teflon@ FEP bottle loaded
with different weights of copper pellets. The bottle consists of two sections. The lower section
is 124.5 mm and has an average cross-sectional area of 41.0 cm2; the upper section is 37.5 mm
tall and has an average area cross-sectional area of 16.1 cm2. This configuration is shown in
Figure 3.5. A 2000-mL graduated cylinder with a cross-sectional area of 47.4 cm2 was used to
model the tank.
Dichloromethane (CH2C12),which has a density of 1.327 g/mL, was used to represent the
mixed slurry. Water, which has a density of 1 g/mL, was added to represent the diluent. The
two liquids are immiscible. Two cases were examined. In both cases, the densest material was
the simulated slurry. In one of these cases, the bottle was denser than water, and in the other
case, the bottle was less dense than water. The reference level for liquid level measurements was
the bottom of the bottle before water was added.
The added water was measured by weight with an estimated uncertainty less than 0.1 mL.
Levels were read by marking the side of the graduated cylinder and measuring the distance
between them with a rule. The maximum uncertainty in measuring the distance between two
marks used for each referenced level datum is + 2 mm. The uncertainty in placing a mark was
<-1 mm for the bottom of the crust model (model crust reference line) and+ lmm for the liquid
surface level. The uncertainty was larger, -2 mm, for the liquid/liquid interface because of the
thickness of the miniscus. The overall standard deviation of the measurement is estimated by
linear combination of uncertainties to be + 3 mm.
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3.3.1.1

Case I: Bottle Is Submerged,

p~L>

pC > PW

In Case I, the bottle weighed more than the volume of water it could displace but less than an
equivalent volume of slurry. This was accomplished by adding copper pellets to the bottle until
its total weight was 601.8 g, which corresponds to a bulk density of 1.054 ghnL. Figure 3.5
shows schematically the changes in simulated crust and liquid levels with water additions, and
the experimental results are summarized in Table 3.1. Because the fluids are immiscible, added
water remains on top of the model slurry, appropriately simulating the diluent mixture layer on
top of the (undiluted) slurry. The water surrounding the bottle exerts a buoyant force, lifting the
bottle out of the slurry, until enough water is added to completely submerge the bottle. After that
there is no change in the bottle position or slurry level---only the water surface level rises.
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Figure 3.5. Bottle Buoyancy Tests for Case I Conditions (psLs.

Final State

pC > pw)

Table 3.1. Results of Bottle Buoyancy Tests for Case I Conditions (psLs

CH2C12
only
+ 37.2 g HZO(partially submerged
+ 152.3 g HZO(completely submerged

Bottom of bottle
(mm)

o
5
12.9

ChzClzLevel
(m)
111.2
75.2
33.5

pC > pw)

HZOLevel
(mm)
IWA
131.7
176.2
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3.3.1.2 Case II: Bottle Floats on Dduen~

p~L > pw > pc

h Case II, the bottle weighed less than the volume of water it could displace. Consequently,
it also weighed less than an equivalent volume of slurry because the slumy simulant (CHZCIJ is
denser than water. The bottle weight was adjusted to 460.8 g, which corresponds to a density of
0.807 g/mL. Figure 3.6 schematically depicts the changes in simulated crust and liquid levels
with water additions. The results are summarized in Table 3.2.

As water is added, it exerts a buoyant force on the bottle. But because the bottle is lighter in
this test, it rises farther out of the model slurry. At some point, the buoyant force of the water
becomes sufficient to support the bottle. Further water addition raises the water level and the
bottle, while the slurry level remains constant.

Weighted,
Sealed
Bottle ‘

lA=hlA-..

Referen:~<,,,,
Level

-.

H-W4171
II

...***

.. . . .
-

..

w,*t,,,,..

t.*-.3*..*.,,..,

.*.

Ai,.**m

-

,,, -.,,,”

.,,’.

...

. .

,:.

.

,-‘- ...”
,-

,.. ,--:
::..,:;

.-’...

Initial State

,.
,. .,. ‘-. .

.,,.,
:.,......
.
... ...,,,
,..
. ...
..
.....,,.
,-.

Intermediate State

Final State

Figure 3.6. Bottle Buoyancy Tests for Case II Conditions (psL > pw > pc)

Table 3.2. Results of Bottle Buoyancy Tests for Case II Conditions (psL > pw > pc)

I
Condition
cH2c12 only
+46.3 g HZO(partially submerged in CHQ)
+ 65.6 g HZO(completely out of CTIQ)
+ 47.4 QH.O (comdetelv out of CH.cl.)

Bottom of
“bottle (gun)

o
7.3
18.5
28.9
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I

CH,C12 I H,O level I
level (mm)
(mm)
86.6
N/A
40.8
110.0
12.3
132.8
1?3
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3.3.2 Porous Crust Buoyancy Experiments
Porous crust models were constructed from a thin bottom layer of metal pellets (-0.4 mm
diameter) and a thick top layer of Styrofoam@ beads (0.34.6 cm diameter). Individual pellets”
and beads were coated with epoxy resin, layered in a cylindrical mold while wet, and air-dried to
form a solid porous crust. The cylindrical mold was 9.5-cm in diameter and 5.1-cm high, which
corresponds to a volume of 360 mL. Pictures of the simulated crust are shown in Figures 3.7 and
3.8. The one in Figure 3.7 is denser than water; the one in Figure 3.8 has a density less than that
of water.
The crust porosity is defined as the difference between the volume of the mold and the
volume of water displaced by the simulated crust made from the mold. Because of layering
effects and differences in packing consistency, the porosity varies both vertically and radially.
The vertical variation in porosity was checked by adding water in several stages with the porous
crust held fixed in the vessel. The average porosity for each stage can be calculated from the
change in height of water for each volume added: For the heavy crust, the porosity ranged from
0.34 to >0.43 (single-stage bulk measurement gave 0.43) and from 0.35 to 0.52 for the’light crust
(single-stage bulk measurement was 0.50). The standard deviation in porosity is estimated as
MI.07. The bulk density of the crust was controlled by varying the relative amounts of metal
pellets and Styrofoam beads.
The liquid used to model the slurry was a solution of-40% ferric chloride (FeCIJ in water,
which has a measured density of 1.38 g/rnL. Water was the diluent. Experiments were

Figure 3.7. Simulated Crust with Density Greater Than that of Water (pW< pc)
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Figure 3.8. Simulated Crust with Density Less Than that of Water

(pc c pw)

conducted in a 1-L beaker with a cross-sectional area of -79.6 cm2. As in the tests with the
sealed bottle, the base of the crust prior to water addition was used as the reference point for
fluid level measurements.
Because the water and the FeCl~ slurry are not immiscible in this test, some mixing is
possible. However, water was added gently on top of the porous crust so that mixing was
minimized. The effectiveness of this approach was verified by visual observation, since mixing
is easy to detect due to the dark brown color of the FeCl~ solution. The interface was observed to
remain quite sharp throughout the tests, so any effect of mixing was assumed very small and was
neglected. The level measurement and added water volume uncertainties are estimated to be the
same as for the bottle experiments, as described above in Section 3.3.1.
3.3.2.1 Case I: Crust is Submerged,

psL > pC > pW

The total crust weight was adjusted to 235 g, which corresponded to a bulk density of
0.653 g/niL (Figure 3.7). Water displacement measurement yielded a solid volume of 207 mL,
which is equivalent to a porosity of 42.5%. Therefore, the true average density of solids in the
crust is 1.14 g/mL, which is greater than that of water but less than that of the model slurry.
Table 3.3 summarizes the changes in simulated crust and liquid levels with water additions.
The results are similar to the corresponding sealed bottle test described in Section 3.3.1.1.
The diluent water exerts a buoyant force on the crust proportional to the volume of solids
displaced so that the crust rises out of the FeCl~. This continues until water covers the crust.
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Table 3.3. Results of Porous Crust Buoyancy Tests for Case I Conditions (psL >pc

Condition
FeClsonly
I-49.8 g HZO(partially submerged)
+ 50.2 g HZO(partially submerged)
+ 149.2 g HZO(completely submerged)

>pw)

Bottom of crust
(mm)

-FeCl~Level
(mm)

HZOlevel
(mm)

o

43.7
36.5
32.2
30.0

NIA
50.9
59.8
77.5

5.2
10.1
14.4

i

3.3.2.2 Case II: Crust Floats on Diluen~ p~~s pWz pc
The total crust weight was adjusted to 119.8 g, which corresponded to a bulk density of 0.333
ghnL (see Figure 3.8.) Water displacement measurement yielded a solid volume of 180 m3 or,
equivalently, a porosity of 50%. Therefore, the true average density of soIids in the crust is
0.666 g/mL, much lighter than water and also lighter than the simulated slurry. Table 3.4
summarizes the changes in simulated crust and liquid levels with water additions.
As with Case I, the results are similar to the corresponding sealed bottle test described in
Section 3.3.1.2. The diluent water exerts a buoyant force on the crust proportional to the volume
of solids displaced so that the crust rises out of the FeCl~. This continues until the crust floats in
the water alone, with none of it submerged in the model slurry.
Table 3.4. Results of Porous Crust Buoyancy Tests for Case H Conditions (PsL.>PW>pc)

Condition
FeCl, only
+ 50.1 g HZO(partially submerged in FeCIq)
+ 50.2 g HZO(partially submerged in FeCl~)
+ 133.9 g HZO(completely out of FeCIg)
3.3.3 Comparison

Bottom of
crust (mm)

FeCl~level
(mm)

o
4.6
9.2
22.5

of Model Predictions with Experimental

28.9

.

24.8
21.7
18.8

H20 level
(mm)
NIA
35.2
43.2
63.9

Results

The experiments above were compared with calculations using the crust buoyancy model
described in Section 3. In each case, the basic buoyancy model was fnst applied to establish
reference conditions consistent with the initial conditions that were the basis of the experimental
measurements. The degassed level was adjusted so that the level of the crust base was zero for
the reference condition. After the reference condition was determined, the partial flotation
formulation horn Section 3.2.1 was applied to all cases in which the heavy simdated crust was
not completely submerged in water or the light simulated crust floated partially in water and
partially in the slurry simulant. Submerged crust cases were modeled with the approach
described in Section 3.2.2. The approach in Section 3.2.3 was used when the simulated crust
floated in water entirely above the slurry simulant. Other modeling concerns are explained
below.
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The bottle used tosimulate thecmst intheexperiments
described in Section 3.3.l hada
nonuniform cross-section where the top fourth of the bottle’s height necked down to less than
half the area of the bottom 75% (see Figures 3.5 and 3.6). However, this area change was not
considered explicitly in applying the crust buoyancy model to the test results. In the reference
condition (with no water addition) and in the cases with partially submerged simulated crust
cases, the part of the bottle that was submerged included only the part with uniform crosssection. When the bottle was fully submerged, it was necessary only to account for the total
volume by assuming a uniform area equal to that of the straight section (41 cm2) and calculating
an equivalent height for the bottle that gave the correct initial submergence. This adjusted height
was 14 cm for the heavy bottle and 14.24 cm for the light one. Actual bottle height was 16.2 cm.
The large pore diameter of the simulated porous crust allows liquid to flow through it with
minimal resistance. Therefore, it was modeled as a uniform solid object with a cross-sectional
area equal to the.product of the actual area (70.9 cm2) and measured average porosity (42.5% for
the simulated heavy crust and 50% for the light crust). The density was set equal to the
measured average solids density, including both Styrofoam beads and copper pellets (1. 14 g/rnL
for the heavy crust and 0.666 g/mL for the light crust).

The experimental and analytical results are compared in Table 3.5. The differences between
measured and predicted levels are typically less than 2 mm, but the predicted slurry levels for the
simulated heavy porous crust were 4.4 to 6.5 mm higher than measured values. This could be
because of variable porosity in the simulated crust. The difference between measured and
predicted values was still less than 3 mm in the light porous crust model.
Table 3.5. Comparison of Buoyancy Model Predictions with Experimental Results

Heavy
Porous
(Sec. 4.2.1)
Light porous
(Sec. 4.2.2)

(a)
(b)
(c)
(d)

Model

Water Added

Float
Base
Partial
Partial
Submg.
Base
Partial
Partial
Float

159.3
0.0
49.8
100.0
249.2
0.0
50.1
100.3
234.2

Slurry level (cm)
Meas.
Pred.
11.12

1.23
4.37
3.65
3.22
3.00
2.89
2.48
2.17
1.88

1.17
4.37
4.09
3.80
3.65
2.89
2.51
2.13
1.60

Base Model - Section 2.
Partially Submerged/Floating Model - Section 3.2.1.
Submerged Crust Model - Section 3.2,2.
Floatirw Crust Model - Section 32.3
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Crust base (cm)
Mess.
Pred.
0.0
0.0

2.89
0.0
0.52
1.01
1.44
0.0
0.46
0.92
2.25

3.09
0.0
0.47
0.94
1.19
0.0
0.47
0.94
2.43

Water level (cm)
Meas.
Pred.

~14.28

14.61

5.09
5.98
7.75

5.13
5.89
7.89

3.52
4.32
6.39

3.69
4.48
6.43

4.0 Dissolution Model
After waste from the mixed slurry layer is transfened out of SY-101 into SY-102, water will
be added both on top of and below the crust layer. The back-dilution scheme is sketched in Figure 4.1. Water will be placed on top of the crust through a flush line in the transfer pump pit.
The water will fall 15–20 ft. to the waste surface. Because the water is much less dense than the
liquid surrounding the crust, it will flow out across the surface, eventually filling the open space
in the current freeboard. Since the water will flow through the freeboard in intimate contact with
the solids, dissolution of the freeboard layer is expected to be relatively rapid (on the order of a
day). Dissolution depth will probably be slightly greater in the vicinity of the water addition but
is expected to be relatively uniform over the entire surface of the crust because of the barrier of
the heavier salt-saturated liquid below.
Water will be added below the crust through the in-line dilution system at the inlet of the
transfer pump, 96 inches above the tank bottom. Because water is much’lighter than the slurry, it
will rise as a plume, mixing with the slurry as it goes. Mixing above the injection point is predicted to be very effective with little stratification (Antoniak and Meyer 1999). The solids suspended in the slurry are quite small and are expected to dissolve rapidly in contact with the
water. Assuming pure difhion, a one-micron particle is 99$Z0dissolved in less than one second.
Diffusion alone will dissolve 99% of a 10-rnicron particle or 90% of a 100-rnicron particle in
about one minute (Cussler 1984).
High add

Low add

Freeboard
~-

Liquid Level —
Paste
Bubble_slurry
Crust Base —

Diluted slurry (“layer l“)
. .
Injection Point

.-—-..
Undiluted Slurry flayer
. .. . .

2“)

.. .-—.—..——

—.- . . . -.--——

..-.

---

Figure 4.1. Schematic of Back-Dilution Locations

17

..

.. ..

.

..,., .

.T,T

.:

,,

H,..

. . . .. . . . .

,

,..

. .

. ..

.

——

Essentially no mixing or dissolutionof suspended solids can be expectedin the layerof
slurry below the water injection point unless themixer pumpis run. Even then, mixing willbe
Iirnited ifalarge density gradient has formed. However, there isaIsoprovision foradding water
through the “burrowing ring” at the base of the mixer pump. The nozzles in the burrowing ring
exit through holes in the bottom velocity plate, 9 inches from the tank bottom. ‘a)Adding water at
this elevation ensures that essentially all of the soluble suspended solids in the entire slurry layer
will be dissolved if enough water is added. (In this analysis, dissolution of the additional solids
that may be present in the loosely settled layer 50–60 inches from the tank bottom is ignored.)
Solids dissolution is calculated under the basic assumption that soluble solids will dissolve
until the liquid mixture of dissolved solids and water is in equilibrium. The mass of dilution
water required to dissolve a given mass of solids is therefore equal to the product of the solids
mass to be dissolved, the fraction of the solids that are soluble, and ratio of the mass of water to
the mass of dissolved solids in the saturated liquid.
Based on a statistical interpretation of SY-101 waste dilution data, the saturated liquid contains about 0.79 grams of water for every gram of dissolved solids at tank temperature. The
solids mass is calculated based on a density of 2200 kg/m3. This is used for undissolved and
dissolved solids as well as the insoluble solids composing about 40% of the total solids mass.(b)
Water density is assumed to be 1000 kg/m3. The resulting density of the saturated liquid at tank
temperature is 1485 kg/m3. If the mixed slurry layer has a solids volume fraction of 0.15 (see
Section 5.1), the slurry reaches saturation at a mixing ratio of 6.8. The calculational model for
dissolution due to water addition at low injection points and specific underlying assumptions are
described in Section 4.1. The model for dissolution due to water addition on top of the crust is
described in Section 4.2. CaIcuIations of the buoyancy of the crust after dissolution by either
low addition or top addition of water are presented in Section 4.3.

4.1 Dissolution Resulting from Low Water Addition
The mixed slurry layer contains solid particles and gas bubbles that are assumed to be uniformly distributed in suspension. Dissolution of suspended solids is expected to occur only in
the fluid above the water injection point. The slurry layer above the level of the injection point is
referred to as “Layer 1” in Figure 4.1, and the undiluted slurry below that level is “Layer 2.” It is
assumed that no dissolution or gas release will occur in Layer 2. Water is assumed to dissolve
soluble solids in Layer 1 above the injection point until the liquid in that layer reaches saturation
or until all available solids are dissolved. Insoluble particles are assumed to remain in suspension. If the diluent mixture is not yet saturated after all soluble solids in Layer 1 are dissolved, it
is assumed that the crust begins to dissolve.
It is further assumed that gas is released in
proportion to the fraction of solubIe solids dissolved. Insoluble solids left as the crust dissolves
(a) LMHC Interoffice Memo 79000-99-053 from RE Raymond to the SY-1OI Project Group. August 18,

1999. Subjecti 241-SY-101 Mixer Pump Inlet Level, and SY-101 Mixer Pump Drawing H2-89953.
(b) Kuhn WL and BE Wells. October 1999. Simplijled Conceptual and Mathematical Model of Dilution
of Tank 241- SY-101 Waste. Letter Report TWSO0.06, Pacific Northwest National Laboratory, Richland,
Washington. Results based on data given in NHC Internal Memo 82100-99-015 from Process Chemistry
to NW Kirch, April 22, 1999: Dilution Studies of Tank 241-SY-101 Waste - Preliminary Results.
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from the bottom up areassumed tojoin the slurry. Themodel described below is used to
detefine howmuch of thesoluble matetid isdissolved in Layerl andinthe crust and how
much gas is released in the process, for a given mount of water added.
The mass of undissolved soluble solids in the existing slurry layer above the injection point is
computed as
(4.1)
where
~.= void fraction in the slurry
$~~= volume fraction of undissolved solid$ in the slurry
% = density of undissolved solids (2200 kg/m3)
~L = density of saturated mixture of dissolved solids and water (1485 kg/m3)
T1 = thickness of Layer 1 before dissolution, including the effect of transfer.

Where
TIO = thickness of Layer 1 before transfer
VT = volume of transfer
AT = tank cross-sectional area
Fi~Wl= fraction of the total solids mass that is insoluble (40%).
Similarly, the mass of saturated liquid in the slurry layer above the injection point is
(4.2)

M~l =(1 – ~sL)(l – @SL)PLTIAT
where p== density of saturated mixture of dissolved solids and water (1485 kg/m3)

The mass of water required to dissolve the soluble solids in the slurry is calculated from the
mass of undissolved solids computed in Ea. 4.1 as
(4.3)

MW,= EM~l
where E = the ratio of water mass to dissolved solids mass in saturated liquid

For current tank conditions, E is defined as 0.79 grams of water per gram of dissolved solids.
The mass of soluble solids that will be dissolved by a given volume of water is

where Mm= the total mass of water added below the crust.
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Any excess water available after dissolving

all the soluble solids above the injection point

~WL
> Mwl) is assumed to begin dissolving the solids in the base of the crust. Figure 4.1 shows
a diagram of the crust layers, with the relatively high void bubble slurry layer at the bottom, the
paste layer for the middle third or so of the crust, the wet clay layer above the paste layer, and
capped by the relatively dry freeboard (see Section 2 for a more complete discussion of crust
characteristics.) Crust layers are assumed to dissolve sequentially from the bottom up. How far
the dissolution progresses depends on how much unsaturated diluent is available. When water is
added low in the tank, dissolution is expected to affect only the bubble slurry and paste layers.
Adding enough water to dissolve higher layers would almost certainly lower the slurry density
sufficiently to sink the crust. It is necessary, therefore, to consider only the bubble slurry and
paste layers when determining the mass of dissolved solids and gas release from the crust for low
water additions.

The mass of soluble solids dissolved in the bubble slurry layer, AM~~,is calculated as
AM& = min~w~,

MWL- Mwl] / E

(4.5)

The mass of the soluble solids dissolved in the paste layer is given by
AM~p= min[MwP- AM~P~E,Mw~- Mwl - MW] / E

(4.6)

where AM~P~ = mass of soluble solids in paste layer already dissolved by top dilution
The water masses M“w~and MWPare the masses required to dissolve the solids in the two
layers of the crust. The water mass is computed from the solids mass by applying Eq. (4.3). The
mass of undissolved soluble solids, M~a, in the i* crust layer is given by
M Sci =

pSTiAT ‘(l-~i)OC(l-Fi~~Ol)
AT

(4.7)

The mass of saturated liquid, MLa, in the iti crust layer is given by

‘LCi

= pLTiAT

‘(l-ai)(l-O~)
AT

(4.8)

where
:
Ti
&/A,

=
=
=
=

void fkaction in crust layer i
volume flaction of undissolved solids in the crust
thickness of crust layer i before dissolution
fraction of tank cross sectional area occupied by crust.

Besides the masses given by Eq. (4.7) and (4.8), solids and liquid also exist in the slurry
surrounding the submerged crust below the freeboard. The contribution of mass of soluble solids
in the surrounding slurry is expressed as
M Ssi = pSTiAT (1 – ‘)(l-%L)kSL(l-Finsol)
AT
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(4.9)

The mass of the liquid portion of the surrounding slurry.is

MMi = pLTiAT

( -~)(%)(wd
1

(4.10)

AT

The total mass of undissolved soluble solids in the submerged crust layers and surrounding
slurry is the sum of the mass values given by Eq. (4.7) and (4.9); that is,
(4.11)

M~i= M~a + M~ti

The total mass of liquid in the submerged crust layers and surrounding slurry is the sum of
the mass values given by Eq. (4.8) and (4.10); that is,
(4.12)

Mu= Mm, + Mm

The mass of insoluble solids in the i* crust layer and associated slurry can be calculated
directly from the total soluble mass for the layer and insoluble mass fraction as
(4.13)

MIS= MS FiNI/ (l-Fin,Ol)

The assumption that mixed slurry surrounds the crust is conservative. The passages available
to fluid flow around the crust are believed to be narrow, and the action of the mixer pump would
not be expected to push particles up into them. The solids volume fraction around the crust is
apparently not affected by the mixer pump because the waste level does not rise dying pump
runs. Gas bubbles, however, are expected to rise up through these passages on their way to the
tank headspace. Including bubbles but not particles in the liquid around the cni’st would reduce
the crust mass necessary to create the observed, submergence depth and freeboard height.
Assuming that particles are present has the effect of overpredicting by about 10% the water
addition required to dissolve the crust.
The fraction of the iti crust layer remaining after dissolution and the mass of formerly interstitial liquid and insoluble solids freed by it are assumed proportional to the fraction of soluble
solids mass that is dissolved. The void fraction, solids volume fractions and other properties of
the remaining undissolved material are assumed to remain unchanged at their original values.
The decrease in layer thickness, ATi, is determined by

fw~i

(4.14)

ATi = Ti—
M~i

The mass of interstitial liquid, AMu freed from the i* crust layer by dissolution is given by

ml~i

AM~i=M LiM
—

(4.15)

Si
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Similarly, the mass of insoluble solids, AM1~,freed from the iti crust layer by dissolution is given
by
fml~i

. —M
AMI~i = M 1S1

F.

1 – msol
‘insO1

= ‘Si

(4. 16)

Si

The freed insoluble solids, the liquid mixture from crust dissolution (consisting of the dissolved solids and freed interstitial liquid), and the added water are assumed to mix completely
with the diluted waste in the slurry above the water injection point.

4.2 Dissolution

Resulting from Water Addition on Top of the Crust

Dissolution of the upper crust layers is assumed to proceed sequentially from the top down.
The water dissolves ali ‘tie soluble solids available in the top layer first. Only then is any
remaining unsaturated diluent mixture available to begin dissolving the next layer down. The
top dilution model considers dissolution only of the freeboard, wet clay, and paste layers. Calculations for the wet clay and paste layers use the same model as that described in Section 4.1
above for dissolution of the bubble slurry and paste layers due to bottom dilution. The solids and
interstitial liquid mass quantities are determined by Eq. (4.7) through (4.13). The amount of
water required to dissolve the soluble solids can be calculated by applying Eq. (4.3) to the layer
being considered.
Because it is above the liquid level, the freeboard layer is a special case. Its properties differ
significantly from the submerged layers below, and it is not surrounded by mixed slurry. The
soluble solids mass in the fkeeboard layer is computed by
MSF = (1 – ~F)(l – ‘F)!?STF

AT
(&)AT(l-Finsol)

(4.17)

where
a~ = void fraction (volume IYaction of large voids) in the freeboard
~ = porosity of the non-void region (which is subject to capillary action)
T~ = thickness of the freeboard layer before dissolution.
The interstitial liquid mass in the freeboard layer is given by

M~F = (1–

~F)@FVPLTF

~ AT
()
AT

(4.18)

where
v

= average liquid saturation in the non-void fraction due to capillary action
(the porosity is filled with liquid when v = 1)

The fraction of the overall crust freeboard volume that is not solid or liquid can be computed
as

22

~

Q~ = (l–a~)co~(l-ly)+

(4.19)

cx~

The soluble solids mass in the freeboard that is dissolved by high water addition is calculated
like Eq. (4.4) as
AN&,= min~W~, MW~]/ E
where
M WH
Mw~

(4.20)

the total volume of water added on top of the crust
= the mass of water to dissolve the soluble solids in the entire freeboard
(MW = EMS,).
=

Any excess water available after the entire freeboard layer is dissolved is assumed to first
dissolve the wet clay layer and then the paste layer, in sequence. The mass of material that
dissolves from the clay layer is expressed as follows:
(4.21)

AM~c= min~wc, MW - Mw~]/ E
The mass of material that dissolves ~om the paste layer is given by

(4.22)

L?J& = min~wP, MW~- MW~- MWC]/ E

Eq. (4.3) is applied to the paste layer and the wet clay layer to determine MWPand Mwc, the mass
of water needed to dissolve tie soluble solids in each of these layers. The solids and liquid mass
of the two non-freeboard layers are computed with Eq. (4.7) through (4.13).
Tlie thickness of the remaining crust layers after dissolution and the mass of formerly interstitialliquid and insoluble solids freed by the dissolution are assumed proportional to the fraction
of the total soluble solids mass dissolved. The void fraction, solids volume fractions, and other
properties of the remaining undissolved material are assumed to remain unchanged at their
original values. The decrease in layer thickness is determined by Eq. (4.14). The mass of
interstitial liquid freed is c@culated in Eq. (4.15). The mass of freed insoluble solids is
determined using Eq. (4.16).
The liquid mixture consists of the dissolved solids and interstitial liquid fi-eed from pores in
the crust as a result of dissolution as well as the added water. This mixture is assumed to flow
down through the crust and mix completely with the slurry supporting the crust. The insoluble
solids freed by dissolution are conservatively assumed to remain as added weight on top of the
crust.

4.3. Effect of Dissolution on Crust Buoyancy
Whether or not the crust will continue to float after dilution can be determined by applying
the buoyancy model described in Section 3 to the diminished crust. If the new average crust
density is still lower than that of the surrounding liquid, it will float. The density of the

I
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remaining crust is computed by summing up the remaining mass and dividing by the remaining
volume. The remaining crust volume is given by the following expression:

‘cR=AT*[[l-%}F’’-Q+
(4.23)

AM1~F+ AM1~c + AM1~p)

+(

PSD
where
Ti
ATi
S2F
PSD

= the original layer thickness
= the change in thickness due to dissolution calculated by Eq. (4.9)
= the fraction of the freeboard that is not solid or liquid, from Eq. (4.14)
= the density of dissolved solids.

The last term on the right side of Eq. (4.23) represents the volume of the insoluble solids
freed by dissolution resulting from water added on top of the crust. This material is assumed to
remain on top of the crust; the masses are calculated using Eq. (4.16). The insoluble mass from
the paste layer is only that part produced by top dilution.
The mass of the remaining crust that is contained in volume VCRis computed by multiplying
the original layer mass (excluding the surrounding slurry) times the ratio of the remaining layer
thickness to the original thickness and adding the mass of insoluble solids remaining on top of
the crust. This is expressed by

ATF
——

M CR=l

T

[

,

)[
)[

ATP
+ l–—
[

TP

M~cF

+MLCF

(1- FinSOl)

+

)[

ATC

l–—

Tc

M

‘cc
+ M~Cc
(1- Fi~~Ol)
)

MSCP

(4.24)

(1_ Fin~Ol)‘“LCP)+[l-2)[(:E01)+MLCB)

+AMISF + AMISC+ AMlsp
The original freeboard mass of soluble solids and interstitial liquid is given by Eq. (4.17) and
(4.18), and the original masses of the submerged layers, excluding the surrounding slurry, is
computed from Eq. (4.7) and (4.8). Dividing the soluble solids mass by (l-Fin,OI)gives the total

solids mass. Note that only the insoluble solids mass freed from the paste layer due to top dilution is included in Eq. (4.24). That part freed by dissolution from the bottom up is assumed to
mix with the slurry.
The average density of the remaining crust is simply the remaining mass divided by the
remaining volume

24

MC~
pCR= —
‘CR

(4.25)

For the crust to float, the density of the slumy must exceed the density of the remaining crust,
as computed by Eq. (4.25). The slurry density after transfer and back-dilution is determined by
the mass of the original slurry liquid
the mass of the suspended soluble solids in the slurry above the water injection point
the mass of dilution water added above and below
the total mass of dissolved solids, insoluble solids, and freed interstitial liquid resulting
from crust dissolution
the reduction in liquid volume due to gas release resulting from dissolution of slurry
solids above the water injection point.

●
●
●
●

●

The liquid from dissolving the crust will not mix effectively with the underlying liquid if it is
lighter than the slurry after dilution. In such a case, it will remain in a stratified layer on,top of
the slurry. It is therefore necessary to compute the slurry density in two steps. The f~st step is to
calculate the density considering only the effects of dilution and gas release in the crust. If this
density is high enough to permit mixing of the two liquid layers, the second step is to add in the
effect of flowdown and mixing of the liquid portion of the dissolved crust.
Before the addition of liquid from flowdown of dissolved crust, the volume of the slurry
above the injection point, ‘V~l,is the sum of three components. These are the amount of the
original sluny volume that did not dissolve, the volume of the water added to the slurry that did
not dissolve crust, and the volume of the dissolved solids and associated liquid. We conservatively assume at this point that the insoluble crust solids released by bottom dissolution have not
yet joined the sluny. This sum can be expressed as
(4.26)

where
Tl

= the thickness of the slurry layer above”the injection point after transfer
but before back-dilution
AML* = M@!I@l~,
with M~l from Eq. (4.2)

MW,

= EM~l.

The quantities Ah&l, AMI~l and M~, in Eq. (4.26) are defined by Eq. (4.4), (4.16) and (4.1),
respectively. The corresponding total mass, Ml, is the sum of the original solids and liquid mass
above the injection point and the water added
(4.27)

Ml= M~I + M~l + M~l + MWI

The density of the slurry before flowdown of the dissolved crust is the mass divided by the
volume
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(4.28)

‘l=y

After flowdown, the volume and mass of the dissolved solids and freed liquid from both the
crust and surrounding slurry are added to VI and Ml, respectively. The insoluble solids freed by
dissolution of the bottom crust layers and the total water added above the crust must also be
added to VI and MI. This yields
VIF = VI +

ANL.F + AM~c + AM~p + AM~B

+

‘AM1~p+ AM1~B

Ps

pSD

+

(4.29)

AM~~ + AM~C+ AM~P + AM~~

+

Mw~ + Mw~ – Mwl

pL

Pl#v

The new mass after flowdown is given by
Ml~ = Ml + AM~~ + AM~C + AM~P + AMsB + AMIsP + AMIsB

(4.30)
+AML~ + AMLC + AMLP + AMLB + MWH + Mm

– Mwl

The new density after flowdown is simply the result of Eq. (4.30) divided by Eq..(4.29):
‘lF
plF = —

(4.31)

‘IF

The densities calculated using Eq. (4.28) and (4.31) assume perfect mixing in the slurry layer
between the base of the crust and the water injection point. Of course, mixing will not be perfect, and some degree of stratification will occur. To characterize the degree of mixing that can
be expected, the low back-dilution process was simulated using the TEMPEST code (Antoniak
and Meyer 1999). The simulations predicted very good mixing, with only a slight density gradient between the injection point and the crust base. Stratification is conservatively included in
calculations by assuming that the liquid forms two stratified layers rather than a smooth gradient.
The densities of the two layers are computed by multiplying the density of each layer by a stratification factor. This factor is calculated as the ratio of the minimum slurry density to the maximum slurry density predicted in the simulations.
The minimum specific gravity computed in
TEMPEST for the liquid below the crust after adding 100 kgal of water at the transfer pump inlet
was 1.52, and the maximum was 1.56. This results in a stratification factor of 1.52/1.56 = 0.97.
With the assumed stratification, the crust remaining
float if the following condition is met:
p~~<0.970

after dilution/dissolution

is predicted to

(4.32)

min(pl, plF)
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If the crust remains floating after dilution and flowdown of the dissolved solids, we must
determine if the crust base remains above the mixer pump inlet. Conservatively assuming that
the crust is floating with zero freeboard, the level of the crust base is given by
HB=T2+v1F/AT

(4.33)

where T2 = the thickness of the undiluted slurry layer below the injection point.
The total crust thickness, Tc~, remaining after dissolution and flowdown is
TCR=TO- AT~- AT=- ATP- ATB
where TO= the original crust thickness.
included in the thickness calculation.)

(The insoluble solids left on top of the crust are not
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5.0 Crust Response to Transfer and Back-Dilution
The buoyancy and dissolution models described in Sections 3 and 4 have been applied to
determine transfer and back-dilution volumes that will not cause the crust to sink. ~{ is also
necessary to ensure that there will be sufficient water added to float the crust well above the
mixer pump inlet. Input parameter values to characterize the crust and slurry for the buoyancy
and dissolution models are established in Section 5.1. Section 5.2 presents the results obtained
when the buoyancy model is applied in conjunction with the dissolution model. This section
includes a parametric investigation to determine as a function of transfer volume the maximum
volume of low water addition that will not sink the crust.

5.1 Parameter Values for Current Crust Conditions
The current condition and prope~ies of the crust are needed to apply the buoyancy and
dissolution models. The material properties of the crust mixed slurry have been reasonably well
established by ball rheometer measurements (Stewart et al. 1995) and core samples (Reynolds
1993). Data from recent dissolution experiments on 1998 core samples were also interpreted to
provide consistent values at tank temperature. (a) These da~ me sumrntied in Table 5.1.
Reasonable estimates for the remaining parameters were developed by comparing the buoyancy model results with a series of measured levels. Table 5.2 lists data for specific dates for
which input values are known with some confidence. The unknown parameters were adjusted to
give the best match with the measured waste levels. The last column summarizes the best-estimate values for the parameters to be used in modeling current conditions. Measured values are
shown in bold. The crust thickness was determined fi-om temperature profdes from validation
probe runs in the multi-function instrument trees (MITs). The crust and slurry void fractions
were obtained from the VFI (Stewart et al. 1998) or RGS (Mahoney et al. 1999).(b) The measured waste surface level was assumed to be the value indicated by the Enr@’ buoyancy gauge in
riser 002 (1A). The liquid level was taken to be the value read on the Enraf in riser 001 (lC)
after a water flush.
When the best-estimate values from Table 5.2 are applied with the current crust thickness,
levels and estimated void fractions, the basic crust buoyancy model derived in Section 3 provides
a description of the current cm’st configuration. The results We summarized in Table 5.3. The
measured waste levels for mid-June 1999 match the predictions well. The crust is just over 3 m
thick and about 86% submerged. It has an average void fraction of about 0.23,

(a) Kuhn WL and BE Wells. October 1999. Simplified Conceptual and Mathematical Model of Dilution
of Tank 241- SY-101 Waste. Letter Report TWSOO.06, Pacific Northwest National Laboratory, Richland,
Washington. Results based on data in NHC Internal Memo 82100-99-015, from Process Chemistry to
NW Kirch, April 22, 1999: Dilution Studies of Tank 241-SY-101 Waste-Preliminary Results.
(b) Slurry void fractions are currently estimated ”from trends in the mixer pump nozzle pressure during
pump runs calibrated to RGS data. The pressure is approximately proportional to fluid density, which, in
turn, is proportional to the non-void fraction.
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Table 5.1. Crust Material Properties

Solids specific zravitv - undissolved
Solids specific gravity - dissolved
Liquid specific gravity
Fraction of solids mass that is insoluble
Crust submerged solids volume fraction

~
2.2
1.49
0.4
0.36

(results in a crust degassed specific gravity of 1.75)

Mixed slurry solids volume fraction
[results in a SIUITV
de~assed suecific sravitv of 1.60)

0.15

I

which has been divided into the four layers described in Section 2. The bulk slurry void fraction
is estimated as 0.027 from the mixer pump volute pressure trend. Two inches have been added
to the degassed level to account for the approximately 2000 gallons of water added during
operation of the mechanical mitigation arrn(d in May and the water used in lancing and
installation of the transfer pump in August 1999.

Table 5.2. Base Parameter Values for Buoyancy
——
Date
7/19/98
9/22/98
Event
VFI
VFI
Crust thickness (cm)
150
155
Crust submerged void fraction
0.3
0.32
Mixed slurry void fraction
0.013
0.015
0.34
0.34
Crust freeboard void fraction
Crust freeboard porosity
0.42
0.42
Crust freeboard saturation
0.6
0.6
Crust area fraction
0.86
0.86
Degassed level (cm)
994.5
994.5
Predicted Crust Levels (inches)
Surface
415.1
417.4
Liquid
401.7
402.9
Measured Levels (inches)
Surface
415.5
418.0
403.0
403.4
Licmid

Model
2/8/99
RGS
200

Best
Estimate

0.34
0.025
0.34
0:42
0.6
0.86
994.5

0-34

0.42
0.6
0.86
994.5

428.1
408.7
428.0
4m11-1

(a) Stewart CW. April 1999. Initial Operation Plan for Mechanical Crust Mitigation in Tank
241-SY-101. Letter report TWS99.32, Pacific Northwest National Laboratory, Richland, Washington.
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Table 5.3. Base Crust Configuration

(summer 1999)
.

Bulk slurry void fraction
Freeboard Thickness (cm)
Wet Clay Thickness (cm)
Paste Thickness (cm) .
Bubble Slurry Thickness (cm)
Total Crust Thickness (cm)

0.027
50
32
203
25
310

Degassed level (cm) ‘
Freeboard Void Fraction
Wet Clay Void Fraction
Paste Void Fraction
Bubble Slurry Void Fraction
Avg. Submerged Void Fraction
Measured Waste LeveIs (in.)

Liquid (Enraf lC)
Crust Base (in) (.Neutron Probe)

Computed Values

Submergence (cm)
Submerged S.G. (including gas)
Freeboard S.G.
Average crust S.G.
Bulk s~as)

,

260
1.34
1.98
1.41
_
1.55

Predicted Waste Levels

996.5
0.34
0.08
0.21
0.60
0.23
-

412
310

(in.)

Surface
Liquid
Crust Base

431
412
310

5.2 SY-I 01 Crust Buoyancy Predictions Including Dissolution
In order to confidently predict the behavior of the crust during back-dilution it is necess~ to
account for dissolution when applying the crust buoyancy model to the various proposed backdilution scenarios. The following two subsections use the models described in Sections 3 and 4
to investigate the effects of water addition for two general cases. Section 5.3.1 describes the
limits when water is added only through injection points low in the t-,
Section 5.3.2 describes
the limits when some portion of the total water addition is injected on top of the crust.
5.2.1

Limits on Low Water Addition

As water is added below the crust, the density of the slurry above the injection point
decreases because the slurry is diluted by the added water. This is partially compensated for by
the release of gas, which is assumed to be in proportion to the fraction of solids in the slurry that
are dissolved. If there is no top dilution, the analysis assumes that the crust is unaffected until all
the soluble solids are dissolved from the slurry: At that point, the excess water begins to dissolve
the bubble slurry layer. Because the bubble slurry contains a disproportionately high volume of
gas, dissolution of this layer will greatly increase the average crust density. V/hen this happens,
the diluted slurry will no longer be able to support the heavier crust, and the crust will sink.
In the current plan, two locations will be used for low water addition the transfer pump
inlet, 96 inches from the tank bottom, and the mixer pump burrowing ring, 9 inches from the
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available to mix with the water. This means that the back-dilution volume could be larger if
water were added through the mixer pump base rather than through the transfer pump inlet.

For an equal back-dilution volume, larger transfer volumes will result in more dilute slurry.
At some point, the resulting mixed slurry density will be too low to float the crust, and the backdilution volume will need to be reduced below the transfer volume to prevent the crust from
sinking. With a lower back-dilution volume than transfer voIume, the crust base will of
necessity be lower because there will be a net decrease in the volume of the mixed liquid slurry
as transfer volume is increased. Transfer is finally limited to that volume for which the maximum back-dilution will not raise the crust base sufficiently above the mixer pump inlet to ensure
effective operation. Because the mixer pump has operated effectively with the crust base as low
as 295 inches, this level has been chosen as the lower limit.
Figure 5.1 shows the maximum back-dilution volume and crust-base elevation as a function
of transfer volume. Different curves are shown for the two cases of water addition through the
mixer pump base at 9 inches and the transfer pump inlet at 96 inches. (Note that in neither case
is water added on top of the crust.) Assuming an equal back-dilution volume, the maximum
transfer volumes allowed to prevent crust sinking for these two cases are
●

90 kgal for the 96-inch injection point

●

120 kgal for the 9-inch injection point.

Both of these conditions keep the crust base above 295 inches.

Higher transfer volumes can be
achieved by reducing the back-dilution volume enough to keep the crust from sinking while also
keeping the crust base above 295 inches. For the two possible injection points, the maximum
transfer volumes and corresponding reduced back-dilution volumes are
●

.

143 kgal transfer volume, 80 kgal back-dilution volume at the 96-inch injection point
175 kgal transfer volume, 112 kgal back-dilution at the 9-inch injection point.

To ensure that the transfer and back-dilution will not cause the crust to sink, it is advisable to
reduce the transfer volume somewhat to provide a safety margin in the back-dilution volume.
Applying the buoyancy/dissolution models iteratively shows that, for a 100-kgal transfer, crust
sinking is predicted with a back-dilution of 84 kgal injected at 96 inches. Limiting the backdilution to 72.5 kgal for this case, however, will keep the crust base above 295 inches. This
provides a safety margin of 11.5 kgal. With injection at the 9-inch elevation, crust sinking is
predicted at a back-dilution of 116.5 kgal for a 125-kgal transfer.
provided if the back-dilution is limited to 103 kgal for this case.

A safety margin of 13.5 kgal is

(a) LMHC Interoffice Memo 79000-99-053, from RE Raymond to the SY-101 Project Group, August 18,

1999. Subjecc 241-SY-101 Mixer Pump Inlet Level and SY-101 Mixer Pump Drawing H2-89953.
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Figure 5.1. Limitation on Low Water Addition to Prevent Crust Sinking

These limits can be further extended by the simple expedient of adding water to the top of the
crust to dissolve as much as possible of the heavy freeboard and wet clay layers. These layers
are negatively buoyant, so removing them makes the crust much lighter. Within the uncertainty
of crust density measurements, dissolving these layers makes the crust positively buoyant almost
1
unconditionally.
This is illustrated by repeating the calculations for these two cases with 20 kga.1
( water added on top of the crust and the remainder of the back-diIution volume injected at each
of
( the two low elevations. The results are shown in Figure 5.2.
of
(

(

The crust base elevation increases initially as the bubble slurry and lower paste layers
(
dissolve,
then decreases when back-dilution is limited to prevent crust sinking. For the two
i
injection
levels, the maximum transfers with equal back-dilution volumes that will prevent crust
sinking are as follows
(

.
.

128 kgal for the 96-inch injection point
160 kgal for the 9-inch injection point.

Much larger transfer volumes are possible when the back-dilution volume is reduced to
prevent
crust sinking. However, with top back-dilution, the crust base remains well above the
1
1
historic
295-inch minimum for any practicable transfer volume. This result shows that some
f
significant
amount of water addition on top of the crust is very beneficial in providing
(
operational
flexibility to the transfer and back-dilution process.
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Figure 5.2. Limit on Low Water Addition after 40 kgal Is Added to Crust Top
5.2.2

Limits on Top Dilution

With top dilution, crust sinking ceases to be a concern for any transferor

back-dilution volume. As shown by the analyses in Section 5.3.1 above, dissolving the freeboard and wet clay
layers removes the negatively buoyant portion of the crust. Dissolution of the paste layer from
the top down results in a continuous decrease in the average crust density, which potentially
could proceed even to the point where the crust would float in pure water. (The bubble slurry
layer by itself has a bulk specific gravity of only 0.7, with the assumed 0.6 void fraction for this
layer of the U’I.LSt.)

Top dilution raises the crust even more effectively than low addition, although it does not act
as immediately. Even before the freeboard dissolves, water placed on top of the crust exerts a
significant buoyant force that lifts the crust out of the heavier slurry, as shown by the experimental results presented in Section 3.3 above. As solids in the upper layers dissolve, the density
of the fluid mixture on top of the crust increases. When the density of the liquid mixture layer
exceeds the bulk density of the crust, the crust can float on it and the mixture flows down to join
the slurry. Because of the intimate contact expected between the water and solids, it is estimated
that the freeboard layer will completely dissolve within a day. Dissolution of the currently submerged layers will proceed more slowly, and may require on the order of a few weeks.
The only concern that could be considered a limit to top dilution is the potential for the paste
layer to be so thinned and weakened that the bubble slurry could penetrate through it. This could
release gas from the. bubble slurry layer so rapidly that the tank headspace could become flammable. However, transferring waste out and dissolving the upper layers of the crust to the point
that the bubble slurry could release gas greatly increases the tank headspace. If all of the bubble
34

slurry layer gas were suddenly released after a transfer of 100 kgal, the hydrogen concentration
would be only slightly above 50% of the lower flammability limit (LIZ). The concentration
would be less than 50% of the LFL following a 150-kgal transfer (assuming that the bubble
slurry thickness remains at its present value of approximately 10 inches.)
In addition, it has been demonstrated that a much thinner past layer than presently exists is
still strong enough to contain the bubble slurry. During VFI and RGS measurements in the fall
of 1998, a bubble slurry layer existed with a measured void fraction exceeding 50~0. The crust at
that time was about 60 inches thick, approximately half the current 120 inches. (Note that the
crust was only 30-40 inches thick for many years in the past, but it is impossible to determine
whether a bubble slurry layer also existed during that time.) This experience shows that the crust
can be confidently thinned to at least 60 inches without releasing the bubble slurry.
The predicted effect of top dilution on crust thickness and crust base elevation is shown in
Figure 5.3. The figure assumes a 150-kgal transfer, with 30 kgal added at the transfer pump inlet
and an additional volume added on top of the crust. The figure shows that about 50 kgal can be
placed on top of the crust without reducing the thickness down to the historic 60 inches. Note
also that a 35-kgal top addition brings the elevation of the must base above 295 inches, and
further top dilution continues to raise the crust. We conclude that there is no impediment to
adding significant volumes of water on top of the crust layer.

140

380
Crust Base Elevation (in)

----—

120

360
Crust Thickness (in) “-~”.-...--””””-------------–

100 . ......................... “

340

80 . ...................................................

320

60

300
:0

40
20

v ,

,

,

o

280

I

,

!

20

40

60

80

260
100

Top Dilution (kgal)
Figure 5.3. Effect of Adding Water to Crust Top after 150 kgal Transfer
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Appendix
Crust Buoyancy Model
Thecrust buoyancy model uses basic hydrostatics to establish reference conditions from
which the effects of dilution are then calculated. This model is illustrated in Figure A. 1. Gas is
assumed to be retained in the submerged portion of the crust as particle-displacing bubbles of
void fraction ac. The pores between particles are assumed to be completely saturated with
liquid. The overall density of the submerged material is pc, which depends on the void fraction;
the solids volume fraction in the crust, $~c;and the liquid and solid phase densities, p~ and p~,by
the expression
Pc =

(A.1.1)

%J[oscps
+ (1 - @sc)PLl

(1 -

Likewise, the density of the mixed slurry, ps~,on which the crust floats depends on the void
fraction, solids volume fraction, and phase densities in that layer. It is defined by
(%L= O - %L)[hLps

+ U

(A.1.2)

- th)%j

All pores and void spaces in the exposed freeboard portion of the crust are assumed open to
the headspace and therefore contain the headspace atmosphere. The exposed crust contains void
spaces of volume fraction ctD,which may or may not be equal to etc. The solid crust material
surrounding the void spaces has porosity @D. The pore spaces, but not the voids, are partially
filled with liquid at an average saturation of y. The overall density of the exposed crust is pD,
which is related to the other quantities by
(A.1.3)

PD= (1 - @[ @D~pL + (1 - %)Ps]

A&
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Detailed Crust Buoyancy Model
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Each of these parameters represents an average estimate over the exposed crust freeboard.
While there is considerable uncertainty in determining the open spaces, they must be modeled to
accurately represent crust buoyancy and to account for the significant volume of diluent mixture
that flows into them. The fraction of the crust freeboard, t2~, that is open (not liquid or solid) is
defined as
L2D= (l–c@@D(l-yo+a

D

(A.1.4)

To determine the elevations of the waste surface and free liquid level, we define a reference
IeveI, HO,as the height the liquid would attain with the entire crust just submerged. In this hypothetical state, the liquid level matches the crust surface level and the crust thickness is equal to
the submergence. The reference level will include the effects of gas retention in the crust as well
as in the slurry below it.
As the crust rises a distance AH~from the reference state to buoyant equilibrium, the liquid
level falls a distance AH~to fill in the reduced submerged volume. The excess liquid in the open
volume of the portion that will become unsubmerged drains out, which slightly decreases the fall
in liquid leveI. We wish to find an expression AHL in order to compute the liquid level, crust
surface level, and crust base elevation according to

(A.1.5a)
(A. 1.5b)
(A.1.5c)

H,= HO-AH,
H~=H~+Tc-S
HB=H~-S

The solution for AH~ is based on conservation of liquid mass for the process of going from
the reference state to buoyant equilibrium. This is expressed as

(A.1.6)
where AT and & are the tank and crust cross-sectional areas, respectively.
The crust area is
unknown but must be less than the tank area. It is most convenient to include the areas as a ratio,
&/AT. Rearranging and applying the identity AH~ = T= - S - AH., Eq. (A.1.6) becomes

(A.1.7)

AH~=fi(TC-S)(l-K2~)

If we apply Archimedes’ principle, the total weight of the crust must equal the weight of
slurry it displaces. The weight per unit area of both the exposed and submerged portions of the
crust need to be included separately:

(A.1.8)

Spc+ (Tc – s)p~ = sp~~
where the densities are defined by Eq. (A. 1.1), (A. 1.2), and (A. 1.3).
Solving for the submergence yields

A.2

S=TC

‘D
PD + p~~ – PC

(A.1.9)

The reference level includes the in situ volume of gas retained both in the crust and in the
layers below the crust:
(A.1.1O)

where hOis the degassed waste level with all solids submerged, V~~~is the in situ gas volume in
the slurry layer below the crust, and V~c is the in situ gas volume in the crust. Because the crust
is assumed submerged at the reference level, the effect of gas in the crust must be distributed
over the entire surface area. The volume of gas in the crust can be expressed in terms of the
submergence and void fraction as
v

(-j~

=

c@&

(A.1.11)

The gas in the slurry layer can be similarly computed by assigning a void fraction, ~~, for
which the non-gas volume is the total degassed volume less the degassed volume of the crust.
The result is

‘GsL = I:;

SL

[hOAT-@-aCJsAC-(l-QD)(TC

-s)AC]

‘A-1”12)

Combining Eq. (A. 1.10), (A. 1.11), and (A. 1.12) provides the final expression for the
reference level:
HO=ho+@~+l

AC
:

~
SL

[hO-(l-~C)s~-(l-QD)(TC-s&]

‘Ao1013)

The steps required to determine the free liquid level, waste surface level, and crust base
elevation are as follows:
1.
1.
3.
4.

Determine the submergence with Eq. (A.1.9)
Find AH, using Eq. (A.1.7)
Calculate the reference level, HO,with Eq. (A.1.13)
Compute H~, H~ and H~ via Eq. (A. 1.5a), (A.1.5b), and (A.1.5c), respectively.

A.1 Partial Submergence

or Flotation

Figure A.2 is a sketch of the condition before and after a small volume of dilution water is
added to the top of the crust or a light diluent mixture percolates to the top of the crust. We
assume that no dissolution occurs and that the diluent does not replace the liquid initially
occupying the pores. Thus the crust thickness, Tc, and the density and void fraction of the
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Figure A.2. Small Volume of Diluent Added on Top of the Crust
originally submerged portion of the crust, pc and c+, respectively, do not change. The density,
OLD, of the originally unsubmerged portion remaining above the level of the diluent mixture,
pD
H~, are also unchanged.
But water can penetrate the pores and voids occupied by air in the
original freeboard. Any diluent mixture penetrating the voids and pore space below the water
level increases the density in that mea to PD‘w . The buoyancy due to the added water increases
the difference between the waste surface level, H~Ew, and the liquid (salt solution) level,

H~Ew. This section presents the derivation of expressions for the new waste, liquid, and water
levels.
The density of the unfilled portion of the original freeboard,
The density of the filled pofiion,

p~w,

P~LD, is given by Eq. (A. 1.3).

and the density of the diluent mixture, PM,me

given,

respectively, by

(A.2.la)

PM=

Pw+ ‘PSL

(A.2.lb)

l+M

where Q~ is given by Eq. (A. 1.4) and ps~ by Eq. (A. 1.2). The water density is pW,and the mixing
ratio, M, is defined as the ratio of the volume of slurry mixed to the volume of water added. For
pure water, M = O. Eq. (A.2. lb) assumes either no dissolution or that volume is conserved
during dissolution.

A.4

Archimedes’ principle for the new condition, equating the weight of the crust with water
added to the weight of both displaced water and salt solution, can be stated as
SOLDpC+ (SNEW+ SM– SOLD)#w

+ (TC – SM– Smw)p~LD
= SMwp~L + S“pM

(A.2.2)

Solving Eq. (A.2.2) for the difference (SNW- SOLD)
gives the following expression:

SNEW– SOLD=

SM(p&w – p:J-D – p M)+ SOLD(pC-p~L-p~LD) +TCp~LD
NEW+ p~LD
psL – pD

Substituting Eq. (A.1.9) for SOLDand Eq. (A.2.la) for p~win

SNEW– SOLD= –

Eq. (A.2.3)

(A.2.1.3)

~

gives

sMpM(l -QD)

(A.2.4)

PsL – PM~D
The depth of crust submerged in water, S“, can be calculated from the volume of diluent
added, V~, via continuity, assuming the water fills the available air space in the pores and voids
above the original liquid level plus the space not occupied by crust (see Figure A.2).
VM= AC[SM + SNEW– SOLD]Q~+ S“(AT – AC)

(A.2.5a)

The mixture volume can also be found by using the deftition of the mixing ratio and noting that

VM= V~~ + Vw = (1+ M)VW

(A.2.5b)

Solving Eq. (A.2.5a) for SMand substituting Eq. (A.2.4) for S--

SOLD
gives

‘M=4%Lar

(A.2.6)

With V~ calculated from the back-dilution volume and the assumed mixing ratio via
Eq. (A.2.5b), SMcan be calculated with Eq. (A.2.6) and (SNEW
- Sow from Eq. (A.2.4). The new
saturated salt liquid level is then calculated from conservation of liquid volume, which is
expressed as
H~LDAT – SOLDAC+ Vw = H~wAT – SmwAC + VM
Solving Eq. (A.2.7) for H~w

(A.2.7)

and substituting Eq. (A.2.5b) for VMyields

A.5
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Vw
H~Ew=H~LD+ (SNEW_SOLD) $–M—
AT
T

(A.2.8)

The rest of the waste levels are then determined with the following identities (Figure A.2):
H~Ew = H~Ew + Tc _ sNEW

(A.2.9a)

H~Ew = H~Ew – SNEW

(A.2.9b)

H~

(A.2.9c)

= H~Ew + SM

This solution is applicable only if the crust is not completely submerged. The volume of
mixed diluent, Vfi, needed to submerge the crust is computed by substituting Tc - SNEW
for S~ in
Eq. (A.2.5a) and using Eq. (A.2.4) for SNEw-SOLD
to give the following expression:

v:

—=(TC-S
AT

oLD)

(l-

QD)(l

‘)[PS::PMI+QD

-AT

{

(A.2.1O)

If the volume of water added is greater than V~/(l+M),
should be applied.

the methodology of the next section

A.3 Crust Completely Submerged in Diluent
If the mixed diluent is less dense than the bulk crust material, the diluent mixture will remain
above the liquid level such that the crust may be entirely submerged, as illustrated in Figure A.3.
In this case, the sum of the crust submergence depths in the original salt solution and in the
mixed diluent is equal to the total crust thickness. Diluent will also penetrate the porosity and
void space throughout the entire original freeboard. Applying Archimedes’ principle to the
configuration of Figure A.3, we have
SOLD,c + (TC – SoLD)p~w = (TC – Smw),M + Smw,~L
noting that SM= Tc - SNEWwhen the crust is submerged.

Substituting

(A.2.11)

Eq. (A. 1. la) for p~w

and

solving Eq. (A.2. 11) for (SNW- SOLD)gives

SNEW
– SOLD= _(TC

_ sOLD) pM(l – ‘D)
,,L

(A.2.12)

– PM

With (SNEw-SOLD)
known, the liquid level H~Ew can be calculated with Eq. (A.2.8) and the waste
surface (which is now submerged) and crust base levels with Eq. (A.2.9a) and (A.2.9b). The
new mixture level is determined from the amount of diluent in excess of that required to
submerge the crust determined by Eq. (A.2.1O). This can be expressed as
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Figure A.3. Diluent Added so Crust Is Completely Submerged

H~ =H~w

+ ‘l; M)(VW –V~)

(A.2.13)

The above model applies only if the diluent density is less than that of the crust. As the
mixture density becomes just sufilcient to float the crust, the submergence depth in the original
salt solution goes to zero. Therefore, to fmd the diluent mixture density that will float the crust,
we set SNBW
to zero in Eq. (A.2. 12) and solve for p~ to get the following expression:
s

OLD

f%= PSL(1_ ~D)q

(A.2.14)

+ QDSoLD

The required mixing ratio can be found by substituting Eq. (A.2.lb) for p~ in Eq. (A.2.14)
and solving for M.

l–~
MO=

(l–~D)~+QD

pSL[

()

1

(A.2.15)

(l– QD) *–1
This approach can be used only if p~ > p~.

If p~ > p~ (M > MO), the crust will float in the diluent mixture without any supporting
submergence in the original salt solution and the model in Section A. 1 must be used.

A.7

.——.

.. . ...

.—

‘i

A.3 Crust Floats in Diluent
If the mixed diluent is more dense than the bulk crust material the crust will float, as illustrated in Figure A.4. This is similar to the base case derived in Section 2 except that the crust
will be more deeply submerged because the density will be somewhat less than that of the original slurry. Thus, as in the other two cases, diluent will penetrate the pores and void space in part
of the original freeboard. Archimedes’ principle for the configuration of Figure A.4 can be
stated as

SOLDpc
+ (SNEW – SOLD )p;Ew+ (TC – SNEw)pgLD= Smwp~

(A.2.16)

Substituting Eq. (A.1.9) for SOLDand Eq. (A.2.la) for P~Ew in Eq. (A.2.16) and solving for
Smw yields
sNEW = sOLD

psL – ‘DpM

(A.2.17)

PM(l–~D)

The volume of water needed to just float the crust is the volume of mixed diluent surrounding
the crust to a depth of SNEW.Refercing to Figure A.3, we find that

V~ = SNEw(A~ – Ac) + (SNEW– SOLD)ACQD

(A.2.18)

and rearranging yields the following:
Substituting Eq. (A.2.17) for SNEW
v;_s
q–

OLD
l–QD

pSL

{[ pM

l–(&~D)&

‘QD

(A.2.19)

1}

The elevation of the surface of the mixed diluent is determined from conservation of liquid
volume before and after dilution. Liquid continuity is expressed as
H~LDA~ – SOLDAC+ Vw = H~A~ – SNEwA~ + Vfi

(A.2.20)

Substituting Eq. (A.2. 19) for V~Oand solving for H~ gives
EIM = FI:LD + SNEW– SOLD~+[Vw
where VwOis calculated from V~Ovia Eq. (A.2.5b).

– (1+ M)v+j]~

(A.2.21)

The level, H~Ew, of the interface between

the diluent mixture and the unmixed slurry is found by subtracting the diluent height in excess of
that represented by Eq. (A.2. 19). Converting the diluent mixture volume to water volume with
Eq. (A.2.5b), the expression for H~Ewbecomes
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H~W.HM–SNEW–

With H~ and H~wknown,

[

Vw

_vo](l+M)
AT

(A.2.22)

the crust surface and base levels are calculated as follows:

H~w = H~ + TC – Smw

(A.2.23a)

H~w = H~ – Smw

(A.2.23b)

This model is valid when the diluent mixture density is greater than that necesszuy to float the
crust. The required density is defined by Eq. (A.2. 14), and the mixing ratio is defined by
Eq. (A.2.15).
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