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Summary

This report describes a modeling effort to provide a computer simulation capability for
estimating the distribution and movement of moisture in the saltcake-type waste contained in
Hanford’s single-shell radioactive waste storage tanks. This moisture model goes beyond an
earlier version because it describes water vapor movement as well as the interstitial liquid held in
a saltcake waste. The work was performed by Pacific Northwest National Laboratory to assist
Duke Engineering and Services Hanford with the Organic Tank Safety Program.

The Organic Tank Safety Program is concerned whether saltcake waste, when stabilized
by jet pumping, will retain sufficient moisture near the surface to preclude any possibility of an
accidental ignition and propagation of burning. The nitrate/nitrite saltcake, which might also
potentially include combustible organic chemicals might not always retain enough moisture near
the surface to preclude any such accident. Draining liquid from a tank by pumping, coupled with
moisture evaporating into a tank's head space, may cause a dry waste surface that is not
inherently safe. The moisture model was devised to help examine this safety question.

The model accounts for water being continually cycled by evaporation into the head
space and returned to the waste by condensation or partly lost through venting to the external
atmosphere. Water evaporation occurs even in a closed tank, because it is driven by the transfer
to the outside of the heat load generated by radioactivity within the waste. How dry a waste may
become over time depends on the particular hydraulic properties of a saltcake, and the model
uses those properties to describe the capillary flow of interstitial liquid as well as the water vapor
flow caused by thermal differences within the porous waste.

The possible directions of migration and the precipitation of dissolved organic chemicals
at the waste surface are other physical aspects that can be quantified by using this new moisture
model, but this subject of salt transport is a future application of the model.

The computer code STOMP (Subsurface Transport Over Multiple Phases) is used as the
computational foundation for this moisture model. This code solves the relevant conservation
equations for the flow of both liquid and gas (air with water vapor) phases in a porous matrix
confined in a cylindrical shape. It can also calculate the associated flow of heat when the system
is treated as nonisothermal (depending on temperature). By itself, the code does not constitute
the moisture model; it also requires measurements of relevant physical parameters that describe
the waste. The code helps to clarify the importance of measuring the hydraulic properties of
waste to make predictions about moisture retention.

The following four development activities were completed to prepare the moisture model
for application to saltcake-type waste contained in a tank:

® The STOMP code was modified to include the influence of dissolved salt concentration on
the water vapor partial pressure within the porous waste matrix.
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® The moisture model was applied to test cases involving both interstitial liquid and water
vapor flow for nonisothermal conditions

¢ Supporting simulations were run to test the 'inﬂuence of surface evaporation on the waste
moisture distribution by using the UNSAT-H code, a simulator for water flow in an
unsaturated porous medium.

o A simplified model was developed for steady-state evaporatioh into a tank’s head space to
define the waste surface boundary condition.

The relevance of these four model development activities is described further below. In
addition to obtain better estimates of hydraulic properties of saltcake waste that is now actually
held in Hanford’s stabilized tanks, the drainable porosity of the waste was evaluated and the
results are provided in Appendix E.

Model Development. The STOMP code as used for the moisture model was modified to
include the influence of dissolved salt concentration on the water vapor pressure, and the
mathematical revision is discussed in Appendix A. A further test case also described in
Appendix A shows that the code can model the counter balanced flow of water vapor and a salty
liquid compelled by a thermal gradient acting in an unsaturated porous medium held in a closed
container. The test cases showed that moisture accumulates at the cool end of a porous medium
while being reduced in amount at the warmer end. Furthermore, dissolved salt concentration
increases at the warmer end, when compared with the cooler end. It demonstrated that, under
final steady-state conditions, liquid flow driven by capillary forces acting from the cooler to the
warmer end is balanced by an equal flow of water vapor in the opposite direction. This
simulated behavior confirmed the STOMP code’s capability for describing the coupled flow of
salty liquid, water vapor and heat in an unsaturated porous medium, such as a saltcake above the
interstitial liquid level.

Test Cases for Vapor Flow. A group of test cases were run using the STOMP code to
demonstrate the code’s capability for describing the circulation of moisture in a tank’s waste
profile. The test cases demonstrated the importance of the waste surface boundary condition for
the head space. Because the exact evaporation rate at the waste surface of a particular tank is not
certain, various extreme situations were simulated to test the consequences. It was assumed in
the test cases that evaporated moisture returns to the waste edge by condensation near the tank
side. These cases used a four-layer saltcake presumed to imitate the waste profile of Tank
BY-104. The extreme hypothetical situations of having either no evaporation with only radiant -
heat loss at the waste surface or having entirely evaporative heat transfer to the dome were
simulated. These extremes were intended to bound the conditions in a waste tank.

The outcome was that the liquid distribution in the waste was not changed by a detectable
amount from the initial static condition produced by stabilization and determined by liquid
capillarity acting against gravity. This result was a consequence of the particular high hydraulic

conductivity presumed appropriate for a saltcake and the constraint that moisture did not leave
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‘the tank over the model’s 10-year simulation period. Thus, cycling of moisture in saltcake via
the flow of water vapor did not dry out the waste surface, and liquid is continually replenished to
keep the surface moisture content the same. :

Surface Evaporation Conditions. The UNSAT-H code for simulating one-dimensional,
unsaturated vertical moisture flow for nonisothermal conditions was used independently of the
STOMP code to examine the influence of the waste surface boundary condition. The impact of
the surface evaporation rate on the waste moisture distribution was thereby examined. The
modeling results and implications are discussed in Appendix B. This study was done as a
confirmation of the STOMP code’s prediction capability. Related to the possibility of a waste
surface drying out, the code showed that the relative vaiue of the emissivity for head space air
and the waste surface is critical for determining the proportion of heat transferred by evaporation,
compared with the heat load transferred by convection and radiation into the head space. It was
found that the radiant emissivity for head space air must be much less than that for the waste
surface for heat to mainly be transferred by convection and radiation. Moreover, the air flow
speed across the waste surface has an important influence on evaporation rate into the head
space. These findings were incorporated into a simplified steady-state evaporation model for the
waste surface and head space of a tank. . '

Head Space Evaporation Model. A revised model was developed to calculate the rate
of moisture evaporation into the head space of a tank, based on how the heat load transfer is
partitioned between the convection, thermal radiation, and latent heat modes. The model is
intended to describe the waste surface boundary condition for input to the STOMP code, which
only describes the subsurface system. The model makes use of the relative humidity in the head
space air and within the porous matrix along with a tank’s known heat load to estimate the
evaporation rate. The revised version accounts for water vapor diffusion toward the surface from
within the waste matrix and the moisture loss by breathing of a tank. This revised model is
described in Appendix C.

Using this model to simulate a waste tank like BY-104 showed that the evaporative part
of the heat transfer is about 9% of the total transferred through the waste surface. That
evaporation results in about 2000 kg/yr of moisture cycled within a tank’s head space, while only
about 20 kg/yr of water is lost by passive breathing of 2000 cubic meters/year of air. As
demonstrated by the test cases using the STOMP code, this evaporation rate would not alter the
moisture distribution, which is mainly set by the capillary equilibrium distribution, because the
permeability was great enough to continually allow the resupply of evaporated moisture.

Testing the moisture model for hypothetical cases showed the importance of having exact
data for the physical parameters in order to predict the ultimate dryness of waste in a tank. To
predict the moisture distribution in a waste tank requires specific data for the saltcake: porosity;
permeability; pore-size index for the capillary liquid retention; depth to the interstitial liquid
level determined by stabilization; existing waste temperatures for the particular heat load; and
properties of any dense crust, which might be covering the surface and limiting evaporation.




A final question relevant to the Organic Tank Safety Program is whether remediation
steps can be taken effectively to re-wet a dry saltcake surface and return it to a safe condition.
The model also examined this possibility. It was found that moisture applied to the surface of a
highly permeable saltcake would not remain long at the surface but would rapidly drain
downward, making it difficult to maintain moisture at the waste surface without continually
applying water. This conclusion, however, does not account for the continual dissolution of the
saltcake that might occur at the surface. '
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1.0 Introduction

A computer simulation model has been developed to describe the distribution and move-
ment of moisture in stabilized saltcake waste stored in single-shell tanks at Hanford. Stabilizing
the saltcake waste usually involves jet-pumping out the excess liquid that could possibly leak
from a tank. Stabilized saltcake waste is different from the same material saturated with inter-
stitial liquid because it constitutes an unsaturated porous material when drained. In this
unsaturated material above the interstitial liquid level of the saturated region, moisture moves by
capillary conduction as liquid and as vapor, driven by thermal gradients. The study discussed in_
this report was conducted by Pacific Northwest National Laboratory (PNNL)® under the Organic
Tank Safety Program to determine whether sufficient water would be retained at the surface of a
stabilized saltcake to prevent accidental ignition and combustion of organic-nitrate waste
mixtures. The moisture model developed for this project can also help quantify the stabilization
process itself and estimate the resulting dryness of drained saltcake waste.

The moisture model discussed here is an extension of an earlier version (Simmons 1995),
which was limited to describing only vertical, steady upward flow of liquid in a drained saltcake.
The earlier version did not account for the role of water vapor movement in the waste, which is
usually being heated by radioactive decay. The advanced version can estimate the movement of
water as both interstitial liquid (salty water) and vapor. It also incorporates the cylindrical shape
of the waste tank and describes the pattern of moisture movement in such a container.

The moisture model is based on an advanced simulator called the STOMP (Subsurface
Transport Over Multiple Phases) code, which calculates the flow of both liquid and gas phases in
an unsaturated porous medium through which heat is also passing (White and Oostrum 1996).
The earlier model (Simmons 1995) used a simplified analytical solution for one-dimensional,
vertical unsaturated flow in a system with constant temperature, whereas the STOMP code is a
much more general numerical solution of all the governing equations that describe the multi-
phase flow processes acting under nonisothermal conditions. (Nonisothermal means that thermal
conditions are spatially variable, and temperature is not the same everywhere. Liquid and vapor
flows are dependent on the temperature gradient.)

Modeling is an indispensable approach for gaining a better understanding of moisture
behavior in drained saltcake. An overview of how the model is designed and applied to describe
basic flow processes in saltcake is provided in this section. Section 2 discusses the physical
processes that influence the moisture distribution and movement in porous material. Section 2 is
a conceptual synopsis of the processes simulated by the STOMP code. More technical explana-
tions about the simulated processes are found in White and Oostrum (1996).

Section 3 describes boundary conditions necessary to simulate moisture migration
behavior in waste tanks. Boundary conditions acting at the waste surface determine the potential

(a) Pacific Northwest National Laboratory is operated by Battelle for the U.S. Department of
Energy under Contract DE-AC06-76RLO 1830.
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pattern of moisture movement in a drained saltcake. Section 4 examines how moisture might
migrate inside a stabilized saltcake profile for conditions that do not involve the influence of
water vapor movement or heat transfer, and discusses the test cases run to show the STOMP
code’s capability. Section 5 addresses the movement of moisture under nonisothermal condi-
tions (depending on thermal differences) applicable to a waste tank with a heat load. Section 5
also presents some nonisothermal test cases for water vapor movement. Conclusions from this
study and model development are given in Section 6. Cited references can be found in Section 7.

Appendixes to this report include information on the technical aspects of various
modifications to the STOMP code needed to account for the influence of salt concentration on
water vapor movement and a simulation example addressing the potential drying out of a waste
profile. A model for evaporation occurring within the head space of a tank is also given, as well
as a revised estimation of capillary parameters for actual stabilized Hanford waste tanks.

1.1 Reasons for Moisture Modeling

Saltcake waste undergoes considerable change in density and porosity as a result of
stabilization. Modeling the moisture in tank waste is a way to determine the dryness condition .
following stabilization that cannot be estimated by measuring the waste characteristics before
drainage has occurred.

Because radioactive tank systems cannot be easily entered safely, obtaining direct
measurements of moisture at the surface of a stabilized waste is a very difficult technical
problem. Moreover, core samples obtained by drilling and used for analyzing the chemical
constituents of waste do not always accurately reflect the moisture content under actual in-tank
conditions. Core samples are usuzlly taken before the tank is stabilized and do not reflect the
drained moisture condition. Drilling and core extraction change the moisture condition of the
waste because most of the moisture is held physically as interstitial liquid rather than chemically
bound to the solids. Extracting a core sample disturbs the true physical association of the inter-
stitial liquid with the solid saltcake matrix as held by the tank. For instance, the interstitial liquid
and salt solids often separate in a drilled core, and the matrix structure collapses from its original
in-situ bulk density to some other density value. Furthermore, instrumentation methods for
measuring in-situ moisture content cannot predict the future state of a waste surface following
stabilization. Thus the future state must be forecast through modeling.

The moisture model can be used for forecasting in the following ways:

e to determine the potential dryness of the waste surface after stabilization
e to understand the moisture cycle dynamics in saltcake waste held by a tank
e to examine transport of dissolved organic chemicals by leaching or evaporation.

Another reason for developing the more advanced model is to determine how adequate
the simplifying assumptions were as used in the earlier model (Simmons 1995). If the simplified
model is an adequate description, then the hydraulic properties of the waste (liquid retention
relationship and conductivity) were sufficient information to model the moisture distribution,
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without accounting for the more complex influences of water vapor flow or heat transfer. It is
useful to know when the influence of water vapor flow and heat transfer can be neglected for
using a more simplified analysis of the waste moisture distribution. Then, also, less information
about the waste may be adequate to predict its future safety.

1.2 Overview of Moisture Model

Water moves in saltcake as part of the interstitial liquid and as vapor passing through
drained interstices of air-filled pores. In a nonisothermal system like tank waste, water vapor
flows as a result of the vapor pressure gradient acting in the air or gas phase. Mostly, spatial
changes in temperature cause the vapor pressure to vary in a drained waste. Also, liquid flows as
a result of capillary forces whenever the liquid content anywhere is changed by evaporation or
condensation of water vapor.

The processes that move water can be described using the STOMP code, which solves the
relevant conservation equations for the coupled flow of interstitial liquid, water vapor, and heat
in an unsaturated porous waste. The STOMP code solves the mathematical equations that
describe the appropriate physical mechanisms governing moisture transport via both liquid and
vapor phases. Under long-term, steady-state conditions following stabilization, the moisture
distribution in waste may not appear to change with time. However, in a nonisothermal system
such as radioactively heated tank waste, the moisture will be in continual flux as a result of a
balanced evaporation and condensation cycle occurring within the waste profile. (Of course, ina
highly ventilated tank, which has a substantial moisture loss by breathing, the cycle is not in
balance.) '

Also, a waste profile, when being pumped for stabilization, exhibits a dynamic change in
the interstitial liquid distribution as the interstitial liquid level (ILL) is drawn down. Because the
STOMP code gives a general solution for moisture flow in an unsaturated porous medium, it can
model all of these circumstances involving stabilization and moisture evaporating from the waste
surface. (STOMP was applied already to evaluate the diffusive movement of released entrapped
gas in stabilized waste [Peurrung et al. 1996]. Entrapped gas can alter the hydraulic properties of
waste and influence liquid flow behavior, but this influence was not examined here.)

In general, the STOMP code can be used to determine the outcome of a final steady-state
condition by simulating when it is reached as the limit of dynamic processes that eventually
approach the final state. In other words, the STOMP code does not simulate a final hypothetical
steady-state situation directly but obtains it as the limit of changing conditions. For instance,
pumping a tank is a dynamic process that finally achieves a static distribution of liquid in a
saltcake profile when no more liquid can be removed because it is retained by capillarity.

Thus, the STOMP code implements the mathematical theory and performs calculations of
water and thermal energy transport. The flow of water mass and thermal energy quantities is
described by conservation equations (Section 3 of White and Oostrom 1996) that give the time
rate of change of these quantities in control volumes as a result of the fluxes of each crossing the
control volume surfaces. Control volumes are defined for a problem by the discretization of the
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system domain into subunit cells. Primary physical variables such as pressures, mole fractions,
and temperatures are treated as constant (uniform) within a subunit cell but vary spatially over
the cells. The state of the system at each time is described in terms of the primary physical
variables by solving the governing conservation equations. White and Oostrom (1996) give
detailed mathematical procedures for how these calculations are accomplished.

1.2.1 Model Limitations

Certain assumptions about the characteristics of saltcake are necessary. The exact nature
of waste material has not been cornpletely quantified nor have the hydraulic properties been
directly measured on core samples. First, it is assumed that a saltcake crystal matrix is a rigid
porous medium with liquid retention behavior due to capillarity, which is described by the
traditional Brooks-Corey equation (Simmons 1995). The prior modeling was predicated on this
equation, which is a common relationship used in soil physics for granular subsurface media.
Based on the Brooks-Corey equation, which is also incorporated in the STOMP code, the holdup
height of capillary rise, the porosity, and a pore-size index are sufficient parameters to represent
capillary retention. This is a key assumption that requires further confirmation for actual
saltcake. - '

Additionally, with information about the intrinsic permeability and liquid viscosity, the
hydraulic conductivity, as it depends on the volumetric liquid content, can also be described
mathematically by using the Brooks-Corey model. Then, assuming Darcy’s law of liquid flow,
the flow velocity or flux is equal to the product of the hydraulic conductivity with the pressure
gradient in the liquid acting in union with the added gravitational gradient.

‘The Brooks-Corey equation gives the capillary pressure as a function of the volumetric
liquid content at each location. From the capillary pressure, which is the difference in the air
phase and liquid phase pressures, the required pressure in the liquid phase is found. This
pressure, which is actually a tension within the liquid phase, is negative under unsaturated
conditions because the adhesion to the drained saltcake draws the liquid into the porous matrix.
The pulling of liquid into a drained saltcake matrix is called capillarity. In contrast, the liquid
pressure below the ILL in the saturated zone is a positive hydrostatic head, except within the
depth of the holdup height just below the ILL, where capillarity still draws liquid up.

The Brooks-Corey model is known to apply to granular subsurface media such as sand
and soils. Thus it is presumed that a solid saltcake is a pack of crystal grains. If, instead, salt-
cake is a fractured solid with mainly fissures as the interstitial space, this model may not apply.
Also, it is known that the Brooks-(Corey model for liquid retention applies to liquids other than
pure water, such as oil or brines. Thus, a reasonable assumption is that it also applies to sodium
nitrate/nitrite brine in solubility equilibrium with the saltcake. That is, the model likely applies
for a fixed pore-index and porosity as long as the matrix is not undergoing change by dissolution.

Presently, the code does not account for the salt crystal matrix dissolving and changing

over time. The hydraulic properties and parameters of the matrix, therefore, are assumed to be
constant over time. In reality, this assumption is probably not correct.
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It is also assumed that the pore-size index could be estimated by considering the volume
of liquid that could be pumped from a stabilized saltcake profile that becomes partially drained.
The calculation of pore-size index was explained in the earlier report (Simmons 1995). Inter-
stitial liquid is only partly water; it is also saturated with soluble salts that constitute a brine with
denstity greater than that of water. That is, only a certain percentage (usually, 40 to 60 wt%) of
brine is water. The holdup height is given in terms of the brine density, so that liquid pressure
can be expressed in terms of the equivalent liquid column height for the brine.

Another important limitation of the present conceptualization of saltcake is that water
combined or associated chemically (e.g., water of hydration) with the salt crystal matrix is not
considered. The model discussed here is concerned with only the water included in the inter-
stitial liquid, which is free enough to conduct through the interstices under a mechanical pressure
gradient. If it is known how much water by weight percent is bound to the saltcake matrix by
mechanisms other than capillarity, then given the volumetric liquid content of the interstitial
liquid and its weight percent water, a straightforward calculation of the total weight percent water
is easily done, provided the porosity, crystal density, and liquid density are known. However,
this bound percentage of water is not yet known for typical saltcake in waste tanks. Future
measurements of tank waste need to evaluate the amount of bound or immobile water.

1.2.2 Unsaturated Flow Processes

Drainage, evaporation, and leaching are three important unsaturated flow processes

relevant to stabilized saltcake. When excess liquid is pumped from a tank to stabilize the waste,
the porous matrix drains until the amount of liquid held up by capillary force against gravity
cannot be removed further by pumping from a salt well. This report demonstrates (Section 4.1)
that draining a saltcake by pumping from a salt well can be simulated for a tank’s cylindrical
shape. The drained or stabilized state represents a starting point or initial condition for which
evaporation at the surface becomes important in determining the long-term moisture content of
the waste.

In a nonisothermal, drained waste profile having a heat load, water vapor is continually
evolving and diffusing upward, where it condenses and returns as liquid flowing back down into
the unsaturated matrix. This process is only important in a stabilized profile that has drained
interstices containing interconnected passageways that allow air movement. The upward and
outward movement of water vapor is one important mode by which the tank’s heat load is
transferred to the outside. At the same time, heat is conducted through the solid and liquid
masses to the outside. Such heat conduction must be calculated simultaneously with the mass
transport of water to accurately explain the moisture condition of saltcake held in a closed tank.

Surface drying may occur, depending on the amount of evaporation that potentially
transfers water to the tank dome and sides, which are cooler than the waste core. This evapora-
'~ tion may be continually reabsorbed in the cooler waste along the tank sides, provided that vapor
is not being removed by ventilation of the tank’s head space from between the dome and
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waste surface. The degree of potential evaporation depends on the distribution and transfer of
heat within a particular tank. The STOMP code must be used to examine the complicated
coupling of all mass and heat transfer mechanisms acting within a tank that influence internal
evaporation.

If a waste surface contains an unsafe concentration of organic chemicals along with
nitrate/nitrate salts, and it becomes too dry to naturally suppress any possible accidental ignition
event, then it might be necessary to apply water to the waste surface. Because the drained
saltcake waste is porous and dry, infiltrated water would seep down from the surface and begin
refilling the tank with liquid that could potentially leak. Therefore, it is important to design an
effective method of adding moisture that keeps the moisture near the surface long enough before
redistribution occurs. Moreover, infiltration of water might accomplish leaching of unwanted
soluble organic species on the surface. Leached organics could be transported deeper into the
waste this way. When transported by leaching down to the ILL, soluble organics could be
removed from the vulnerable surface region. The STOMP code can be applied to examine this
subject of transport.

1.2.3 Boundary Conditions

To simulate heat transfer and moisture movement in a domain such as a cylindrical tank,
various boundary conditions must be applied to specify a problem uniquely. The STOMP code
incorporates many special boundary conditions to solve the governing conservation equations for
a specific domain. The values of moisture flux and heat transfer rate or temperature can be set on
the tank boundaries, which are the sides, bottom, and waste surface facing into the head space.
The head space itself, however, is not simulated by STOMP (see Section 3).

The test cases discussed in Sections 4 and 5 presume that no liquid flows out the sides or
bottom of a tank; that is, a leaking tank is not considered here. The loss of heat through the sides
and bottom is specified because the appropriate temperature is unknown there. Liquid flux
leaving as water vapor will be specified at the waste surface, while the evaporated water is
returned as condensation along the tank side where the waste surface contacts it. Other boundary

_information, however, can be applied if specific measurements for those boundary values
become available.
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2.0. Processes of Moisture Transport

The physical processes discussed in this section act on the pore scale to determine the
distribution of moisture in a porous medium like saltcake. Mathematical descriptions of these
processes are included in the STOMP code’s formulation (White and Oostrum 1996). The
STOMP code calculates the distribution of moisture at the tank’s spatial scale based on these
pore-scale processes. Figure 2.1 depicts the processes involved with liquid and vapor movement
at the pore scale.

In Figure 2.1, the volumetric liquid content of the saltcake matrix depends on the local
capillary pressure, as described by the Brooks-Corey retention relationship (Simmons 1995).
The directions of flow (indicated in parentheses) of moisture and heat may be different than
indicated, depending on detailed conditions. The pressure gradients acting in the gas (air includ-
ing water vapor) and liquid phases determine the flow directions, while permeability of the
matrix determines the rate of fluid flow under these pressure gradients. Gauges indicate the sign
of the pressure in the liquid and gas phases. Heat is transferred by conduction through both solid
and the liquid phases and as latent heat of water vaporization by evaporation and condensation.
Salts dissolved in the liquid phase lower the water vapor partial pressure relative to the saturated
vapor condition for the prevailing temperature.

2.1 Capillary Retention of Interstitial Liquid

The interstitial liquid distribution in a drained saltcake is set primarily by the capillary
retention relationship as expressed in terms of the Brooks-Corey model, which depends on the
holdup height and pore-size index. The absolute porosity of the saltcake matrix also determines
on a volumetric basis how much liquid can be held in the interstices. When drained, the liquid
distribution with depth takes the shape of the liquid retention relationship. Capillary pressure of
liquid (in units of equivalent liquid column height) in the interstices at a location is essentially
the height of the location above the ILL plus the holdup height. In equilibrium under isothermal
conditions, the capillary rise in the interstices and the downward gravitational force are in
balance. Condensation and evaporation of water vapor under nonisothermal conditions tend to
perturb the moisture distribution from its static equilibrium distribution for isothermal condi-
tions. The moisture distribution is perturbed in a way that produces a liquid flux that balances
the flow of water in the vapor phase.

‘The Brooks-Corey retention equation gives the volumetric liquid content divided by the
porosity (actually the saturation) as an exponential function of capillary pressure (Simmons
1995). As capillary pressure becomes greater relative to a reference location the volumetric
liquid content decreases, as liquid is held by smaller interstices. Liquid is held in the interstices
by capillarity with a greater strength when its surface tension is greater than, say, that for pure
water as the standard reference. The influence of surface tension is presumed already accounted
for in the Brooks-Corey model, as found from the response to drainage during stabilization.
However, by using fluid property scaling, it is possible to consider an interstitial liquid with
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some other value of surface ténsion, as possibly changed by the presence of dissolved organics.
Measurements of actual surface tension are needed to consider this possibility further.

2.2 Darcy Flow of Liquid

Darcy’s law is assumed for the flow of liquid in interstices of saltcake. Flow is propor-
tional to the sum of the pressure gradient in the liquid and the gravitational force. The propor-
tionality coefficient is called the liquid conductivity, which equals the relative permeability times
the intrinsic permeability of the matrix multiplied by liquid density and divided by kinetic
viscosity (the common viscosity divided by g) for the liquid. Relative permeability, with its
greatest value equal to one when the matrix is saturated with liquid, decreases to zero very
steeply when the liquid content drops below its maximum value equal to the porosity. Thus, the
Darcy flow velocity in a drained situation will be many orders of magnitude smaller than that
exhibited during pumping in the saturated zone. '

The relative permeability function is obtained as part of the Brooks-Corey model, as
described in the first version of the moisture model (Simmons 1995). As liquid occupies smaller
pores, for higher capillary pressures given by the Brooks-Corey retention curve, the relative per-
meability decreases exponentially for a small percentage decrease of volumetric liquid content.
Thus, the relative permeability and liquid conductivity will be very small near the surface, where
drainage and evaporation diminish the liquid content, compared with the saturated value below
the ILL. At the surface of drained saltcake, because the conductivity becomes small there, the
upward flow of liquid might not be able to replenish a substantial evaporation rate, and the
surface material would then dry out. However, the condensation rate of water vapor near the
surface must also be accounted for to determine if drying would actually occur. The advanced
model includes vapor condensation.

2.3 Temperature Distribution

The transfer of thermal energy as a result of the radioactive decay generated heat load
controls the potential surface evaporation rate. Heat that is not conducted through the solid
matrix and liquid phase is transferred through the porous matrix as latent heat of evaporation and
condensation. The amount of heat transferred as latent heat is key to estimating the evaporation
rate, which in turn controls the dryness of the waste surface.

The STOMP code uses Fourier’s law of heat conduction along with thermal conductivity
for the solid and liquid fractions to determine the temperature distribution in the waste. It also
calculates the flow of heat carried by water vapor transfer. Vapor pressure gradient and the
resulting flow of water vapor through the drained waste is determined by the temperature distri-
bution associated with the loss of heat from the tank into the bottom, sides, and dome top. The
STOMP code takes into account the reduction of thermal conductivity as the liquid phase is
reduced in any way by drainage or evaporation. However, in the current simulation tests, the
precipitation of dissolved salts to become part of the solid matrix and the resulting changes of the
hydraulic properties were not accounted for. At this stage, this effect is not believed to sub-
stantially alter the temperature distribution for a stabilized profile. Test cases discussed in
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Section 4 indicate that the liquid distribution and its associated thermal conductivity field are not
altered greatly from the pattern imposed by capillary forces acting in the matrix. :

2.4 Water Vapor Flow

The STOMP code calculates the flow of the gas phase (air including water vapor), as well
as the liquid phase, within the interstitial space of the porous material. Air (with vapor) fills and
moves in the interstitial space that is not occupied by the liquid, which is held by capillarity in
the smaller pores. Air, containing water vapor or any other gases, flows in proportion to the
pressure gradient in that gas phase. The proportionality factor is the relative permeability of the
pore space not occupied by the liquid. This gas-phase relative permeability and resulting con-
ductivity for air are obtained as part of the Brooks-Corey model for multiphase flow. References
for this complex theory are given in White and Oostrum (1996). This flow of air caused by the
pressure differences is called advection. '

Water vapor is also moved by diffusion in the air as well as by advection of the gas
phase. Advection is determined by the pressure gradient in the gas phase and by the relative
permeability for air flow in the drained pores. Note that the gas phase pressure is the sum of the
air pressure and the partial pressure of water vapor for the particular local temperature. Differ-
ences in water vapor concentration within the gas phase determine the diffusive flux that con-
tributes to the overall flow of gas through the drained interstices. Vapor concentration is
calculated directly from the prevailing water vapor pressure by assuming the ideal gas law
applies locally for the particular local temperature.

The diffusive flux conforms to Fick’s law and is determined by the vapor concentration
gradient multiplied by a diffusion coefficient, which is a function of the local temperature.
Under certain situations, usually near the surface, the advection of water vapor and diffusive flux
could be in opposite directions. (Actually, in the STOMP code’s formulation, the diffusive flux
of a component species in a particular phase is determined by the gradient of the mole fraction of
the component, then multiplied by the phase density. Also, the effective diffusion coefficient for
each component is modified by the porosity, tortuosity, phase saturation, and ratio of molecular
weights, all multiplied times the binary diffusion coefficient for the species in the particular
phase. This effective diffusion coefficient multiplied by phase density and the mole fraction
gradient gives the diffusive flux.)

Water vapor movement transfers latent heat of vaporization as part of the heat transfer
process. The temperature distribution is a consequence of both heat conduction and latent heat
transfer by water vapor. (Transfer of heat by water vapor is actually thermodynamically more
complicated by the transfer of enthalpy, which is the sum of internal energy and the work
performed by pressure changes. The detailed equations are discussed in the STOMP code
documentation.)

Local equilibrium thermodynamic conditions determine the water vapor partial pressure
as a function of temperature. The water vapor partial pressure is lowered exponentially in
association with the capillary pressure. An increased capillary pressure produces a decreased




water vapor pressure, but such lowering does not become an influence until the medium is very
dry with capillary pressures greater than 10 million Pa (100 kPa is an atmosphere of pressure).
Plots of the saturated water vapor pressure as a function of temperature and the lowering of water
vapor pressure by capillarity are provided by White and Oostrom (1996) in the STOMP theory
documentation. Note, however, that lowering water vapor pressure by capillarity is nearly
negligible compared with the dominating influence of the dissolved salts in the interstitial liquid.

2.5 Reduction of Water Vapor Partial Pressure by Salts

The presence of ionic salts in the aqueous phase lowers the water vapor partial pressure in
equilibrium with the liquid phase. Sodium chloride is treated as the model salt in the STOMP
code formulation. (Specific physical and chemical properties of sodium nitrate/nitrite have not
yet been included in the code. A more complex solubility model is needed in the code to
accurately describe the wide range of solutes present in tank liquids, especially the influence of
sodium hydroxide.) A high concentration of dissolved salts will affect the density and viscosity
and hence also affect the hydraulic conductivity for the Darcy liquid flow. Moreover, the salt
concentration would move in the liquid phase by advection and diffusion. Also, the thermal
conductivity of salt brine depends on concentration. These effects are all accounted for by the
STOMP code. For application to waste tanks, it is presumed that the behavior of sodium nitrate/
nitrite salt is similar to that of sodium chloride. However, the presence of strong concentrations
of sodium hydroxide would have substantially different influence on water vapor pressures. It
can lower the vapor pressure considerably more than sodium chloride or sodium nitrate salts.
This solute is not yet accounted for in the STOMP code but can easily be incorporated.

Modifications were made to the STOMP code to include the capability of treating
systems with high salt concentration in the aqueous phase. Prior to this moisture model, STOMP
did not include the appropriate mathematical theory. Appendix A details the equations included
in the code that deal with problems of liquid flow involving high salt concentration. Mainly, an
equation for the lowering of water vapor partial pressure by the osmotic coefficient for sodium
chloride was included, as well as an expression for the osmotic pressure in the liquid phase. The
osmotic pressure represents the tendency of liquid with less salt concentration to be drawn to a
region with liquid of greater concentration. This osmotic pressure results from water moving to
dilute the region of greater salt concentration while salt diffused out from that region into lower
concentration regions.

The code modifications are necessary to describe the phenomenon of counter liquid and
water vapor flow in a unsaturated porous system, which is subjected to a thermal gradient. In an
unsaturated column of porous material, which is heated at one end and cooled at the other, the
vapor evaporates from the hotter end to condense on the cooler end. At the same time, liquid
flows back, drawn by capillarity to the hotter end that has a reduced volumetric liquid content.
Salt in solution will increase in concentration at the hotter end and decrease at the cooler end.
This same process would operate in a drained saltcake, as water vapor moves toward the cooler
surface and returns downward as condensed liquid. In a tank’s vertical waste profile, the excess
liquid produced by condensation of vapor near the cooler surface is drawn downward again by

gravity.
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Appendix A also describes a well-documented test case for the counter flow of moisture

~ phenomenon: a closed horizontal column, maintained at a constant hotter and cooler temperature
at opposite ends; initially, partially saturated with salty liquid. In the test case, the influence of
osmotic pressure was still dominated by the capillary pressure for the particular salt concentra-
tion. In contrast, for a vertical tank profile, the gravitational force enhances the liquid’s down-
ward return flow. In a tank profile, the liquid content would still remain greater in the deeper,
hotter depth, while water vapor would condense toward the drier surface. The process is the
same, but the liquid content distribution would be reversed as a result of drainage by gravity in a
vertical waste profile.

In a drained saltcake profile, the dissolved salt would be advected downward with a net
downward transport of salt. However, in the test case described in Appendix A, the salt advec-
tion from the cooler to the hotter end is counterbalanced by an equal magnitude but opposite
diffusive flux of salt from the greater salt concentration at the hotter end. Regardless of concep-
tual distinction with a tank waste profile, the test case represents the simultaneous flow of water
vapor, liquid, and dissolved salt in a nonisothermal system under steady-state conditions of heat
transfer. The case, nevertheless, demonstrates the code’s intended mathematical capabilities.




3.0 Waste Surface Boundary Condition

This section discusses modeling the evaporation of moisture at the waste surface. The
estimated evaporation rate is then used to define the surface boundary condition that determines
the subsurface moisture distribution in the waste.

Modeling the moisture distribution below a drained waste surface requires accurately
estimating the flow of liquid either upward toward or downward from the surface. This liquid
flow is determined either by evaporation or condensation of water vapor at the surface, and
measurements of liquid content alone cannot indicate which way the liquid is moving at the
surface. Only modeling using prevailing temperature gradients and water vapor pressure

gradients can predict what the magnitude and direction of the liquid flux is at the surface.
Because the STOMP code simulates only the subsurface conditions within a porous saltcake,
another model must be used to determine the possible liquid flux for the surface boundary
condition.

Conceivably, water can either evaporate from the waste surface as part of the heat
transferred out as latent heat of vaporization or condense from the vapor diffusing toward the
surface through the drained zone. The earlier model (Simmons 1995) examined only the steady
loss or gain of liquid at the surface and the resulting influence on the moisture profile. An
additional model for the surface boundary was needed to explain what might occur over time in a
nearly closed head space, which perhaps still breathes passively. (Although a tank head space is
nearly a closed container, there is a relatively small vent that balances atmospheric pressure
inside and outside. This causes breathing and a small volume of air carrying moisture flows in
and out over time.) The objective of this boundary condition model, therefore, was to establish if
there could be a substantial moisture flux out of the surface that would influence the liquid
distribution held by capillarity in the waste.

As an extreme bounding situation for the maximum possible evaporation, it is instructive
to determine how rapidly a waste profile could dry out if subject to continual loss of moisture, as
if, hypothetically, a tank were entirely open to the atmosphere. This situation was tested by
applying an unsaturated flow code, UNSAT-H (Fayer and Jones 1990). This code represents an
intermediate design between the earlier model based on presumed steady-state conditions and
STOMP’s generality. The UNSAT-H code is nearly as mechanistically complete as the STOMP
code and able to model unsteady conditions occurring in conjunction with heat transfer; but it
describes only one-dimensional, vertical moisture flow. The UNSAT-H code was applied to
help understand the results that would be produced by using the more complicated STOMP code.

Evaporation from an open tank is discussed in Section 3.1. Section 3.2 describes a more
general model for evaporation within a nearly closed tank allowed to breathe passively.
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3.1 Surface Dryout in an Open Tank

An open tank exposed to continual evaporation should exhibit a profile that dries out; that
is, the moisture content in the entire profile decreases over time. This behavior is confirmed by
applying the UNSAT-H code. However, the contribution of water vapor movement below the
waste surface was not certain, when compared with the direct loss of moisture from only the
surface, as liquid is draw up by evaporation. Previous modeling did not consider the subsurface
movement of water vapor. The UNSAT-H code predicts how transient variations in surface
conditions would influence the moisture profile in an unsaturated subsurface. In the code, liquid
flow is described by Richard’s equation for unsaturated flow; diffusive water vapor flow is
described by Fick’s law; and heat conduction is described by Fourier’s law.

The code was also applied with a different equation for the hydraulic properties to
evaluate the sensitivity of results to the particular mathematical description. The results, when
applied to a tank profile similar to BY-104, are discussed in Appendix B. Since such an open-

" surface condition was not the main concern of this study; the details are discussed only in
Appendix B. However, the main conclusion related to potential dryout of the waste surface in a
closed tank is that the radiant emissivity of the surface relative to that of air is crucial. Radiant
emissivity is the fraction of radiant heat energy given off by a black body at a particular
temperature, as given by the Stefan-Boltzman law.

The modeling using UNSAT-H showed that the relative value of emissivity for the head
space air and the waste surface is critical for determining whether substantial evaporation occurs.
A key technical issue is whether heat is transferred mainly by convection or radiation or by latent
heat of evaporation. It is thought that heat transfer for a drained waste occurs mainly via
convection and radiation in a tank’s head space (Crowe et al. 1993). But the simulations
(Appendix B) showed that substantial evaporation does occur if the emissivity of head space air
is greater than that for the waste surface. If the emissivity of head space air is less, most of the
heat transfer at a waste surface would occur via convection and radiation. If these emissivities .

_are nearly the same, the speed of air flowing across the waste surface determines how great
moisture evaporation will be. Thus it is essential to know the emissivity of the waste relative to
that of air and the speed of air circulation across the surface to determine the dominant mode of
thermal energy transfer.

This finding showed that any model for heat transfer at the waste surface inside a closed
tank must properly account for the radiant heat in the head space air. Based on this recognition, a
model for steady heat and moisture transfer for a closed head space was formulated as a
boundary condition model for the STOMP code.

3.2 Head Space Evaporation Model

A model was devised to estimate the possible water evaporation rate at the waste surface
of a nearly closed tank, which may be vented either passively or actively. The model is a
modification of one developed by Fauske & Associates, Inc. (1994) that was intended to estimate




evaporative losses from single-shell tanks. Recently, the FAI model was used in the preliminary
safety analysis for the organic watch list tanks at Hanford (Webb et al. 1995). The original
model was intended for use with waste profiles for which the liquid reaches the surface or is
saturated up to the surface. The present, revised formulation, however, addresses a drained waste
profile for which diffusion of water vapor through the dry surface region limits how rapidly
moisture is evolved. Also, the original model was mainly intended to estimate the relative

- humidity or moisture density within the head space, whereas this new version also provides the
rate of evaporation that cycles in the closed head space. '

In this model, conceptualized in Figure 3.1, evaporation as a result of the heat load
transfer through the waste surface is returning to the tank sides via condensation on the dome.
However, evaporated moisture could be returning directly to the cooler waste region just adjacent
to the tank side walls.

The head space evaporation model is designed to describe only the steady-state transfer of
heat and the connected evaporation in only the vertical direction. This new version is imple-
mented in a Mathcad program called EVAPLOSS and is provided in Appendix C. Mathematical
details can be read directly from the program. The concepts and notations used are similar to
those explained in the report by Fauske & Associates (1994). This model is a precursor to a code
that would eventually be built into STOMP to define the upper surface boundary condition of the
waste. However, this application has not yet been implemented. Instead, a simplified model was
used in STOMP for the simulation cases.(Section 5).

3.2.1. Conceptual Formulation

Heat is transferred through the waste surface by radiation, convection, and latent heat of
evaporation. Figure 3.1 shows the sequence of heat and water vapor transfer in a waste tank.
The heat load portion expelled through the surface to the tank dome and head space sides that
does not occur by combined radiation and convection must necessarily occur via evaporation.
This is the conceptual basis of the model. Heat transfer by convection and associated vapor mass
transfer are described by transfer coefficients, where the rate of transfer is proportional to the
differences in temperature and relative vapor density in two adjacent regions. The regions are
the air at the waste surface, the middle volume of head space, and the air near the dome top.
Also, a region is included below the waste surface in the drained waste above the ILL. Only heat
is transferred to the outside air through the ground cover region above the dome. Thus, in the
new formulation, the heat load is passed to the outside through five adjacent regions: drained
subsurface, waste surface, head space, dome, and ground cover. Heat and moisture may also be
lost or gained by breathing through the riser vent to the outside.

, In the ground cover region, heat can only be conducted out. In the head space region,
heat is transferred by thermal radiation, air convection, and condensation. In the drained sub-
surface, heat is conducted through the solid waste and is also transferred as evaporated moisture.
Fourier’s law describes the rate of heat conduction, whereas Fick’s law, expressed in terms of an
effective diffusion coefficient, describes the rate of vapor flow in the drained subsurface.
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Figure 3.1. Heat and Water Vapor Transfer in the Head Space of a Single-Shell Tank
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3.2.1.1 Radiant Heat Transfer

In the original formulation of the model, heat transfer by radiation was conceptualized as
going from the surface to the head space gas and then onto the dome. This was a sequential
transfer, which made it possible to define radiation transfer coefficients between the waste
surface, head space, and dome. This radiation transfer was applied with a single emissivity
coefficient, which was taken as equal for all three adjacent regions.

Subsequently, it was determined that this conceptualization of thermal radiation transfer

~ 'was incorrect, because most radiant heat is believed to be transferred directly through the head
space gas to the tank dome. Crowe et al. (1993) stated this viewpoint in their calculation of tank
heat loads. An approach for dealing with heat transfer between surfaces with an intervening
thermally absorptive gas has been known for years (e.g., Kreith 1973). A gas containing water
vapor as the heat-absorbing substance is treated as a “gray” gas in an enclosure. Most radiant
heat is transmitted directly between the enclosing surfaces, and a smaller fraction is absorbed by
the gas and emitted back to the surfaces. The fraction of thermal energy transmitted through the
gas is determined by the gas emissivity as 1 minus this emissivity. The gas emissivity deter-
mines what fraction of the black body radiation emitted from the gas is returned to the enclosure
surfaces. Thus, radiant heat is transferred in parallel through and from the gas to the surfaces,
and a net thermal resistance can be defined so that the difference.in the Stefan-Boltzman

‘radiation from the two surfaces is proportional to the radiant heat transmitted between them.

'By the Stefan-Boltzman law, thermal radiant energy is emitted from a black body in
proportion to the temperature with the fourth power exponent. The proportionality factor is the
Stefan-Boltzman constant, common to all materials. The emissivity of each surface determines
the fraction of black body thermal radiation that will be emitted. The theory described by Kreith
(1973) in his third edition of the Principles of Heat Transfer is implemented in the EVAPLOSS
program (Appendix C). In this heat transfer model, the shape factors or view factors, which
describe the fraction of radiant energy absorbed from another radiating surface, are taken as unity
to simplify the calculation of the heat transfer.

Therefore, in the model, the radiant heat transfer between the waste surface and dome
depends on the temperatures and the emissivities of each surface along with the emissivity of the
head space gas. Emissivity of water vapor in the head space air, given as a function of water
vapor pressure, was determined in the early 1940s (Hottel and Egbert in Krieth 1973); the graphs
reproduced by Kreith are found in most texts on heat transfer. These standard graphs are also
found in the sixth edition of Perry’s Chemical Engineers’ Handbook (Perry et al. 1984).
Specifically, the head space gas emissivity depends on the water vapor pressure multiplied by the
beam length, which is the effective separation distance between the gas enclosure surfaces, the
waste, and the dome. For conceptualized infinite parallel surfaces (planes), the beam length is
the distance between the planes multiplied by 1.8. For separation distance of 10 to 20 ft and
saturated water vapor pressures associated with typical head space temperatures (27°C for
BY-104), the gas emissivity is between 0.2 and 0.3. Crowe et al. (1993) suggested a value of
0.25. Emissivities of the waste surface and dome are not known, but the values are presumed to
fall between 0.7 and 0.95, typical of rusted steel and concrete.
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3.2.1.2 Water Vapor Diffusion

The evaporation of water is coupled to the rate of vapor diffusion through the drained
subsurface region. This rate of diffusion or vapor flux is proportional to the difference in the
vapor concentrations in the interstices at some depth above the liquid level and the surface. The
effective diffusion coefficient divided by that depth is the proportionality factor (a vapor mass
transfer coefficient) that defines that vapor flux. This effective diffusion coefficient is the
molecular diffusion coefficient for water vapor in air multiplied by an air-filled porosity and an
enhancement factor. The enhancement factor accounts for the fact that apparent diffusion flux
associated with a thermal gradient is augmented by a microscopic temperature gradient that is
often greater than the macroscopic gradient associated with heat conduction. Apparently, in an
unsaturated porous medium, the transport of moisture as vapor between microscopic droplets of
liquid filling some interstitial pores is faster or enhanced (Nassar and Horton 1989). The
enhancement phenomenon for vapor flow in unsaturated porous media was first explained by
Philip and De Vries in 1957 (see Nassar and Horton 1989).

‘At the other extreme, if the waste surface has a compacted crust that impedes the escape
of water vapor, the diffusion flux could be substantially reduced or limited. This conceptofa |
diffusion-limiting crust was incorporated in the moisture loss model devised by Heard (1993) for
the evaporation analysis of the actively vented Tank SX-105. In that model, it was concep-
tualized that a dry surface crust reduced the amount of moisture that could be lost if water

-evaporated directly from a liquid saturated surface. Heard suggested that the crust in SX-105 had
a vapor diffusion coefficient typical of concrete and much less than the molecular diffusion
coefficient for vapor in air. Heard used a value of 0.018 fi*/hr for the diffusion coefficient in
crust instead of 1.03 ft/hr (2.67 E~* m%/s) for water molecular diffusion in air. This corresponded
‘to an enhancement (reduction) factor of about 0.02 by the crust. The interstitial pores in sucha
crust would have small air-filled porosity and would likely be plugged or not well intercon-
nected. In this model, the enhancement factor can represent either an increase or decrease in the
evaporation rate, depending on the particular physical circumstances relevant for a tank waste.

3.2.1.3 Water Vapor Concentration

The water vapor concentration in the drained region and head space is calculated from the
local temperatures and is expressed by a standard formula for the saturated water vapor density
for the temperature to be determined. If the activity factor for reducing vapor pressure caused by

‘the dissolved salt concentration is known, that factor can be applied for vapor below the waste
surface. Both Heard (1993) and Barney (1976) give information on how much the saturated
water vapor pressure is reduced for various dissolved salt concentrations of nitrates/nitrites and
sodium hydroxide. When setting the relative humidity value at a depth below the waste surface,
such information should be used when the appropriate dissolved salt concentrations are known.
That information, however, is not available for most tanks. Instead, the relative humidity value
at depth below the surface must be chosen so that the estimated heat load transferred through the
surface matches that estimated by another method (Crowe et al. 1993; Kummerer 1994).



3.2.1.4 Model Solution

A solution for steady-state transfer of heat and water vapor mass passing through the head
space is obtained by equating the fluxes of each quantity through the five adjacent regions.
However, water vapor does not flow through the ground cover region; it stops at the dome cover
as condensation. Flow of heat and water vapor removed by venting is also included in the
balance equations. The equations for the various fluxes are given in the EVAPLOSS program,
and the Mathcad software is used to solve the system of coupled equations for the unknown
quantities. (The program actually includes three cases that apply when certain information is
assumed already known and the solution is constrained to comply.) However, because the
equation system is very nonlinear in the variables of temperature and vapor concentration,
starting values for the unknown quantities must be provided to begin the solving process. This is
usually not a problem, because even approximate values of unknown quantities are adequate to
find the solution.

To apply the program, the folloWing quantities should be known:

heat load fraction removed from the waste surface (W)

breathing rate as air volume vented per unit of time (m’/yr)

thermal conductivity of soil cover and waste (W/m/K)

vapor diffusion and thermal conductivity depth below the surface (surface level minus the
ILL) (meters)

e measurements of temperature in the waste, at the surface, and in the head space, if
known. Waste temperature is most essential to be consistent with heat load.

emissivities for the waste and dome surfaces and the head space air with vapor
volumetric liquid content of the drained subsurface and its porosity.

3.2.2 Application to Tank BY-104

The model was tested successfully for Tank BY-104, for which the heat load and
temperatures are known. Relative humidity (RH) in the head space was also measured and
estimated to be about 55% for a temperature of 26.8°C. The data on tank temperature and RH
were compiled by J. Huckaby of PNNL. Similar temperature in the waste and head space is
reported by Kummerer (1994). Table 3.1 contains the parameter value used to test the waste
evaporation model on Tank BY-104.

The solution to the problem for Tank BY-104 is shown graphically in Figure 3.2. RH in
the five regions is given for the indicated temperature profile. The solution for which the RH is
held at 60% in the waste depth results in a value for the head space of nearly. 55%. It should be
noted that these RH values are in terms of the saturated vapor pressure for the given local
temperatures.

Table 3.2 provides specifics for the possible solutions based on different values of RH at

depth in the waste. The table also demonstrates the sensitivity to a 1% change above or below
the 60% RH value.
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" Table 3.1. Physical Parameters for Tank BY-104

Parameter Value | Units Reference

Heat load 2550 |W Crowe et al. 1993; Kummerer 1994
Surface fraction of heat | 0.66 | none Crowe et al. 1993 '
Ground temperature 13.5 °C Crowe et al. 1993

Air temperature outside | 12 °C Heard 1993

Head space temperature | 26.6 | °C Huckaby (PNNL)

Breathing rate, passive | 2000 | m’/yr Fauske & Assoc. 1994

Tank relative humidity | 55 % Huckaby (PNNL)

Waste temperature 52.5 °C Huckaby (PNNL)

Soil cover conductivity | 1.04 | Wm/K | Kummerer 1994

Waste heat 0.25 Wm/K Kummerer 1994
conductivity '

Ground cover depth 13 ft Crowe et al. 1993

Waste level 13 ft Hanlon 1995

Liquid level 7.44 ft Whitney 1995

Tank BY-104

Waste Surface Head Dome Ground
Space

Figure 3.2.  Heat Transfer Solution for Tank BY-104. Relative humidity in tank is determined
by the value set at depth in the waste below the surface. Heat flux through the
waste surface is 4.105 W/m® with 9.1% latent heat for evaporation. Radiant heat
is 67.6% of the surface heat flux.



Table 3.2. Solution of Heat Transfer from Waste Surface of Tank BY-104

‘Surface heat flux (W/m®) 4.105 4.105 | 4.105 | 4.105 | 4.105
Radiant heat % 67.6 67.6 67.6 67.6 67.6

Latent heat % 9.17 9.15 9.14 9.14 9.12

RH% at depth 55 59 60 61 65 -
RH% waste surface 37.02 | 51.62 | 5527 {5892 | 73.53
RH% head space gas 3796 | 53.08 | 56.86 | 60.64 | 75.78
RH% dome cover 3763 | — 56.69 | 60.50 | 75.76
Temp. waste surface (°C) 27.22 2722 (2722 | 2722 | 27.21
Temp. head space (°C) 26.63 | 26.62 | 26.62 | 26.62 | 26.61
Temp. at dome (°C) 26.5 — 2649 | 26.49 | 26.48

The surface heat flux in Table 3.2 is the heat load expelled through the waste surface

~ divided by the surface area (410 m?) for a 75-ft-diameter tank. The fraction of heat passing out
of the waste surface is calculated from the total heat load in Table 3.1 and the fraction exiting the
dome cover and sides within the head space. Remaining fractions of the heat load are passed
through the waste sides and bottom. The surface fraction of heat is taken from Crowe et al.
(1993, Figure 6-1), which gives the relative fractions of heat passing through various surfaces for
different capacity tanks. Tank BY-104 has about 406 kgal of waste in a 750 kgal capacity.

To confirm the uniqueness of the solution indicated in Figure 3.2, a number of sensitivity
calculations were performed with the model to check its response to other values for the para-
meters. Values not listed in the various sensitivity tables given below are the same as those
given in Table 3.1.

3.2.2.1 Sensitivity to Humidity

Table 3.3 shows how the heat flux changes for various values of RH at depth. After the
likely value for the vapor diffusion enhancement factor of 0.834 was determined, it appeared that
60% RH gave a heat flux approximately equal to the reference target value of 4.105 W/m?. Table
3.3 indicates that RH at depth in the waste is very sensitive to small changes in the surface heat
flux. A 2.8% change in surface heat flux is associated with a 20% increase or decrease in RH.

Table 3.3. Sensitivity to Waste Relativé Humidity at Depth

Surface heat flux | Percent deviation from | Latent heat % " | Relative humidity %
(W/m?) reference value © evaporation at depth in waste
3.99 -2.8 5.35 40
4.05 -1.34 7.32 50
"~ 4,108 0.07 9.23 60
4.165 1.46 11.1 70
422 - 2.8 12.9 80
(a) Reference surface heat flux is 4.105 W/m?, for an enhancement factor of 0.834.
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3.2.2.2 Sensitivity to Enhancement Factor

Table 3.4 shows how the heat flux and latent heat percent change with different values of
enhancement factor. The enhancement factor has the strongest influence on evaporation. A crust
with a factor of less than 0.05 would reduce evaporation to less than 1% of the surface heat flux,
while a large enhancement factor of 3, typical of fairly moist unsaturated porous material, would
increase evaporation to nearly 28%. Such a large enhancement factor is common for subsurface
media (Nassar and Horton 1989) that are not air dry. Table 3.4 indicates that the enhancement
factor of 0.83 is most consistent with the expected surface heat flux. :

Table 3.4. Sensitivity to Water Vapor Diffusion Enhahcement Factor for 60% RH at Depth

Surface heat flux | Percent deviation Latent heat % | Enhancement
(W/m?) {rom reference value® | evaporation factor
3.86 -6.0 0.6 0.05
3.88 -5.5 1.19 0.1
4.00 -2.6 5.72 0.5
4.108 0.07. 9.23 0.83
4.16 1.34 10.9 1.0
446 8.6 19.93 2.0 .
4.75 15.7 27.51 3.0
(a) Reference surface heat flux is 4.105 W/m?, for an enhancement factor of
0.834.

- 3.2.2.3 Sensitivity to Temperature

Table 3.5 shows the response of the surface heat flux estimate to different values of waste
and ground cover temperature. These temperatures determine the boundary conditions for the
heat transfer problem in a tank when viewed as.a vertical, one-dimensional system. Surface heat

flux increases if the waste temperature is greater than 52.5°C and also if the ground te

is less than 13.5°C.

Table 3.5. Sensitivity to Waste and Ground Cover Temperatures for 60% RH in Waste

Surface heat flux | Percent deviation Latent heat % Temperature °C

(W/m?) from reference value® | evaporation Waste Ground top
427 4.0 9.62 54 13.5
4.108 0.07 9.23 52.5 13.5
3.83 -6.7 8.64 50 13.5
426 3.8 9.07 52.5 12
4.36 6.2 8.96 52.5 11

(a) Reference surface heat flux is 4.105 W/m?, for an enhancement factor of 0.834.

mperature




3.2.2.4 Sensitivity to Waste Conductivity

Table 3.6 shows that a greater thermal conductivity than 0.25 W/m/K would be
associated with a greater surface heat flux. The surface heat flux increases directly with an
increase in this waste conductivity, which determines how much heat would flow out for the
given temperature gradient in the waste. Note that the evaporation percent would actually
decrease if the thermal conductivity were greater. Also, different temperatures would prevail if
the conductivity value were different from the value suggested in Table 3.1. Notice that the
surface heat flux is most sensitive to deviations in the waste thermal conductivity.

Table 3.6. Sensitivity to Waste Thermal Conductivity

: Percent " Waste thermal Waste Head space
Surface heat | deviation from Latent heat % | conductivity surface gas
flux (W/m?) | reference value® | evaporation (W/m/K) temperature | temperature
3.23 -21.3 12.32 0.17 2428 23.8
3.58 -12.8 10.91 020 25.47 24.94
4.108 0.07 9.23 0.25 27.23 26.63
4.57 11.3 8.07 0.30 28.77 28.11
5.34 30.1 6.54 0.40 31.34 30.59
(a) Reference surface heat flux is 4.105 W/m? for an enhancement factor of 0.834.

3.2.2.5 Sensitivity to Emissivity

Table 3.7 indicates how the latent heat and RH respond to the emissivity values for the
internal radiating surfaces and head space vapor. The solution for the heat transfer is constrained
to have the reference value of surface heat flux, 4.105 W/m’. A change in the emissivity of the
internal surfaces has greater impact on the RH than that for the head space gas. Apparently, the
head space RH would be greater for a smaller vapor emissivity.

Table 3.7. Sensitivity to Radiant Emissivity for 60% RH at Waste Depth

RH% waste | RH% Emissivity of | Emissivity of
Latent heat % | surface head space surfaces head space gas
9.06 56.7 58.32 0.8 0.1
9.14 5527 56.86 0.8 0.2
9.23 53.7 . 55.27 0.8 03
9.59 47.14 48.57 . 0.7 0.2
9.36 51.35 52.87 0.75 0.2
8.76 62.34 64.05 0.9 0.2
8.58 65.54 67.31 0.95 0.2
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3.2.2.6 Sensitivity to Breathing Rate °

The sensitivity to breathing rate through the riser vent of Tank BY-104 is important for
the implications of long-term dryout of the waste. The head space RH should decrease as more
dry air flows through the head space. Moreover, the moisture loss should increase if the
breathing rate is increased. However, as seen in Figure 3.3, the loss of moisture from a breathing
. tank is perhaps more complicated if the observed temperatures remain the same while the air
flow rate is increased. In Figure 3.3, there is an optimal flow rate near 20,000 m*/yr for which
the moisture loss is maximum. If the flow rate is further increased, eventually moisture is
deposited in the tank instead of being removed, as indicated by the negative loss of moisture.
Nevertheless, the head space RH always decreases for an increased flow rate.

Tank BY-104 Venting
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Figure 3.3. Breathing of Tank BY-104. RH in head Space and evaporative loss depend on
venting flow rate of the breathing. Temperature of waste and head space are fixed
at 52.5 and 26.6°C, respectively, for each venting flow rate. Waste has 60% RH
at depth. ‘




In actuality, however, the boundary temperature in the waste would not remain fixed as
was imposed but would decrease when the flow rate is increased in order to maintain the same
given surface heat flux. Surface heat flux for the fixed temperatures of Figure 3.3 show an
increase above the reference value as breathing is increased, as expected. Specifically, the
surface heat flux increases by only 2.1% from 4.1 W/m? at 2000 m*/yr of breathing when raised
to 50,000 m*/yr. To maintain the same surface heat flux, the waste temperature would need to be
reduced in conjunction with any increased breathing. In other words, the waste surface would
actually exhibit cooling if the breathing rate were increased. Simulations were not performed to
demonstrate that cooling but could be done if such an analysis were required for BY-104.

Note that for an enhancement factor with values of 0.7, 0.8, 1, and 1.2, the corresponding
moisture loss is 4.5, 15.8, 31.9, and 42.8 kg/yr, respectively, for the same breathing rate of
2000 m*/yr. At the same time, there would be an internal moisture evaporation of about
2000 kg/yr cycled in the head space. So the condition of the waste surface as reflected by the
enhancement factor would have a strong effect on the actual moisture loss due to breathing.

3.2.2.7 Water Vapor Pressure

To calculate the flow of water vapor, the model uses the concentration of water vapor in
the air present in each tank region: waste depth, surface, head space, and dome. This vapor .
concentration is the saturated water vapor density multiplied by the prevailing relative humidity
for the particular temperature. This required relative humidity was found for each region by
solving the heat and water vapor transfer equations. By using the ideal gas law, the water vapor
pressure at each location can be estimated as well. In particular, for the heat transfer solution
having 60% RH in the waste depth, the vapor pressures are about 63, 15, and 14.9 torr (mm Hg)
for the waste, surface, and head space air, respectively. The waste surface has only slightly
higher vapor pressure than the head space, but the vapor pressure is substantially greater at depth
as a consequence of greater temperature there and, possibly, because of higher moisture content.

The measurements obtained by Scheele et al. (1996) that relate moisture content as a
weight fraction or percent to the equilibrium water vapor pressure (called water partial pressure)
could be used to assess the dryness of waste at depth below the surface. For example, in their
report, a graph is provided of the weight fraction of water depending on the water partial pressure
for 65°C. By adjusting the equilibrium partial pressure to correspond to the actual tank waste
temperature of 52.5°C, it could be possible to estimate the moisture content of the surrogate
wastes that were studied by Scheele et al. (1996) as if within Tank BY-104. Thus this evapora-
tion model provides a means to connect the vapor pressure observed originally in the head
space—55% RH for BY-104—with the moisture content at depth in drained saltcake waste. The
waste must be drained or unsaturated, because the vapor pressure gradient is being determined by

. the diffusion of water vapor through it under steady-state thermodynamic conditions. Further-
more, the effective diffusion coefficient that determines the water vapor flux is dependent on the
volumetric liquid content by being proportional to the air-filled porosity, which equals the total
porosity less the volumetric liquid content. However, in this test example, the appropriate
volumetric liquid content is actually unknown; and instead, the influence of the air-filled porosity
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on diffusion was accounted for by the enhancement factor. Regardless, the model could be
modified to make the volumetric liquid content and the associated weight percent water
consistent with the heat and moisture transfer balance equations. This modification would
actually be accomplished by using the more detailed solution provided by the STOMP code,
which describes the detailed moisture conditions below the waste surface.

For this example calculation, it was assumed that the waste was totally drained by having
a volumetric liquid content of 0.05 for a total porosity of 0.5. Such an assumption was not
necessary. If the volumetric liquid content were taken as 0.2, instead, then an enhancement
factor of 1.25, rather than 0.834, would produce the same heat transfer solution. Such an
enhancement factor value would still be consistent with a typical observation of vapor flux in
moist soils. This theoretical role of the vapor diffusion enhancement factor has been discussed in
detail for soil materials (Cass et al. 1984; Campbell 1985). But the factor’s relationship to salt-
cake waste is not yet known, and its value must be selected to be consistent with expected
results. The relationship of sensitivity and enhancement factor was calculated to achieve the
needed match of the solution to this example.

Another theoretical difficulty with connecting the water partial pressure in the waste with
the weight fraction of water is that the vapor pressure may only reflect equilibrium with respect
to the weight fraction of water in the liquid phase instead of representing the total mass included
in the waste matrix. This technical question must be resolved before making a direct association
between the water vapor partial pressure and the total liquid content contained in the waste

‘matrix.




4.0 Modeling Test Cases for Moisture in Tank Waste

This section discusses test case simulations performed to confirm the STOMP code’s
capabilities for describing the distribution and movement of moisture in saltcake tank waste. The
test cases described here were intended to demonstrate how various unsaturated flow processes,
including drainage and evaporation, would determine the moisture distribution in a tank. These
test cases, however, do not describe the true moisture distribution in a specific tank because the
exact physical properties of saltcake and its spatial variability, as well as the precise boundary
conditions that control behavior, are not known adequately. Pumping to stabilize an initially
liquid-saturated saltcake waste profile is also demonstrated using the STOMP code. In all cases,
the code was used to simulate the approach of tank conditions to a steady state, whlch would
descnbe the ultlmate long-term moisture distribution in a stabilized tank.

The purpose of these test cases is to examine the STOMP code’s simulation capability in
a step-wise manner, by first disregarding nonisothermal effects on the potential for drying outa:
waste surface in a closed tank. It is also useful to know whether a simple one-dimensional model
for the moisture distribution is adequate to explain the conditions seen in stabilized saltcake
tanks. A simple model in which nonisothermal aspects could be neglected would make the
evaluation of tank safety easier, requiring less information about each saltcake tank.

A hypothetical saltcake profile that represents Tank BY-104 was used based on previous
one-dimensional simulations (Simmons 1995), where it was determined that four layers with
slightly different capillary retention parameters composed the saltcake profile on top of a sludge
layer. This four-layer system was used for all test cases. Figure 4.1 shows the assumed
stratigraphy for the saltcake profile and the parameter values used in all test cases. These are the
parameters defined in the Brooks-Corey model to describe capillary retention of interstitial
liquid. The pore-size index, “b,” capillary holdup height, Ho, and saturated and residual liquid
contents were estimated by matching the modeled moisture profile to a neutron probe scan taken
within Tank BY-104. But direct characterization by core samples has not confirmed whether this
tank actually includes four such distinct layers.

The parameter values in Figure 4.1 were obtained by fitting the model’s description to
available moisture information based on neutron scans and the quantity of liquid pumped during
 stabilization (Simmons 1995). For instance, the drainage response to pumping was used to

estimate the pore-size index. Also, the saturated permeability, which is not indicated in Fig-

" ure 4.1, is generally taken as 22.2 darcy but is varied in some test cases. This permeability value
was obtained from laboratory measurements on simulated saltcake and has a value near that
reported by Metz (1976), based on a pumping response analysis of a tank. Presently, physical
measurements (e.g., density and crystal grain size) on cores cannot be converted theoretically
into estimates of the hydraulic properties or the parameter values needed for modeling saltcake.
Therefore, hydraulic properties for tank simulations must be inferred from the response to

pumping.
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Figure4.1. Layers and Hydraulic Parameters for a Hypothetical Saltcake Profile in
Tank BY-104. B is pore-size index; Ho is capillary holdup height; theta is
- volumetric liquid content; subscripts “s” and “r” denote saturated and
residual values, respectively; Z (ft) is height above sludge layer top.

As the tank moisture model was developed using the STOMP code, it was first tested for
isothermal conditions, which disregard the influence of the heat load and the movement of water
as vapor by evaporation within the drained waste. For instance, it was not expected that the
conduction of heat during stabilization would have much effect on the nearly saturated flow and
rapid removal of liquid from a draining profile. Moreover, during the brief pumping period, it is
not likely that movement of water vapor would play a role in the overall movement of moisture.
Thus pumping down a tank could be appropriately modeled as an isothermal process.

Using the two-dimensional capability of the STOMP code, it was also possible to
examine whether a surface spot with an evaporation rate greater than that of the surrounding
“surface area could cause a localized drying out of the waste. A so-called “hot spot™ associated
with a higher concentration of radioactive decay might potentially cause such drying out.
Section 4.2 describes a test case that examined whether the unsaturated liquid flow replenished
moisture loss from the surface by evaporation so that drying would not occur. In this test case,
the evaporation coupled to the heat transfer was modeled as though it took place only at the
waste surface and the system treated as if still isothermal. For the test cases discussed in this




section, it is not known whether any nonisothermal flow mechanisms would override the
capillary influence on the liquid distribution in saltcake. That question is addressed in Section 5.

4.1 Pumping Saltcake Waste

The STOMP code was used first to demonstrate draining a tank by pumping out inter-
stitial liquid not held up by capillarity against gravity. The final drained conditions in the tank
were used as initial conditions for all other simulations. This test case was intended to show how
a pumped tank reaches its final stabilized condition, which could then be altered by other flow
mechanisms such as evaporation.

Calculations on pumping liquid-saturated saltcake have been discussed previously (Metz
1976). Past analyses, however, did not account for the true tank boundary conditions or the
unsaturated drainage behavior. The STOMP code made it possible to remove all such modeling
limitations because the STOMP code accounts for the boundary condition of the tank sides and
~ for the unsaturated drainage behavior above the ILL as well as the saturated flow below it.

Figure 4.2 shows the drawdown in the waste profile defined in Figure 4.1. The liquid
surface is shown for 10, 90, and 200 days of pumping. The figure displays one-half of a vertical
plane section with radial distance measured from the central salt well. The salt well at the left
edge is the vertical axis of the cylindrical coordinate system used to perform the simulation. This
perspective is repeated in-all other test cases. The radial distance is compressed (37.5 ft) and the
vertical axis is exaggerated (only 5 ft). Notice also that the liquid level drops to that maintained
by pumping from the salt well.

Figure 4.3 shows the rate of discharge to a 10-in.-diameter salt well as the system of
Figure 4.2 is pumped. The rate of pumping is constrained by how rapidly liquid flows into the
well as determined by the permeability and hydraulic gradient. Rate of pumping must decrease
as the liquid level declines in Figure 4.2. If the pumping rate were greater than indicated, the
well would empty out, and the pump would stop operating.

The resulting saturation contours in the tank profile after 200 days are shown in Fig-
ure 4.4. Saturation, which is the ratio of the liquid content to its saturated value, is sometimes
discontinuous across the layer boundary or experiences an abrupt deviation caused by the
unsaturated drainage in the layers. Because the saturation is not zero above the ILL, where
saturation is unity, the remaining liquid is held up by capillarity. Thus, a tank containing a
porous saltcake does not empty the same way as a tank containing only a liquid phase. More-
over, the saltcake above the ILL that is detectable by neutron scanning remains partially saturated
to the extent predicted by the saturation distribution.
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Figure 4.2. Interstitial Liquid Level (water table) in a Tank Pumped from a Central

~ Salt Well. Four layers are separated by dashed lines with hydraulic
parameters of Figure 4.1. Liquid level is 5 ft before pumping.
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Figure 4.4. Relative Saturation after Pumping a Tank Waste Profile

After being pumped down, the liquid level in a tank would recover and become level
again, not curved at the well. Figure 4.5 shows this recovery behavior. The waste profile has
been made homogeneous by using the same average hydraulic parameters throughout. so the
layers are removed in this simulation. The liquid level established at 200 days continues to
decline away from the well but rises near the well to gradually refill the level within the well.
For permeability of 22 darcy, about 100 days are needed to recover the equilibrium liquid level.
For much less permeability, the recovery would take much longer. Thus, the level in a salt well
does not indicate the true liquid level in the waste until a certain recovery time has passed.

4.2. Hot-Spot Dryout Case

This test case demonstrates the evaporation of liquid from a localized central spot on the

" waste surface after the profile has been drained and becomes unsaturated. It is supposed that the
entire heat flux of 3.6 W/ m? associated with the transfer of the heat load at the surface is
delivered entirely to evaporation over a 5.5-ft-radius disk. It is supposed also that only about
1/50th of the heat flux goes to evaporation elsewhere. The remainder of the heat transfer that is
not from the disk area would occur via radiation and convection. Movement of water vapor in
the porous matrix is disregarded, and no heat conduction is coupled with the liquid movement.
This is intended to be a worst-possible case of isothermal evaporation at the surface.
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Figure 4.5. Draw-Down and Recovery of Liquid in a Homogeneous Profile
(average values of hydraulic parameters define homogeneous profile
without layers)

The STOMP code is used to simulate the dynamic conditions for which the evaporation
begins instantly, for instance, by stopping the radiative and convective loss of heat from the spot,
and then continuing until a steady state is achieved. During the evaporation inside the tank, the
moisture is condensed on the tank dome and sides and returned to the profile along the side wall.
The head space is closed to vapor loss.

The flow velocity field in a tank that is just beginning to evaporate from a hot spot with a
radius of 5.5 ft is shown in Figure 4.6. The sizes of the vectors indicate the relative magnitude
and direction of the flow velocity after being in progress for only 10 days. However, this short
time is sufficient to influence the flow response at depth in the waste profile. Streamlines of
liquid flow returning down the tank rim wall are also displayed. They indicate downward flow
that then returns to the surface where moisture is being withdrawn by evaporation.” The vertical
perspective is exaggerated in the figure.

" By 200 days of evaporation, the liquid flow field has attained the pattern shown in
Figure 4.7. Both flow velocity vectors and streamlines are shown to display the pattern, which
indicates the strong evaporation from the hot spot disk. A steady-state condition is nearly
achieved by 200 days. The tendency of the flow is nearly vertical beneath the hot spot as liquid
is more easily drawn up directly from the ILL than from across the waste profile.
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Figure 4.6. Flow Velocity in Layered Saltcake Profile Subject to Evaporation from a Hot
Spot with Condensation along the Tank Rim. ILL is Z=0; evaporation is from a
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_ Figure 4.8 demonstrates what the steady-state flow field would look like if the perme-
ability in three layers were reduced to 10 darcy while keeping the 22.2 darcy permeability in the
second layer below the surface. The reduced permeability effectively reduces the liquid flow
velocity and distorts the streamline pattern. Such streamline patterns would be useful for

" calculating the trajectory of dissolved chemicals that would be drawn along by the flow. The
magnitude of the velocity along a streamline would determine how long it would take a dissolved
chemical species to traverse the profile.

Saturation contours for the layered profile subject to the hot spot of evaporation are
shown in Figure 4.9. The lowest saturation contour, the 0.4 level, displays a depression below
the surface area of the hot spot. This demonstrates the degree of drying out that occurs after 200
days. A slight rise in saturation is seen near the rim where condensation returns to the waste.

Figure 4.10 shows the volumetric liquid content distribution in the profile at two
locations, below the hot spot and nearer to the tank rim. The liquid content distribution is only
slightly changed from the initial shape. Very little decrease in the liquid content near the surface
is indicated. Apparently, the surface even below the hot spot is not dried out when the
permeability is 22.2 darcy. : '
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If the permeability is reduced to 2.2 darcy in all layers, then the surface will begin to dry
“out beneath the hot spot as shown in Figure 4.11. Also, the drying occurs in only 90 days.
However, the surface still does not dry out away from the hot spot at a radius of 20 ft, for
instance. The influence of having a second layer down with higher permeability of 22.2 darcy is
shown in Figure 4.12. More moisture can then be pulled toward the surface. However, the
dryout is still not substantial, compared with initial moisture conditions determined by drainage.

The actual extent of drying that would occur in the three different layered saltcake
profiles is shown more graphically by Figure 4.13, which gives the weight percent moisture
content at the surface, depending on evaporation time. The same physical parameters applied
previously (Simmons 1995) are used to convert the volumetric liquid content into wt% water.
The surface begins with about 12 wt% water and dries out to 5 wt% for the lower permeability
case but not for the higher permeability case. Figure 4.13 indicates that the steady-state
condition is still not quite reached after 200 days of drying.

The test cases indicate that the potential for localized dryout at the surface of a saltcake
profile depends on the permeability value near the surface. Therefore, it is important to know the
permeability near the waste surface to evaluate the possibility of drying out there. Also, the
pore-size index value would have the stronger effect of determining the initial moisture content
after drainage, from which further drying would begin by evaporation.

k= 2.22 darcy
R=25ft
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we . wC

Figure 4.11. Volumetric Liquid Content (WC) in Layered Saltcake Profile Subject to
Evaporation from Hot Spot (permeability in each layer reduced to 2.2 darcy)
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Figure 4.12. Volumetric Liquid Content (WC) in a Heterogeneous Layered Saltcake
Profile Subject to Evaporation from Hot Spot (second layer down has
permeability of 22.2 darcy; others have 2.2 darcy)
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Figure 4.13. Moisture Content at Surface of Layered Saltcake Profile Subject to
Hot Spot Drying (wt% water is given for center of hot spot)
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4.3. Liquid Application Case

A test case was performed to demonstrate the remediation of a drained waste surface by
addition of liquid (saturated salt brine) that infiltrates from the surface. The infiltration over a
localized region (disk area) was simulated to show the STOMP code’s capability for describing
liquid application and removal by pumping. By applying the liquid over a disk region smaller
than the tank surface area, the rate of horizontal liquid movement and the downward vertical

flow could be examined.

The applied liquid is brine, so it is not necessary to attempt modeling the simultaneous
dissolution of saltcake that would result if the liquid were pure water. Currently, there is no
theory in the STOMP code to describe how the hydraulic properties change if the interstitial
pore-size distribution were changed by dissolving the saltcake matrix. Also, the infiltration
simulation neglects the influence of temperature differences between the matrix and applied
liquid. It is assumed the liquid has the same temperature as waste.

A pulse of liquid 5 minutes in duration is applied over a disk area of 5-ft radius. In Fig-
ure 4.14, a pulse of liquid enters the surface disk area and begins moving downward. Twenty-
four hours later, the pulse has vanished, as indicated by the decrease in the liquid saturation near
the surface, but it has reached the ILL and increased the saturation slightly at all depths. The
layers are displayed in the profile by their different degree of saturation. All layers have the
same permeability of 22. 2 darcy, as in the other test cases.

- Liquid Saturation Profile
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Figure 4.14. Degree of Saturation Distributions in Saltcake Profile following a
5-Minute Pulse of Brine. Dashed line is 24 hr later. Distributions shown
for a radius of 3 ft within 5 ft radius of hot spot.
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Figure 4.15a shows that during infiltration liquid moves outward very little at first but
spreads outward more at depth (Figure 4.15b). Figures 4.15a and 4.15b confirm that applied
liquid moves rapidly down and does not spread much horizontally. In Figure 4.15b, liquid
spreads to about a 10 ft radius at the 1 ft depth after 24 hours. After 5 minutes, the applied liquid
has not reached the 1 ft depth. '

The simulation demonstrates that the applied liquid is not retained very long near the
surface but rapidly redistributes downward, mainly, and outward. Thus it is not possible to
maintain a safe limit (15 wt% water) of moisture near the surface without a continuous
application of liquid. A continuous application of liquid to maintain the wt% water at the surface
would require an inundation that would rapidly raise the ILL to the surface unless a tank waste
was continually pumped down to keep the ILL static. The implication is that the surface
permeability would need to be considerably reduced in order to hold the liquid up to maintain the
surface liquid content. This simulation suggests that it would be necessary to add fine insoluble
particles or another hygroscopic salt to the surface to retain water there. This conclusion does
not depend on how the water is applied, either sprinkled liquid or condensation from circulated
air with a high RH in the head space.
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Figure 4.15a. Degreé Saturation at Horizontal Distance from Tank Center (solid line is
for 5 minutes of applied pulse at 1/3 foot; dashed line is for 24 hours)
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5.0 Moisture Cycles Under Nonisothermal Tank Conditions

Predicting the simultaneous, coupled flow of liquid and water vapor in a drained saltcake
is the most complicated application of the STOMP code to a waste tank. The flow of water
vapor depends on the prevailing temperature gradient. At the same time, the transfer of heat and
the resulting temperature distribution depend on the flow of water vapor and its condensation.
Water vapor pressure is generally greatest at depth where temperature is highest relative to the
surface, and, as a result, vapor flows toward the surface. At the surface, the vapor may escape
the waste by going into the head space or may condense higher in the waste profile and drain
back down as liquid. These are the possible moisture cycles that must be examined for the actual
nonisothermal (temperature-dependent) conditions that exist in most tanks.

To simulate these moisture cycles, the STOMP code must calculate the simultaneous
flow of liquid, water vapor, and heat in an unsaturated porous matrix. The test cases described
here were run to demonstrate this required modeling capability. The moisture cycles are
assumed to take place in a closed tank. Moisture produced at the waste surface is condensed and
returned to the tank wall, where it again enters the waste profile. A fraction of the internal
evaporation, however, can be specified as lost by breathing. So a tank may not be a completely
closed system and may lose some water over time.

As the test cases demonstrate, the moisture cycle and direction of fluid flow depends on
the particular surface boundary conditions established by the heat transfer and evaporation rates
at the surface. In Section 3 we described a model for the surface boundary condition that
depended on how heat is transferred through the head space. This head space evaporation model
has not yet been implemented in the STOMP code as a final boundary condition for modeling a
tank system. Instead, the test cases here suppose certain extreme situations in order to judge the
maximum impact on the moisture movement below the waste surface.

The hypothesis being tested with these cases is that the surface dryness of a stabilized
saltcake is not altered substantially from the moisture distribution established by capillarity at
equilibrium, even when nonisothermal flow is accounted for, at least when the hydraulic conduc-
tivity is sufficient to allow rapid replacement of evaporated water. For the assumed hydraulic
property values to represent a typical saltcake, this hypothesis appears true, as the test cases
demonstrate. Thus the continual transfer of heat (umformly) through the waste surface does not
appear to cause dryout there.

5.1 Base-Case Simulation Test
The test case simulations of nonisothermal moisture flow were developed from a base
case by changing its parameter values. These values are listed in Table 5.1. Simulations are

performed using a cylindrical coordinate system and are two-dimensional, having a vertical and
radial direction only. The region treated in the STOMP code solution is a 30-degree wedge of
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Table 5.1. Parameters for the Base-Case Simulation Test

Parameter Value (Units)
Permeability of saltcake 22 (darcy)

Liquid specific gravity 1.4 (density in g/cc)
Liquid viscosity 12.5 (cP)

Heat source within waste 2.66 (W/m>)

Salt thermal conductivity 0.434 (W/m/°C)
Liquid thermal conductivity 1.75 (W/m/°C)
Saltcake heat capacity 860.3 (J/kg/°C)
Initial waste temperature 40 (°C)
Condensate returning temperature .30 (°C)

RH at surface 50 (%)

Gas pressure at waste surface 101.3 (kPa) (1 atm)
Heat flux at profile bottom -0.871 (W/m<)
Heat flux at waste tank wall 1.827 (W/m<)

the cylinder; this is the discretized domain for the calculations. There is no flow of heat or mass
in the angular direction through the sides of this wedge domain by rotational symmetry.

For the base case, the waste permeability and viscosity together define the liquid con-
‘ductivity of 2.5E-3 cm/s. The boundary conditions include the constraint of having no flow
(zero flux) of either liquid or gas at the walls or the bottom of the cylindrical profile. Simula-
tions start from the initial conditions of being drained to equilibrium and having a uniform
temperature for the profile, and run for 10 years. The boundary condition at the saltcake bottom
accounts for the flow of heat from the sludge into the bottom of the saltcake profile without any
exchange of liquid. This assumption is consistent with the very low permeability of sludges.
Saltcakes are typically a thousand times more permeable to liquid flow.

The heat fluxes result from a heat load of 5500 Btw/hr (2550 W) with 1221 Btw/hr going
out the bottom and 660 Btu/hr going out the side wall at its contact with the waste. The fraction
exiting the bottom and wall was determined from the heat load fractions in Crowe et.al. (1993).

The four-layer saltcake profile described in Figure 4.1 is presumed for all test cases. The
liquid retention properties change over the profile, but the permeability and heat conductivity are
the same (uniform) over all layers. The code does allow the values for each layer to vary if
required and if known. For this study, the test cases were not intended to examine the influence
of heterogeneous waste properties but to demonstrate the interaction of the physical processes.

5.2. Simulation Test Cases |

The 12 test cases described were run with the STOMP code. These cases, defined as a
variation on the base case, are described in Table 5.2. Each case produced graphical results that
required a set of 13 plots (see Appendix D). Each plot represents a 30-degree wedge of the tank.
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The first set of graphs gives the water vapor and gas flux as well as the heat flux at the
waste surface. The second set gives the profiles (two radial distances) of volumetric liquid
content, gas moisture content, and temperature that result after 10 years, starting with the initial
conditions. The third set of graphs consists of contour plots of hydraulic head, liquid saturation,
liquid content, liquid velocity vectors, gas moisture content, and temperature. Those last plots
are needed to describe the complexity of the nonisothermal vapor flow behavior in a cylinder.
The plots show how rapidly the final steady-state conditions of heat and vapor transfer are
achieved for each case. A graph on heat flux shows how the heat transfer is partitioned over
advection of the gas and diffusion of water vapor from the surface.

The test cases were devised mainly to test the simulation performance of STOMP, not to
represent the waste profile of any actual tank. Unfortunately, there are no measurements of
actual tanks in sufficient detail to verify these predictions. The idealized stratigraphy used in the
test cases does not describe the complex variation that is typical in a heterogeneous waste profile,
but the qualitative results are nonetheless informative.

A general conclusion for all test cases, except for situations in which evaporation is
completely stopped, is that liquid is drawn toward the surface without changing the liquid
content much from the equilibrium distribution. This is exactly what was found in the earlier
simplified modeling, which conceptualized the waste as being one-dimensional in the vertical
and without any radial dependence. These two-dimensional simulations, therefore, tend to
support the viewpoint used in the simplified modeling.

Table 5.2. Simulation Test Case Conditions

Case Number | Description

Base case

Heat source halved to 1.33 W/m>

Thermal conductivity of saltcake doubled to 1 W/m/°C
RH at surface set to 90%

Initial saltcake temperature raised to 80°C

Moisture loss fraction from head space at 1%
Temperature at waste surface held at 36°C

RH at surface set to 99.9% (saturated)

Sealed waste surface: no gas flow through surface

0 Convective heat transfer only to 30°C dome with heat transfer
coefficient of 5.67 W/m2/°C

11 Convective and radiative heat transfer with 30°C dome
12 Case 11 without advective gas flow from surface
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Case 1. This is the base case and demonstrates the transfer of heat from the waste surface
entirely by evaporation, which would lead to the greatest possible evaporation rate. The opposite
situation is described in case 9. No transfer of heat by convection or radiation is allowed. It is
assumed—not realistically—that the surface is insulated to thermal transfer and that only water
vapor can escape the surface. :

Case 2. If the heat load is reduced by half, the final temperature is reduced everywhere in
the waste, and less moisture is evaporated. 4

Case 3. If the thermal conductivity is doubled, the profile will be cooler than in case 1.
Also, the steady-state vapor flux is achieved more rapidly from the given initial temperature.

Case 4. The RH at the waste surface and the gas pressure (1 atm) there determine the rate
of vapor flow out of the waste. In this case, the RH is increased to 90%. This case is intended to
test sensitivity to the boundary conditions. Case 8 has even higher RH at the waste surface. If
surface RH is increased, the profile becomes hotter, and the vapor content increases drastically to
balance the high RH in the head space.

Case 5. A higher initial temperature of 80°C, instead of 40°C, requires the waste to cool
down before reaching steady state. The vapor flux also decreases to reach the final steady state.

Case 6. A small percentage loss of moisture by breathing, 1%, does not alter the results
of the base case very much. (Compare with case 1 [Appendix DJ).

Case 7. In case 1, surface temperature is determined by the other boundary conditions.
In case 7, a fixed surface temperature is imposed at 36°C, which is lower than that achieved in
case 1. Note that the temperature profiles at different radial distances are nearly the same. This
condition has a strong effect on the temperature profile and gas moisture content distribution.

Case 8. RH is raised to nearly saturated vapor conditions. This condition would exhibit
a dramatic associated temperature: increase in the waste profile. Also the water vapor density
must increase throughout to be consistent; it is nearly 10 times greater than in case 1. Therefore,
RH prevailing in the head space at the surface boundary has a dramatic effect on the profile
conditions but not on the equilibrium liquid content distribution. Also, in this situation, about
2000 days were required to achieve steady state, whereas case 1 took only about 750 days.

Case 9. No heat is lost by water vapor flux escaping at the surface—no evaporation. The
liquid flow is now directed downward, whereas it is always upward for the other cases. Appar-
ently, vapor moving upward in the profile is condensing and returning downward as liquid. In
Appendix D, instead of the gas moisture content contour plot, the gas velocity field is shown.

Case 10. Heat flux at the surface is now carried partly by convection instead of entirely
by evaporation, as in case 1, which reduces liquid flow toward the surface and vapor flux.
Notice that the influence of the boundary condition is similar to a fixed and uniform temperature
at the surface, as in case 7; a common sink temperature on the dome causes the temperature at the



waste surface to be nearly the same at different radial distances—not a realistic situation. But the
waste is now much cooler, because heat is being convected away rather than carried entirely by
evaporation. Note that now the heat flux rate carried by vapor advection and diffusion does not
add up to 90 watts because the remainder is carried by convection. '

- Case 11. Both convective and radiative heat transfer take place. The vapor flux is
determined by the remaining heat load part that is going into evaporation.

Case 12. The advective transport of water vapor out of the surface has been turned off,
while only diffusion is allowed to remove vapor. This substantially reduces the outflow of
moisture and also the amount of liquid returning along the rim as condensation. As seen in the
heat flux rate plot, almost the entire surface heat is now transferred by other than evaporation.

5.3. Moisture Movement in a Saltcake Tank

Although the test cases demonstrate the impact of changing various physics-controlling
parameters, only three cases are actually needed to examine the implications for drying out at the
surface. Apparently, no matter how the heat loss through the waste surface is partitioned among
evaporation, thermal radiation, and convection, the moisture distribution as determined by capil-
larity cannot be perturbed much from its equilibrium with gravity. In other words, the liquid
content at the surface and throughout the profile is not altered by any of the conceived evapora-
tion scenarios. Regardless of whether all the heat load was transferred by evaporation or, in the
opposite situation, if the water vapor did not leave the surface, the moisture content distribution
remained nearly the same. Cases 1, 9, and 11 together indicate this conclusion.

In these three test cases the liquid flows upward or downward in a way that balances the
movement of water vapor. Figures 5.1 through 5.4 reinforce the conclusion that the equilibrium
moisture distribution was not disturbed whether or not evaporation occurred . Figure 5.1
describes case 1, and Figure 5.2 describes case 11, for which part of the surface heat loss is by
thermal radiation and convection. As seen in Figure 5.3 for case 9, when no evaporation occurs,
the liquid flow is downward, while the vapor flow is toward the surface. In case 9, apparently,
condensation of water vapor occurs entirely within the waste profile, not on the head space dome.
Condensation is returning down the tank rim in Figures 5.1 and 5.2 in the liquid velocity plot. In
Figure 5.3, liquid is also flowing toward the tank side where condensation must be occurring
within the waste matrix and not in the head space; vapor is seen moving in that direction, too.

Figure 5.4 shows that the liquid distribution is not altered, but the gas moisture content
and temperature profiles-are quite different for cases 1 and 11. The surface temperature in
case 11 is somewhat unrealistic because the heat transfer takes place to a single dome tempera-
ture as the heat sink. In reality, the dome would be expected to be cooler toward the rim, and the
waste surface temperature should follow that trend.
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Liquid Velocity Vectors (relative)
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Figure S.1.  Simulation of Liquid Flow, Water Vapor Content, and Temperature Distribution
in a Waste Tank, Test Case 1. All surface heat transfer (1080 W) is by _
evaporation. Total heat load is 1610 W (5500 Btu/hr) in the saltcake. Water .
vapor content (moisture content plot) of gas has units kg/m®. Height in waste is Z,
and X is radial distance from tank center. '
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Figure 5.2.
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6.0 Conclusions

A model for the moisture distribution and movement in a saltcake waste was developed
using the STOMP code (White and Oostrum 1996) as the computational engine. STOMP can
predict liquid and water vapor flow in a porous matrix under nonisothermal conditions. More-
over, the code calculates the temperature profile in the waste that results from conduction of the
radioactive heat load from the waste tank into the surroundings. The code’s capability was
demonstrated for a variety of test cases. Because of its complicated pattern, the thermal energy
transfer in the head space of a tank is not yet accurately described. Future modeling, therefore,
must emphasize improvements of the head space model for waste moisture evaporation.

Despite the limitation in modeling evaporation within the head space, the modeling test
cases suggested that the liquid distribution determined by capillarity would not be altered much
by the moisture evaporation rate, as long as most of the moisture returns to the waste by con-
densation within the tank. This result depends considerably on the assumed saltcake permea-
bility. In contrast, if evaporation occurs to the open air, the waste would instead eventually dry
out. A test simulation using the UNSAT-H code (Fayer and Jones 1990) demonstrated this
drying out process in a stabilized saltcake.

Several other conclusions where drawn from this study:

e A lack of data on the unsaturated hydraulic properties of saltcake in tanks is the most
severe impediment to using the STOMP code to predict moisture distributions. The pore-
size index and absolute porosity of saltcake layers in tanks are simply not known for
wastes that have probably undergone decades of transformation from their original
physical characteristics. A method to deduce the needed hydraulic properties by match-
ing simulations with neutron scans was demonstrated in the earlier modeling effort
(Simmons 1995). However, there is insufficient data on moisture content in the profiles
of actual stabilized waste to verify or test the calibration approach. As a result of this
lack of hydraulic data, a detailed study of the modeling sensitivity to different parameter
values was not accomplished. A lack of measurements of hydraulic conductivity or
permeability of saltcake presents a limitation to using the moisture model for predicting
surface drying.

e To overcome the lack of hydraulic data, a reevaluation of the drainable porosity and pore-
size index for existing stabilized saltcake tanks was undertaken recently. This work, pro-
vided in Appendix E, is a revision of the analysis performed by Simmons (1995). Appen-
dix E improves the estimation of pore-size index by taking into account the collapse of
the waste profile caused by pumping out the drainable porosity fraction. An average
pore-size index is found for each waste profile of a stabilized saltcake tank. This index
describes liquid retention in an entire tank as it is being drained, but it is not known
whether the range of index values found for all stabilized tanks reflects the variability of
layers that might exist in any particular tank. The relationship of the pore-size index
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estimate to the actual liquid retention by capillarity in saltcake waste is still being studied.
These values may be useful in a future study of the moisture model’s sensitivity.

If the waste permeability at the surface is an order of magnitude less than the presumed
value of about 10 to 20 darcy, the response to internal evaporation may be different than

. found in the test cases. A stabilized saltcake having a crust with a much lower permea-
bility may be subject to drying out at the surface. Unfortunately, the nature of the surface
crust material relative to the bulk of a saltcake profile is unknown for tank waste. Hence,
the moisture model cannot be used to predict water content accurately for a waste surface
at this time. '

The most valuable contribution of the modeling is an understanding of how various
physical mechanisms may affect the moisture condition in a drained saltcake profile.
Although the exact value of moisture content at the waste surface cannot be predicted, the
moisture modeling nonetheless contributes to understanding the possible moisture cycles
inside a waste profile. Two possible moisture cycles were studied: 1) water vapor
evaporating from the surface and returning near the tank rim or 2) condensing within the
saltcake and draining back down as interstitial liquid while remaining confined to the
porous matrix. These two cycles potentially produce either a steady upward movement of
liquid—except near the tank rim—or a downward liquid flow, respectively. It is not yet
known which possibility occurs in a particular stabilized saltcake tank. But the STOMP
code provides a tool to further analyze these possibilities, which have important
implications for transport of dissolved organics over time.

The flow of interstitial liquid and associated evaporation cycle is key to estimating the
potential for accumulation of dissolved salts or soluble organics anywhere in a waste
profile, especially at the surface. A shallow profile in a tank with a high heat load may
produce substantial internal evaporation with resulting advection of solutes upward to the.
surface. On the other hand, soluble organic-nitrates may naturally be continually leached
downward, provided that the drained profile is high enough that cooling confines the
condensation of water vapor in the saltcake. A future study should determine which of
these transport patterns predominates under what tank conditions.

Certain technical advances to the' STOMP code are needed. To model the simultaneous
transfer of water vapor and liquid in saltcake waste, it was necessary to extend the code’s -
capabilities so that the influence of dissolved salt on vapor pressure was accounted for. The
modifications were discussed as a technical update of the code. However, these advances were
not actually employed in the test cases discussed in this report. But the new capabilities were
tested and demonstrated as explained in Appendix A. At this time, the code treats the particular
salt as being sodium chloride rather than sodium nitrate or nitrite. Sodium chloride has a similar
vapor-pressure lowering range as nitrate. Future revisions must take into account the propertles
of sodium hydroxide, which has a much stronger effect on lowering vapor pressure.
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Appendix A
Salt Transport Modifications to the STOMP Simulator

A.1 Background

The STOMP (Subsurface Transport Over Multiple Phases) engineering simulator was
developed for the U.S. Department of Energy (DOE), Office of Environmental Restoration and
Waste Management, in conjunction with the Volatile Organic Compounds in Arid Soils Integration
Demonstration Program (ARID-ID). The ARID-ID program, which has been concluded, was
directed toward the remediation of sites where the subsurface environment had been contaminated
with volatile organic compounds and/or radioactive material. The STOMP engineering simulator
provides a variety of capabilities to evaluate subsurface remediation technologies. Specifically, the
engineering simulator has been designed to provide engineers and scientists with multidimensional
analysis capabilities of subsurface flow and transport phenomena for multiple phase and noniso-
thermal systems in saturated or partially saturated environments. The engineering simulator offers
a variable source code configuration, which allows the user to optimize the source code, in terms
of execution speed and memory, to the specifics of the subsurface system under consideration.
Construction of the variable source code and input files can be performed through an associated
interactive graphical user interface, sTeP. Documentation for the simulator is available in three
guide manuals that completely describe the use, numerical theory, algorithmic structure, and
application: STOMP Theory Guide (White and Oostrom 1996), STOMP User’s Guide, and
STOMP Application Guide.(2)

.The engineering simulator employs an integrated-volume finite-difference approach for the
physical domain and a backwards Euler approach for the time domain to discretize the governing
partial differential conservation equations. Coupled solutions of component mass and energy
conservation equations over four immiscible phases (aqueous, gas, ice, and nonaqueous liquid) are
possible. Simulation of freezing conditions is currently limited to air-water systems. Solute
transport problems with equilibrium partitioning among four phases (aqueous, gas, nonaqueous
liquid, and solid) may be solved for multiple dilute solutes with radioactive decay. The solute
transport equations are solved sequentially to the coupled flow and heat transport equations.
Nonlinearities in the discretized coupled flow and heat transport equations are resolved with a
Newton-Raphson iteration scheme. Phase appearances and transitions are handled through
variable switching schemes. The saturation-relative permeability-pressure constitutive theory for
describing both two-phase (water-air) and three-phase (water-oil-air) systems include fluid
entrapment and hysteretic effects. The simulator allows a variety of boundary conditions, both
internally and externally with respect to the computational domain. The simulator allows
computation domains with both permanent and dynamically defined inactive nodes. The simulator
currently provides two linear system solvers, a directed banded scheme and an iterative conjugate
gradient algorithm.

Heat transfer, fluid migration, localized heat generation, and salt deposition phenomena
within the waste tanks on the Hanford Site is not well understood. Remediation decisions and
safety analyses would benefit from having a better understanding of the physical processes
occurring within these waste tanks. Because of the porous structure of the dried waste tank

(a) White MD and M Qostrom. 1995. STOMP Subsurface Transport Over Multiple Phases,
User’s Guide (draft), and STOMP Application Guide (draft). Pacific Northwest Laboratory,
Richland, Washington.
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material, it has been hypothesized that these physical processes could be approximated with
numerical tools for predicting flow and transport in conventional porous media. Unfortunately,
few numerical tools have been written for solving the governing equations involving the
simultaneous flow and transport of water, air, salt, and heat. STOMP, the numerical simulator
described above, had proven capabilities for solving problems involving the simultaneous flow and
transport of water, air, and heat but lacked capabilities for modeling the transport of nondilute
solutes (e.g., brines). By adjusting the density, thermal capacitance, and viscosity of the aqueous
solution, heat transfer and fluid migration processes could be investigated using the documented
version of the STOMP simulator. To simulate the processes involving localized heat generation
and salt deposition, however, the STOMP simulator would require modifications. This document
briefly describes the modifications that were made to the STOMP simulator for simulating
nonisothermal brines. A demonstration application of these new capabilities is included.

A.2 Theory

Numerical modeling of salt transport in variably-saturated, nonisothermal porous media
requires the simultaneous solution of four nonlinear, partial differential equations for the con-
servation of water mass, air mass, salt, and thermal energy. Transport of these components occurs
over three phases: aqueous, gas, and solid; the aqueous phase comprises liquid water, dissolved
salt, and dissolved air; the gas phase comprises air and water vapor; and the solid phase represents
a porous media. Modification to the STOMP simulator required the additional solution of the salt
mass conservation equation simultaneously with the water, air, and thermal energy conservation
equations. The salt mass conservation equation added to the STOMP simulator is shown in
Equation (A.1): ‘ '

% = _V[SKVI’]'FV[("ESE"DDE+SZ"DDhe )VS£]+mS (A.1)

where § is the salt volumetric concentration, Sy is the dissolved-salt volumetric concentration, Vy
is the aqueous phase Darcy velocity vector, 7, is the aqueous-phase tortuosity, s, is the aqueous-

phase saturation, np is the diffusive porosity, Dzs is the molecular diffusion coefficient for salt in

the aqueous phase, is the h%draulic dispersion coefficient tensor, and 5 is the salt mass source
rate. Salt transport occurs by advection and diffusion-dispersion through the aqueous iE%I&ase. Solu-
bility of salt in the gas phase is neglected, as is a transport effect known as pressure diffusion,
which accounts for dispersive salt mass flux from aqueous phase pressure gradients.

Simultaneous solution of the salt mass conservation equation with the conservation
equations for the other active components is required because of the property dependencies on the
salt concentration. Properties that were recognized as being dependent on the salt concentration are
generally nonlinear: water-vapor partial pressure, aqueous-phase density, aqueous-phase vis-
cosity, aqueous-phase enthalpy, and osmotic pressure. Water-vapor pressure was computed as a
function of salt concentration through the brine osmotic coefficient shown in Equation (A.2):

(__zﬁiﬁffgéi] (A2)
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where P,"S is the water vapor pressure for brine in porous media, P’ is the water vapor pressure
for pure water in porous media, mf is the molarity of the dissolved salt, M ¥ is the molecular



weight of water, and q)f is the brine osmotic coefficient. The osmotic coefficient was computed
from a fit to tabular data as shown in Equation (A.3) for sodium chloride. '

¢ = 1—m§(a+bT+%) ' (A3)
where
a = -041103-1.9084exp - 0.54744mf }-5 - 5
= -0. . P . my 7481exp | — 6.6873m;
b = 67496x107*+3.2743x10 3 exp - 0.67161m{ }+1.1208x10 2 exp (- 7.1134m] )

c = 49.433+35541exp (- 0.502371m] ) +1028.0exp - 6.5851m; |

The aqueous-phase density and viscosity were computed as a function of salt concentration for
sodium chloride, according to the expressions shown in Equations (A.4) and (A.5), respectively.

i = p¥ exp(070f) (A4)

o u¢[1.0+1.85w§+4.1(a)f)2 +44.5(a>;?)3) (A.5)

1l

where Pgs is the aqueous-phase density, py’ is the density of pure water, mf is the mass fraction

of salt in the aqueous phase, uf is the aqueous-phase viscosity, and p, is the viscosity of pure

water. The aqueous-phase enthalpy as a function of salt concentration for sodium chloride was
computed according to the expression shown in Equation (A.6).

28 MY B+ (h§°+hz‘” +Ahf°)

h = (A.6)

X0 MY+ M°

where h‘f is the aqueous-phase enthalpy, x}” is the mole fraction of water in the aqueous phase,
Ry’ is the enthalpy of pure liquid water, X. ZS is the mole fraction of salt in the aqueous phase, hfo
is the molar infinite-dilution enthalpy, &} “* is the molar excess enthalpy for nondilute salt-water

solution, Aky ? is the molar heat of solution at the reference temperature, and M 5 is the molecular
weight of salt. The molar infinite-dilution enthalpy is computed as a function of temperature
according to Equation (A.7).

B = 77.734-0.60371T+1.5662x1073 T2 ~1.3913x10~5 73 (A.T)

The molar excess enthalpy for nondilute salt-water solutions is computed as a function of salt
concentration and temperature according to Equation (A.8): :
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B = a+bT+cT?+dT? (A8)

@ = —93.34+68.661exp(—0.34452m§ | +16.031exp( - 3.585m} )
- S S
b = 0.67174-047246exp( - 0.36703m; |~0.12881exp( - 3.5899m; )
¢ = ~1.6263x107+1.0999x1072 exp( ~ 0.39371m} |+3.3829x10~ exp( - 3.6424m5 )

d = 13749x10°-9.0136x1077 exp( - 0.41024m§ )~3.0285x10" exp( - 3.6789m} )

The molar heat of solution for sodium-chloride in water at reference conditions is a constant as
shown in Equation (A.9):

AR’ = 3883 J/mol | (A.9)

The osmotic pressure is computed as a function of salt concentration from the osmotic coefficient
according to Equation (A.10):

P} = -¢] C]TRp, | (A.10)

where P} is the osmotic pressure, ¢f is the osmotic coefficient, ng is the molar aqueous-phase
concentration of salt, R is the universal gas constant, and g is the acceleration of gravity. The
osmotic pressure acts as an additional component in the total water potential. Considering osmotic
pressure, matric pressure, and gravitational effects, Darcy’s law for volumetric flux of the aqueous
phase appears as shown in Equation (A.11):

V@g = —k'esk[VP[+0“gVPgo+pfgzg] (A.11)
K '
where k,, is the aqueous-phase relative permeability, k is the intrinsic permeability, P, is the

aqueous-phase pressure, af is the osmotic efficiency coefficient, P/ is osmotic pressure, pf is
the aqueous phase density, and z, is the gravitational vector. The osmotic efficiency coefficient

expresses the degree to which dissclved salt would be effective in reducing the total pressure and is
computed by assuming the water exists as a film around soil particles according to this equation:

S_ W

b—r¥

| (A.12)

where, rS is the hydrated radius of the salt (~2.8 A), ¥ is the radius of a water molecule (1.54),
and b is one-half of the water film thickness. The one-half water film thickness is computed as a
function of saturation according to Equation (A.13).
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The osmotic coefficient varies from 0 to 1, increasing with decreasing film thickness (i.e.,
the osmotic coefficient increases with decreasing aqueous saturation). An average hydraulic
effective film thickness as defined above is reportedly better than that obtained by dividing the
volumetric water content with by the product of the soil specific surface and bulk density (i.e.,
assuming water to be distributed uniformly over the all soil particle surfaces). The latter approach
ignores the fact that water preferentially flows through the larger pore spaces. An osmotic
coefficient of 1 is assigned to one-half film thickness, which is computed to be less than the radius
of a water molecule. ‘

A.3 Application

These modeling capabilities were demonstrated by solving a series of nonisothermal
transport problems in unsaturated soils following the work of Nassar and Horton (1989). In these
experiments, heat and mass transport were investigated by imposing temperature gradients across
closed cylinders filled with partially saturated salty soil.- Temperature, water content, and salt
concentrations were determined after steady-state conditions were reached. Four initial condition
scenarios were investigated: 1) salt-free moist soil, 2) salt-free dry soil, 3) salinized moist soil,
and 4) salinized dry soil. The STOMP simulator was executed on four similar scenarios with the
addition of considering and excluding osmotic pressure effects on the salinized soils. All simulated
scenarios involved a closed horizontal cylinder (0.14 m long and 0.04 m in diameter) that was
packed with soil and had the properties shown in Table A.1. The temperature at the cold end of the
cylinder was maintained at 9.19°C, whereas the temperature on the warm end was 18.96°C. The
cylinder was considered sealed to mass loss, and the side walls were adiabatic.

Six simulations were executed until steady-state conditions were reached. All simulations
were executed from the initial conditions having uniform distributions of temperature, aqueous
saturation, and salt concentration. Initial temperatures equaled that of the warm end. The six
simulations were characterized according to initial saturation, salt concentration, and osmotic
pressure effects: 1) salt-free moist soil, 2) salt-free dry soil, 3) salinized moist soil-no osmotic
pressure, 4) salinized dry soil-no osmotic pressure, 5) salinized moist soil with osmotic pressure,
6) salinized dry soil with osmotic pressure.

Table A.1. Soil Properties

Grain Density 2650 kg/m3
Porosity 0.68
Tortuosity : Millington and Quirk Model, 1.0 (aqueous factor), 1.5 (gas factor)
Saturated Conductivity 2.65 x 106 m/s '
Thermal Conductivity Somerton Model, 0.582 W/m-K (unsat.), 1.13 W/m-K (sat.)
Grain Specific Heat 700 J/kg-K

- Vapor Diffusion Enhanced (0.01 clay fraction)
Saturation Function van Genuchten Model, o= 0.7026 1/m, n = 1.464, s, = 0.047
Relative Permeability Mualem Model ’

Salt Molecular Diffusion 18.86 x 10-6 m2/s
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Moisture content and temperature profiles are shown in Figures A.1 and A.2 for the moist
and dry initial soil water contents, respectively. The profiles display minor effects of the salt
concentration and redistribution on the moisture content and temperature profiles for both the moist
and dry soils. Moisture is slightly shifted toward the warmer end of the heat pipe for salty soil
when compared with the salt-free soil. Osmotic pressure effects have a negligible impact on the
steady-state distribution of pore water and temperature. Salt concentrations, in terms of aqueous
volumetric and total volumetric, are shown in Figures A.3 and A .4 for the moist and dry soil-
moisture conditions, respectively. Both aqueous concentration profiles, for the moist and dry soil-
moisture conditions, show strong concentration gradients with strong moisture content gradients.
For the moist soil-moisture condition the moisture content and salt concentration vary rapidly
between 0.1 and 0.12 m from the cold end. Likewise, the dry soil shows strong moisture and salt
concentration gradients between 0.04 and 0.06 m from the cold end. The moisture content and
salt concentration profiles develop from the countercurrent flow of salt-free water-vapor in the gas
phase and dissolved salt in the aqueous phase. This result was also observed in the experiments of
Nassar and Horton; where in particular the steep concentration gradients in the dissolved salt
occurred closer to the cold end for the dry soil compared against the moist soil. Osmotic and
~ aqueous pressure profiles are shown for the simulations with salinized soil in Figure A.5. For
both the dry and moist initial soil moisture conditions the osmotic pressure gradients which
develop in response to the redistribution of salt are significantly lower than those for the aqueous
pressure. This indicates that the steady-state flow field is dominated by the aqueous pressure
gradients and water vapor fluxes in the gas phase. These osmotic pressure gradients are further
reduced by the osmotic efficiency coefficient which is shown in Figure 6 for the simulations with
salinized soil. Osmotic efficiency coefficients are generally higher for drier soil-moisture
conditions because the dissolved salts are more strongly retained by the thinner pore fluid film.

A4 Conclusions

The STOMP simulator has been modified to solve problems involving the simultaneous
flow of water, air, heat, and dissolved salt through porous media. The thermophysical properties
of aqueous viscosity, aqueous density, aqueous enthalpy, water vapor partial pressure, osmotic
pressure, and osmotic efficiency coefficient have been defined as functions of the aqueous salt
concentration. Nonideal solution thermodynamics are considered using functional fits to tabular
data for osmotic coefficient, infinite dilution enthalpy, and excess enthalpy for sodium chloride-
water solutions. This capabilities have been demonstrated through the application of the simulator
to a series of heat pipe problems involving both salt-free and salinized soils. Numerical results
generated with the STOMP simulator were compared quahtatwely with the experimental results of
Nassar and Horton (1989) for similar experiments.
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Appendix B
Evaporation Modeling of Tank BY-104

B.1 Introduction

Evaporation of water from tank wastes could lower the water content of the wastes to the
point where safety is affected (Epstein et al. 1994). Therefore, estimates of evaporation rates in
tanks are needed to better understand the potential for the tank constituents to dry out. The
- objectives of this study were to estimate evaporation rates from the surface of the waste in a tank
such as BY-104 and identify some of the most significant parameters controlling the rates.

B.2 Methods

Evaporation rates were estimated using the UNSAT-H computer code and published or
estimated values of the pertinent parameters. Although many of the parameters were determined
for Tank BY-104, the conclusions should be applicable to all similar tanks.

The UNSAT-H computer code is a one-dimensional, finite difference computer code that
was designed to estimate evaporation rates from surface soils (Fayer and Jones 1990). Liquid
water flow is described using Richard’s Equation, diffusive vapor flow is described using Fick’s
law, and conductive heat flow is described using Fourier’s law. The code was parameterized by
providing information on the problem dimensions, media properties, initial and boundary
conditions, heat source terms, and water chemistry effects. .

The computer code uses specified temperatures and humidities in the air above the waste to
calculate the water and heat fluxes between the surface and air. The code assumes no direct
connection between these fluxes and the air temperature and humidity. The net effect of this
assumption is that any water that evaporates from the waste surface is immediately removed by
some mechanism (e.g., venting), thus preventing a buildup of humidity and a concomitant
decrease in the evaporation rate.

B.2.1 Dimensions

The conceptual model of the waste layers in the tank comprises five materials. The total
thickness of the five waste layers was a nominal 3.0 m (according to Epstein et al. 1994, the actual
waste depth in BY-104 was 3.9 m). The layering scheme and dimensions were provided by
C.S. Simmons. Table B.1 shows the specific assignments for the computational nodes.

B.2.2 Media Properties

The required media properties are hydraulic and thermal. The hydraulic properties include
the water retention and conductivity functions and the vapor diffusion coefficient. The thermal
properties include the thermal conductivity and enhancement factor functions and heat capacity of
each material. Tables B.2 to B.6 contain the function parameters.

C.S. Simmons provided the parameters for the Brooks-Corey retention function (see
Table B.2). Another common retention function is the van Genuchten function. To demonstrate
the degree of sensitivity to the choice of retention function, the appropriate Brooks-Corey
parameters were transformed to yield the van Genuchten parameters shown in Table B.3.
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Table B.1. Problem Dimensions Showing Node Numbers, Materials, Depth Below
Surface, and Initial Suction Head

Eepth Below Injtial Suction
Node Number Material Number urface (cm) ead (cm)
1 4 0.0 1476
2 4 02 147.4
3 4 0.4 1472
4 4 07 1469
5 4 12 146.4
6 4 2.0 1456
7 4 3.0 144.6
3 4 45 143.1 Wl
9 4 70 1406
4 105 137.1
4 150 1326
4 190 12856
4 240 1236
4 29.0 118.6 jl
4 35.0 112.6
3 410 106.6
3 470 100.6
3 520 95.6
3 58.0 89.6
2 64.0 836
2 70.0 776
2 76.0 716
2 81.0 66.6
1 87.0 60.6
1 93.0 54.6
1 100.0 476
1 1100 376
1 120.0 276
1 130.0 17.6
1 1380 96
1 1440 36
5 150.0 24
5 156.0 84
5 1650 174
5 180.0 324
5 200.0 524
5 230.0 824
5 265.0 1174
s 300.0 -152.4




Table B.2. Parameters for the Brooks-Corey Retention Function

Material
Number

Table B.3. Parameters for the van Genuchten Retention Function

Conductivity
Model

Material Conductivi-

Number Os or he b Ks (cm/h) § ty Model i
1 0.50 0.08 30.5 1.8 0.9 Mualem 05 |
2 0.46 0.08 20.3 2.0 0.9 Mualem 0.5
3 0.50 0.08 25.4 2.2 0.9 Mualem 0.5 J
4 0.47 0.08 30.5 1.8 0.9 Mualem 0.5
5 Mualem 0.5

1

Muaiem

Mualem

Mualem

‘Mualem

Mualem

Table B.4. Parameters for the Thermal Conductivity Function (values reported for a silt
loam soil by Cass et al. 1984)

Material
Number

Thermal Conductivity (W/(m K) Parameters

A

B

C

D

1

0.4

0.8

4.5

0.22

0.4

0.8

4.5

0.22

04

0.8

4.5

0.22

4.5

0.22

B.3

4.5

0.22

- 2 .
3 .
4 . 0.4 0.8 _
5 0.4 0.8 :




Table B.5. Parameters for the Enhancement Factor Function (values reported for a silt
loam soil by Cass et al. 1984)

Enhancement Factor Parameters

Material
Number A B C D E
1 - 95 3.0 35 1.0 4.0
" 2 9.5 3.0 35 1.0 4.0
3 9.5 3.0 35 1.0 4.0
lP 4 9.5 3.0 35 ' 1.0 _ 4.0

9.5 3.0 35 1.0 4.0

|

Table B.6. Volumetric Specific Heat (bulk density was calculated from particle
density and porosity [i.e., 8] in Table B.2)

Particle Bulk
Particle Particle Volumetric Volumetric
Material Specific Heat Density Specific Heat | Bulk Density | Specific Heat
Number (g K) Mg/m3 J/(m3 K) Mg/m3 J/(m3 K)
1 0.9 2.60 2.34 1.30 1.17
2 0.9 2.60 2.34 1.40 1.26
3 0.9 2.60 2.34 - 1.30 . 1.17
4 0.9 2.60 234 1.38 1.24
5 0.9 2.60 2.34 1.38 - 1.24
*

Two water vapor parameters were used: the diffusion coefficient in air and the tortuosity.
The diffusion coefficient was determined for the initial waste temperature of 26.1°C, yielding a
value of 0.255 cm2/s (Campbell 1985). The tortuosity for all materials was specified as 0.66, the
value determined for soil by Penman (Campbell 1985).

Thermal conductivities and enhancement factors are functions of water content. Such
relationships have not been developed for the tank wastes. In lieu of actual measurements, surro-
gate properties were identified. Cass et al. (1984) reported measurements of thermal properties for
a silt loam soil; these properties were used to represent the materials in the tank (Tables B.4 and
B.5). The resulting estimate of thermal conductivity for a saturated silt loam is 1.49 W/(m-K).
This value is about 50% higher than the estimate used by Epstein et al. (1994) for Tank BY-104.

The volumetric heat capacity of each waste material was represented by the mass specific
‘heat of clay (Campbell 1985) and an assumed particle density (Table B.6). As supporting
information, the bulk density and bulk volumetric specific heat were calculated using the porosity
information in Tables B.2 and B.3 and the particle density information in Table B.6; the results are
in Table B.6.
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B.2.3 Initial Conditions

Initial conditions include both suction heads and temperatures. The suction heads were
assigned by assuming that the wastes were in hydraulic equilibrium with a water table at the depth
of 147.6 cm, which was 152.4 cm above the bottom of the tank. The initial temperatures were
equated with the head space temperature of 26.1°C (79°F), which was roughly equal to the 78.5°F
value reported by Crowe et al. (1993). _

B.2.4 Boundary Conditions

Boundary conditions include both the surface and the bottom of the waste. The surface
was described by imposing daily values of air temperature, dewpoint temperature, and wind speed.
The air temperature was held constant at 26.1°C (79°F). The dewpoint temperature was deter-
mined relative to the osmotic potential of the waste. For those simulations in which the osmotic
potential was set to zero so that there was no vapor pressure lowering, the dewpoint set to either O
or 1°C below the air temperature (100.0 or 94.8% relative humidity (RH), respectlvely) For those
simulations with a finite osmotic potential, the dewpoint temperature was set to 1°C below the
temperature at which the saturated vapor density would be at equilibrium with the osmotic potential
(75.0 or 70.8% RH, respectively). The wind speed (which entered into the calculation of aero-
dynamic resistance) was set to either O or 0.447 m/s (1 mph). The resulting resistances were
roughly 104 or 360 s/m, respectively

Net longwave radiation at the waste surface was calculated as a function of the surface and
air temperatures and their emissivities. Figure B.1 shows how atmospheric emissivity varied as a
function of dewpoint temperature. Soil emissivity was allowed to vary between 0.9 and 1.0,
depending on the water content. During the course of this study, we discovered that the results
were sensitivity to the emissivity difference between the surface and the air (or tank ceiling).
Included in Figure B.1 are emissivities of other materials to give some indication of the possible
variation that might be expected in this parameter.

Sensible and latent heat fluxes were calculated as functions of the differences in the surface
and air temperatures and vapor pressures, and the acrodynamic resistance. Soil heat flux was the
difference between the net radiation and the sensible and latent heat ﬂuxes The calculatlons are
explained more fully in Fayer and Jones (1990).

Actual measurements of the heat flux through the bottom of the tank were not available.
Crowe et al. (1993) estimated that the heat loss through the bottom of BY-104 was roughly 22% of
the tank heat load. Based on the work by Crowe et al. (1993), the bottom boundary was assigned a
constant heat flux of 0.861 W/ma2.

B.2.5 Source Terms

A feature of the tank waste that is of interest to evaporation modeling is the in situ source of
heat from the decay of radioactive elements. Two situations were investigated, no heat source and
a heat source uniformly distributed throughout the waste. According to Epstein et al. (1994), esti-
mates of the heat load in Tank BY-104 have recently ranged from 2.3 to 2.6 kW. Using a nominal
value of 2.4 kW, a tank area of 406 m2, and a waste depth of 3.9 m, a heat load of 1.5 W/m3 was
calculated and used for this study. The computer code was modified to allow the user to specify a
constant heat source.
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B.2.6 Waste Chemistry

The concentrations of the waste constituents are high enough to affect certain properties.
For this study, only the chemistry impacts on hydraulic conductivity and relative humidity were
~ considered. Simmons (1995) used the measured permeability (2.19 x 10-7 cm2) of a synthetic
saltcake along with the liquid density of 1.43 g/cm3 and viscosity of 0.125 g/(cm s) to calculate the
'hydraulic conductivity of the saltcake. That value was used in Tables B.2 and B.3.

The relative humidity in equilibrium with the water in a porous medium is a function of
total water potential determined as the sum of the matric and osmotic potentials. The osmotic
potential can be determined from a measurement of the relative humidity in equilibrium with the
saturated porous medium (i.e., when the matric potential is zero). Although the humidities
measured in the tanks are highly variable, a mean value appears to be 75%. Using this value of
humidity and the initial temperature of 26.1°C, the osmotic potential is -39.7 MPa, which is
roughly equivalent to a suction head of 4.05 x 105 cm. The computer code was modified to allow
the user to specify a constant osmotic potential.

B.3 Results

The simulation results are grouped into four categories to highlight the influences of
emissivity, osmotic potential, water retention function, and vapor flow on evaporation rates.
Unless stated otherwise, the simulations were conducted with the standard formulation for
calculating atmospheric emissivity (g,). Figure B.2 shows an example input file.

.B.3.1 Emissivity

The method for calculating €, does not account for the limited atmospheric volume in the
tank and the possible dominating influence of the tank ceiling in regulating longwave radiation
exchange. Because of the uncertain nature of thermal radiation exchange within the tank, addi-
tional simulations were conducted in which the computer code was modified to set ea equal to
either the waste emissivity (g;) or to a value that was about 3% higher than ¢ .

The results in Table B.7 show that, for all atmospheric parameters, slight changes in the
atmospheric emissivity relative to the waste emissivity can dramatically increase the evaporation
rate from the waste surface. When g, was 3% less than ¢, the evaporation rate was effectively
zero. When the emissivities were equal, evaporation rates were small but detectable when there
was no air movement, and the rates were significant when the wind speed was 0.447 m/s. When
&, was 3% greater than g, the evaporation rates were 0.1 to 0.2 cm/yr when there was no air

movement and more than 14 cm/yr when the wind speed was 0.447 m/s.
B.3.2 Osmeotic Potential

Two sets of simulations were performed, one with no osmotic potential and the other with
a potential of -4.05 x 105 cm. The results in Table B.7 show that the presence of a significant
osmotic potential reduced the evaporation rate. This result was expected because a significant
osmotic potential lowers the vapor pressure of the waste, thus reducing the vapor gradient that
drives the evaporation process.
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BY104-k.inp: calculation of evaporat:idn from tank BY-104; -e; dT=1.0 C, 1 mph

0 4 1 1 1 0 3 IPLANT, LOWER, NGRAV, ISWDIF, THEAT, UPPER
0 365 365. 1 0 1 1.000E+00 NPRINT,DAYEND,NDAYS,NYEARS, IRAIN, ICON
1 2 o} 1 1 NSURPE, NFHOUR, ITOPBC, ET_QOPT, ICLOUD
3 3 1 0 10 1 KOPT, KEST, IVAPOR, SH_OPT, INMAX , INHMAX
0 0 0 THYS, THYST, IRES
0.000E+00 1.000E+07 0.0 0.0 HIRRI,HDRY,HTOP, DHMAX
1.000E-05 1.000E+00 1.000E-08 2.400E+01 DMAXBA, DELMAX,DELMIN, STOPHR
0.66 288.46 0.255 0.0 TORT,TSOIL,VAPDIF
-0.000E~00 2.880E+02 1.000E+01 3.1000E-1 TGRAD, TSMEAN,TSAMP, QHLEAK
0.5 1.6 1.000E-05 0.0 WIF,RFACT,RAINIf, DHFACT
0.0 - 0.0001 SMETH , DHTOL
0.0 0.0 0.0 AIRTOL, HYSTOL, HYSMXH
5 39 A MATN, NPT
4 0.000 4 0.200 4 0.400 4 0.700 © MAT,Z
4 1.200 4 - 2.000 4 3.000 4 4.500 MAT,Z
4 7.000 4 10.500 4 15.000 4 19.000 MAT,Z
4 24.000 4 29.000 4 35.000 3 41.000 MAT,Z
3 47.000 3 52.000 3 58.000 2 64.000 MAT,Z
2 70.000 2 76.000 2 81.000 1 87.000 MAT,Z
1 93.000 1 100.000 1 110.000 1 120.000 MAT,Z
1 130.000 1 138.000 1 144.000 5 150.000 MAT,Z
5 156.000 S5 165.000 5 180.000 S5 200.000 MAT,Z
5 230.000 5 265.000 S5 300.000
Mat. No. 1 Brooks-Corey retention
0.500 0.08 30.48 1.80 0.0,0.0 THET, THTR, 3, N
Brooks-Corey K parameters and Ks(cm/hr)
2 0.90 30.48 1.80 " 0.5 KMODEL, SK, A, N, EPIT
Mat. No. 2 Brooks-Corey retention
0.460 0.08 20.32 2.00 0.0,0.0 THET, THTR, A, N
Brooks~Corey K parameters and Ks{cm/hr)
2 0.90 20.32 2.00 0.5 KMODEL, SK, A,N, EPIT
Mat. No. 3 Brooks-Corey retention
0.500 0.08 25.40 2.20 0.0,0.0 THET, THTR, A, N
Brooks-Corey K parameters and Ks (cm/hr) o ‘
2 0.90 25.40 2.20 0.5 KMODEL, SK,A,N,EPIT
Mat. No.. 4 Brooks-Corey retention
0.470 0.08 30.48 1.80 0.0,0.0 THET, THTR,A,N
Brooks-Corey K parameters and Ks({cm/hr)
‘ 2 0.90 30.48 1.80 0.5 | KMODEL, SK,2,N,EPIT
Mat. No. 5 Brooks-Corey retentior
0.500 0.08 200.00 1.80 0.0,0.0 THET, THTR, A, N
Brooks-Corey K parameters and Ks(cm/hr)
2 0.009 200.00 1.80 0.5 KMODEL, SK, A, N, EPIT

Mat. No. 1 Thermal conductivity »
0.400e+00 0.800e+00 4.500e+00 0.220e+00 6.000e+00 2.340e+00 TCON(A,B,C,D,E),CHS

Mat. No.

1 Enhancement Factor
9.500e+00 3.000e+00 3.500e+00 1.000e+00 4.000e+00

Mat. No. 2 Thermal conductivity
0.400e+00 0.800e+00 4.500e+00 0.220e+00 6.000e+00 2 340e+00 TCON(A,B,C,D,E),CHS

EF(A,B,C,D,E)

Figure B.2. Sample UNSAT-H Input File
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Mat. No. 2 Enhancement Factor

9.500e+00 3.000e+00 3.500e+00 1.000e+00 4.000e+00 EF(a,B,C,D,E)
Mat. No. 3 Thermal conductivity

0.400e+00 0.800e+00 4.500e+00 0.220e+00 6.000e+00 2.340e+00 TCON(A,B,C,D,E),CHS
Mat. No. 3 Enhancement Factor

9.500e+00 3.000e+00 3.500e+00 1.000e+00 4.000e+00 EF{A,B,C,D,E)
Mat. No. 4 Thermal conductivity

0.400e+00 0.800e+00 4.500e+00 0.220e+00 6.000e+00 2.340e+00 TCON(A,B,C,D,E),CHS
Mat. No. 4 Enhancement Factor

9.500e+00 3.000e+00 3.500e+00 1.000e+00 4.000e+00 EF(a,B,C,D,E)
Mat. No. 5 Thermal conductivity _ .

0.400e+00 0.800e+00 4.500e+00 0.220e+00 6.000e+00 2.340e+00 TCON(A,B,C,D,E),CHS
Mat. No. 4 Enhancement Factor :

9.500e+00 3.000e+00 3.500e+00 1.000e+00 4.000e+00 EF(A,B,C,D,E)
0 : NDAY
147.6 147.4 147.2 146.9 Initial heads
146.4 145.6 144.6 143.1
140.6 137.1 132.6 128.6
123.6 118.6 - 112.6 106.6
100.6 95.6 89.6 83.6
77.6 71.6 66.6 60.6
54.6 47.6 37.6 27.6
17.6 9.6 3.6 ~2.4
-8.4 -17.4 -32.4 -52.4
-82.4 -117.4 ~152.4
299.27 299.27 295.27 299.27 Initial temperatures
299.27 299.27 299.27 299.27 :
299.27 299.27 299.27 299.27
299.27 299.27 299.27 299.27
299.27 299.27 299.27 299.27
299.27 299.27 299.27 299.27
299.27 299.27 299.27 299.27
299.27 299.27 299.27 299.27
299.27 299.27 299.27 299.27
299.27 299.27 | 299.27
0.00100 0.00100 2.000 2.00 0.00 46.57 ZH,2ZM,ZT,ZU,D,LAT
1 79 79 68.1 0. 1.0 0.0 0.00
2 79 79 68.1 0. 1.0 0.0 0.00
. 3 79 79 68.1 0. 1.0 0.0 0.00
...intermediate lines removed for brevity...
3863 79 79 68.1 0. 1.0 0.0 0.00
364 79 79 68.1 0. 1.0 0.0 0.00
365 79 79 68.1 0. 1.0 0.0 0.00

0 NWATER

Figure B.2 (contd)
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Table B.7.

“ Variables

Evaporation During the First Simulation Year as a Function of Atmospheric

Emissivity and Relative Humidity, Osmotic Potential, and Wind Speed

Evaporation (cm/yr)

| RrRE@®) Wind (m/s) | Vapor Flow? £, <&, £, =,
Osmotic Potential = -4.05 x 105 cm (equilibrium RH = 75.0%)
75.0 0.0 yes 0.0 0.0178
T 0.0 yes 8.24 x 10”7 0.0569
70.8 0.447 yes 1.60 x 1075 3.74
I[ 70.8 0.447 no 1.42 x 10°S 3.68

Osmotic Potential = 0 cm (equilibrium RH = 100%)

100.0 0.0 yes 0.0 ns

94.6 0.0 yes 5.9x 106 ns

B 0.447 yes 1.02 x 10 ns

|| 94.6 0.447 no 8.68 x 105 ns
—

B.3.3 Hydraulic Function

Most of the simulations conducted for this study used the Brooks-Corey function. To
demonstrate the impact of using a different retention function, a series of simulations was con-
ducted with the van Genuchten function. Furthermore, the simulations were conducted for
10 years to highlight impacts as the waste dried out. For this comparison, the only emissivity case
studied was &, > &, because evaporation rates were highest for this case (e.g., see Table B.7), and

higher rates would tend to highlight any differences between the two retention functions.

Table B.8 shows that, in the first year, the evaporation rate using the van Genuchten
function was less than half of the rate estimated when using the Brooks-Corey function. Near
saturation, the van Genuchten function begins to release water gradually over a range of matric
potential ,whereas the Brooks-Corey function begins releasing water dramatically, precisely at the
air-entry potential.

Table B.8. Evaporation as a Function of the Retention Function (the osmotic potential was
-4.05 x 105 cm, the RH 70.8%, wind speed 0.447 m/s; vapor flow was included)

Evaporation (cm/yr)

Retention Function Simulation Year <& =& £ >&

14.2
1.61
6.53

1 ns ns

Brooks-Corey

10 ns ns

1 ns ns

van Genuchten

ns




In the tenth year, Table B.8 shows that the gap between the predicted annual evaporation
rates narrowed to 86%. The shape of the retention function is used to calculate unsaturated conduc-
tivity values. Because the two retention functions have different shapes, they have different
unsaturated conductivity functions. Thus long-term evaporation rates, which are dominated by the
unsaturated conductivity, will differ for these two retention functions.

B.3.4 Vapor Flow

One of the questions to be answered was whether vapor flow was a significant process in
the evaporation of water from the waste. Ten-year simulations, with and without vapor flow, were
conducted and compared. Table B.9 shows that, during the first year, evaporation rates were
identical. This result was not surprising because the waste was very wet initially. When the
porous media are wet, liquid conductivities are highest, and air space (for vapor flow) is minimal.

After 10 years, the simulations appeared to be approaching steady conditions. Evaporation
rates were 90% less than they were during the first year, which indicates that surface drying has
occurred. Drier sediments have lower conductivities, which limits water movement. In the tenth
year, the annual evaporation rate without vapor flow was 25% less than the rate with vapor flow.
As the waste dried out, the liquid conductivities dropped dramatically, and the air space increased.
Vapor flow led to more water withdrawal. Figure B.3 shows the water content profiles after
10 years, during which the inclusion of vapor flow resulted in a total of 4.7 cm more water
removal. Figure B.3 also shows that the extra water removal occurred at the waste surface and
from the waste layer located below 1.5 m. This behavxor is consistent with the hydraulic proper-
ties of the materials.

Figure B.4 shows that using vapor flow resulted in higher temperatures throughout the
profile. The temperature difference was anywhere from OK at the surface to as much as 1K below
adepth of 1.5 m. As water is removed, the head capacity of the waste decreases such that the
temperature rises higher for a given unit of energy input. In addition, the thermal conductivity of
drier wastes is less, meaning that the waste is less able to remove the internally generated heat by
conduction, although this is ameliorated by the increased heat removal by vapor flow.

Table B.9. Evaporation as a Function of Vapor Flow (osmotic potential was -4.05 x 105 cm,
RH was 70.8%, and wind speed was 0.447 m/s)

Evaporation (cm/yr)

Simulation
Vapor Flow - Year €, <& €,=& E,> &

1 ns ns 14.2
10 ns ns 1.61

1 ns ns 14.2
10 ns ns 1.17
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B.4 Conclusions

The results showed clearly that the rate of water evaporation depended on the net longwave
exchange between the waste and tank cover and on the aerodynamic resistance of the atmosphere
within the tanks. The estimates provided by modeling can be verified by in-tank measurements
(e.g., net radiometers).

The results showed the impact of osmotic potential in reducing (but not eliminating)
evaporation rates. The results also showed the influence of the choice of water retention function.
Laboratory measurements of retention and unsaturated conductivity can be used verify which
function is most appropriate for representing the hydraulic behavior of tank wastes.

Finally, this study demonstrated that vapor flow within the waste becomes a significant -
water removal process only when the wastes have begun to dry out. As the wastes dry, the air
space increases and allows vapor to flow. Eventually, the unsaturated liquid conductivity
decreases till the liquid flux is less than the vapor flux. Beyond this stage, the evaporation rate is
determined predominantly by the vapor flux. Thus, simulations that include vapor flow are more
likely to simulate evaporation more accurately in situations where the waste surface is dry.

The preceding analyses were predicated on the assumption that any water that evaporated
from the waste surface was immediately removed by some mechanism (e.g., venting), thus
preventing a buildup of humidity and a concomitant decrease in the evaporation rate. If the rate of
vapor removal from a tank air space is less than the evaporation rate such that the humidity
increases, then the actual evaporation rates will be less than the estimates provided in this report.

B.5 References

Campbell GC. 1985. “Soil Physics with BASIC.” Developments in Soil Science 14. Elsevier
Science Publishing Co. Inc., New York. ’

Cass A, GS Campbell, and TL Jones. 1984. “Enhancement of thermal water vapor diffusion in
soil.” Soil Sci. Soc. Am. J. 48:25-32. '

Crowe RD, M Kummerer, and AK Postma. 1993. Estimation of Heat Load in Waste Tanks
Using Average Vapor Space Temperatures. WHC-EP-0709, Westinghouse Hanford Company,
Richland, Washington.

Epstein M, HK Fauske, DR Dickinson, MD Crippen, JD McCormack, RJ Cash, JE Meacham,
and CS Simmons. 1994. Ferrocyanide Safety Program: An Assessment of the Possibility of
Ferrocyanide Sludge Dryout. WHC-EP-0816, Westinghouse Hanford Company, Richland,
Washington.

Fayer MJ and TL Jones. 1990. UNSAT-H Version 2.0: Unsaturated Soil Water and Heat Flow
Model. PNL-6779, Pacific Northwest Laboratory, Richland, Washington.

Simmons CS. 1996.. Modeling Water Retention of Tank Waste. PNL-10831, Pacific Northwest
National Laboratory, Richland, Washington.




Appendix C

EVAPLOSS: Head Space Evaporation Model

C. S. Simmons




Program EVAPLOSS: Version 3. Date Jan. 1997. This program calculates evaporation loss of
moisture from a waste tank system under assumed steady-state heat transfer conditions.
Developed by C.S. Simmons, PNNL from a previous program devised by Marty Plys (1994,
FAI/94-85).

In this estimation, it is not assumed that the radiant energy emissivities for the dome cover, head
space gas, of the waste surface are equal. Therefore, emissivities for each thermal region must
be given. The head space gas is treated as a "gray” gas, which transmits most radiant energy
through it, but some energy is absorbed to be reemitted. Relative humidity for at least one thermal
region (dome cover, head space, or waste surface) must be known and given, as weli as the
relative humidity in the waste depending on the particular dissolved salts concentration. The
outside temperature at the top of the dome overburden and the waste temperature at depth must
be known also. The heat load for the tank may or may not be required; it can be estimated from
the temperature information. Thermal conductivities for the waste and the soil overburden must be
known. A steady breathing rate must be known to calculate the moisture loss rate. A porosity
value for the water vapor in the liquid-drained surface region of waste is necessary to determine
the vapor diffusion coefficient for evaporation of moisture.

Seven equations for the coupled steady flow of water vapor and heat are solved simuitaneously.
This is three equations for the transfer of water vapor and four for transfer of heat to the soil
overburden surface. The equations are simple transfer type depending on large-scale transfer
coefficients. Transfer of mass and energy is proportional to differences in the relative
concentrations of water vapor and temperature, respectively. The set of assumed fransfer
coefficients are discussed by Plys (1994) in FA/94-95, "Evaporative Losses from Hanford Single
Shell Tanks".

For a tank with high active ventilation, an eddy diffusion transfer coefficient from Heard's report
(1993, WHC-SD-WM-ER-202) can be used as an alternative description of vapor transfer from the
waste surface to the head space. The equation must be turned on while turning off the Plys’
equation. ' _
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A:=410-m* waste surface area
3

Tk :=273.16 degrees Kelvinat0 C

Fo:=2-10>ZL  preathing rate Patm :=1.01-10°-Pa  atmospheric pressure
0.66-2 ;;_wm heat output to waste R = 8.314--‘0ule per mole
Q =—"""_ "~ surface - less sides/bottom

A Mw =0.018kg  per mole of water vapor

foupi=8 Q =4.10488 -2 .
surf o2 Ma :=0.029-kg per mole of air
Ta:=12 outside atmosphere temp Lheat :=2400-10° Joule latent heat of water vapor
To =135 outside soil surface temp .. kg ‘
Tc:=26.5 tank cover ceiling temp T:=(Tk+ 20K standard conditions
Tg:=26.6 tank headspace gastemp 266 wy = 177;5;5 -Patm pa(T) = Pa“n‘ih%
Ts:=27.2 waste surfacetemp 27.2 ' ' -
' ! P =p _I»_’[_V_V pair::pa(T)
Td :=52.5 waste temp atiLL depth WV EWYaT
A . 525 435 _ _ - -
8s:=0.5  porosity Py =001721:kg'm > p . =1.20172-kg'm
6:=0.05 liguid content
L:=13ft waste surface height Water vapor density at saturation:
ILL :=7.44filiquid level  BY-104 exp[ 17.27. (_T_—_ZM}
AZ =L - ILL vapor diffusion length pT) = ( 1.323-kg'3K)- (TI‘_ 3586K)
: m

AZ =1.69469-m

Lsoil .= 13-

soil cover depth
Lsoil =3.9624-m
r:=375ft tank radius
Vs = 0.2-£ air vélocity over waste
5¢¢  surface or crust
Ksoil :=1.0¥2%  soil thermal conduct
m-K
- watt  waste thermal
Kwaste :=0.25 R conductivity
RHd :=0.60 RH in waste at depth
£:=.9 ‘emissivity (overall)
. _g watt  Stefan-Boitzman
6:=5.67-10 —2-— constant
Re:=p air'VS"{ Reynolids number
n
Sc.=—t Schmidt number
p ail.Da

p(T) =0.01728-kg'm °

. 2 1.75 . .
Da=l220 ™ 10?7 (_ T diffusion coeff
sec 273.16:K in air

Da=2.59143-10 > -m>-sec |
D :=0.66-(6s— 6)-Da water vapor diffusion
coefficient in waste

2
v:=1571072  Kinetic viscosity of air
sec :

Ka :=0.0262. 2%

thermal conductivity of air
m-K ’

Sa = IOIO-M— air specific heat
kgK :
air dynamic viscosity
£ =188671-10 * -poise
thermal diffusivity

2=2.15862-10° -m*-sec |

C2




Re =4.43804-10°
Sc =0.60584

hp =0039-Vs-Re **%.5¢ 1
hy) =5.5622:10 * -mrsec |

Transfer coefficients for energy and mass:

1

C3

Eddy diffusion mass transfer coefficient
from Heard (1993, WHC-SD-ER-202.)

Defines the mass fraction variable Y as a
function of temperature and vapor density:

C1:=0.156 Ka- <a-3> T
T) := -R-T
L amr
C2 "—Cl‘Da"—I—(—a— pv(T) Mw ‘
Ty =— maximum
Patm Ma
C1=12.548- " 2=001491-kg'm 2-sec !
m>K
Ta:=(Tk+Ta)K Tc:=(Tk+Tc)K Tg:=(Tk+Tg)K Ts:=(Tk+Ts)K Td:=(Tk+Td)-K
Ta=285.16"K Te =299.66-K Tg =299.76-K Ts=300.36-K Td =325.66-K
To =(Tk+ To) K Tecc:=Tc Tgg :=Tg - Tss :=Ts savestempsto
Cover temp set assuming entire heat conducted out top constrain
To:=To+f MQ-M hsoil ==X <4l cover transfer coeff
T Ksoil Lsoil
TCIE - Tk =2651214 <-new estimate of ceiling temp—>  Tc =299.67214-K
Hd :=RHd Hs =.55 Hg :=.55 Hc:=.55 <—~Relative humidity fractions
Hd =06 Hs :=Hd, Hg :=Hdo Hc :=Hds Ha:=0.54  <-air outside
Water vapor concentrations ,
© Cd :=Hd-p (Td) Cs :=Hs-p (Ts) Cg =Hgp (Tg) Co :=Hep ( Tc)
Ys :=Hs-y(Ts) Yg =Hg-y(Tg) Yc :=Hcy(T¢)
(Cd>Cs) =1 (Ys>Yg) =1 (Yg>Yc)=1 <check mass flow direction: No =0
Defineuas u:= —Mil;lﬂ Transfer coefficients defined below:
W
Gc:=ITg‘T° +u|Yg- Yo Gs = | 5218 L ivs- vgl
Tg
1 1
hee = C1-Ge> convection hes :=C1-Gs>
4 4 4 4
hre =—- o (Ts —Te ) radiation hrs = — .o (TS - Te ) equal ¢
2-¢ \Tg-Te 2-¢ \Ts-Tg case
he :=hee + hre heat hs :=hcs+ hrs
1 1
hme := C2-Ge® mass hms :=C2-Gs®




CHECKS TRANSFER RATES BELOW
1:-0.834 <-enhancement factor for vapor diffusion 0.834
hmd = BA-ZE vapor cliffusion transfer coeff through waste

hd ::Kwaste_

heat transfer coeff through waste o
bd =0.14752-kg*sec - K

‘ Ca:=Hap.(Ta) waler vapor concentration in outside air

fo = Fo air flow per unit surface

area Mass and heat transfer rate equations:
Wd :=hmd-(Cd - Cs)
Qd :=hd-(Td - Ts) + Lheat-Wd from waste depth to surface
Ws =hms-(Ys- Yg) Ws :=hp(Cs- Cg)s _<-altemate surface transfer
Qs :=hs-(Ts- Tg) + Lheat-Ws from surface to gas '
We =hme-(Yg - Yc)
Qc :=he(Tg~ Tc) + Lheat We from gas to tank cover
__ e ha :=p (Ta)-Sa-fo ~ <-air heat transfer coeff
Qg :=Qs~ Qo- ha(Tg - Ta) via heat capacity
Wo =(Cg-~ Ca)-fo
Qo :=ha-(Tg - Ta)+ Lheat Wo from gas to outside
watt watt watt
Lheat-Wd =0.37608 -—— Lheat-Ws =1.98334 -—— Lheat-Wo =0.003 -——
m‘Z m m2
Lheat-(We + Wo) =0.15331 -2
m
Qd =4.10833 -2 Qs =6.41821 -7
m2 m2
Qo + Qo =3.67925 -7 toequal £y rQ=32839-22%
) : m2
Qc =3.67343 -3 Qo =0.00582 - Qg =2.7419 EZE
m . ln2 m

Caléulating atmospheres of vapor pértial pressure. T =(Tk+20)K

= R.Tg. = . =
PsviTo (T G) TG=293.16K  Hg=0.55
RHg =1
P g =2-39202-10° -Pa
Psv | Psv
—--RHg =0.02368 -RHg-760 =17.99933 mm Hg or torr
Patm Patm
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1
3

Fs(Ts, Tg,Cs,Cg) = Ts-Te +u G __Ce 0 transfer functions in terms of
Tg pa(Ts) po(Te) water vapor concentration
1
Tg-Te | Cg  Co \]?
Fe(Tg,Tc,Cg,Cc) = g + W £ _ \ ]
Tg pa(Te) p,(To))
1
Ts- Tgl 3
Fs(Ts,Tg,Ys,Yg) := ( Bl yu|Ys- Yg ) in terms of mass fraction Y
\
1
Tg- Te 3
Fe(Tg,Tc,Yg, Yc) = (t—g—-— +u|Yeg- Y¢ )
Emissivities: £=09
surface gas cover
eg=8 gg:=02 g, =8 <-set emissivities here
I-¢4 _ o l-gg
fg:= £, =
s €
Res =f +f .+
'€
1-_8
2
f.-f f.-f
bsi=l-1+ ° S b, :l-~1+ °c s
2 Res 2 Res
b =05 ~ Res=161111 b, =-05
radiation heat trénsfer _
o additional radiation from excess heat in head space
Fr(Ts, Tc) ::E—- (Ts4 - Tc4> gas is inciuded in other balance equations
cs

transfer coefficients

hfs(Ts, Tg,Ys,Yg) :=C1-Fs(Ts,Tg,Ys,Yg)

bfe(Tg, Te, Yg, Yo) '=Cl-Fo(Tg, Te,Yg, Yo)  eat

hfms(Ts, Tg,Ys, Yg) :=C2-Fs(Ts,Tg,Ys,Yg)
Mass
hfme(Tg, Tc,Yg, Ye) .= C2-Fe(Tg, Te, Yg, Yc)
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TOL =10 ©

Solving mass transfer equations Ys =0.0122
w=Wd Assumes known Yg=0.01178

. ' temperatures to -
Given find RH Yc¢=0.01172 _
hmd- (Cd- pa(Ts)-Ys> — w=0 w=1567-10 ' -kg-m Z-sec |
bfins(Ts, Tg, Ys, Yg)-(Ys - Yg) - w=0 Ys>Yg '

hp (p 2(Ts)Ys—-p a(Tg)-Yg) - w=0; <-eddy diffusion alternative when ventitation active
hfmc(Tg, Tc,Yg, Ye)-(Yg- Yo) + (p 2(TE) Ye - Ca) fo— w=0
¥(Tc)-He- Ye=0g

w

:=Find(w, Ys,Yg, Yc) YYs=0.01184
YYg
VYo YYg =0.01176
YYc =0.01161
replaces old Y RHd =06 - 107 kaerm 2 econ )
with new: w=15829-10 * -kg-m “-sec

Ys=YYs  pas: YYS _gs3386 YYe _os491 - XXC _os4513
Yeg:=YYg y(Ts) y(Tg) ¥(Te)
Ye:=YYc <-Turn replacement off if RH are held as given

Qg =0-Qg X =0

Solving heat transfer equations
Finds temperatures given RHs
Given .
hd-(Td — Ts) + Lheatw— Q=0
Qg- (1 ~-f sm_f)-Q=0u heat exits via gas - or Qg=0 no heat from gas
bfs(Ts,Tg, Y¥s,Yg)-(Ts~ Tg) + Lheat-w + Fr(Ts,Tc) + b sQg- Q=0
" hfe(Tg,Te,Yg, Yoy (Tg - Te) + Lheat w+ Fr(Ts, Tc) + b o Qg+ ha(Tg- Ta) - Qf, =0
hsoil-(Tc - To) + Lheat: (p 2(Te) Y- Ca)-fo + ha-(Tg - Ta) -~ Qf =0
Hey(Tc) - Ye=0¢
X=0



e ]
Tg'
Te'
=Find(Ts, Tg, Tc,Qg,Q.X)
?; _ previous new
X A ' Ts =300.36-K Ts' =300.38822-K
Tg=299.76-K Tg' =299.78879:K
Assumes RH is known or Tc =299.67214-K Tc' =299.65895-K
:::“:eim;“"e with given Q=410483-"2 Q' =4.10798-"
m m
NewRH's —°_=0.53298 Y8 054817 Yo _0.54556
¥(Ts") y(Tg) y(Tc")
Replace old watt : watt
temp Qg =0 — Fr(Ts',Tc') + b Qg =2.7725 —-5—
Ts:=Ts" _ ® m
Tg :=Tg'o
Te :=Tc"s
Solving mass and heat transfer equations coupled . TOL=1-101"
QQ :=Q saves initial Q ‘ TOL =172+ NOTE
Given )
hmd- (Cd— p a(Ts)-Ys) - w=0 » <<moisture mass flow balance egs
hfims(Ts, Tg, Ys,Yg)-(Ys- Yg) - w=0 .
hp (p a(T)-Ys—p ( Tg)-Yg> - w=0g <-eddy diffusion alternative when ventilation active
hfme(Tg, Te,Yg, Ye)-(Yg—- Ye)-a(Yg- Yo) + (p 2(Tg)-Yg- Ca)~fo - w=0
hd-(Td - Ts) + Lheat-w - Q=0 <<heat flow balance eqgs
Qg- (1 -f surf)"Q=0“ heat exits via gas - or Qg=0 no heat from gas

hfs(Ts, Tg.Ys,Yg)-(Ts— Tg) + Lheat-w + Fr(Ts, Tc) + b Qg - Q=0

'hfc(Tg,Tc,Yg,Yc)-(Tg - Tc) + Lheat-w + Fr(Ts, T¢) + b Qe+ ha-(Tg - Ta) - Q'fsurf=0

hsoil-(Tc - To) + Lheat- (p 2(Te)-Yg— Ca)-fo +ha(Tg- Ta)- Qf g #=0 <-adjusts Tc for heat loss
Ys>0 Yg>0 Y0

Tss — Ts=0g Tgg - Tg=0, Tec~ Te=0p  constrains temps

y(Tc)-He - Ye=04 y(Tg)-Hg - Yg=0, constrains RH for cover or gas

Q- QQ=0 constrains heat load as if known
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o]
Q
Ys
Yg
Yo | =Find(w,Q,Ys,Yg, Ye,Ts, Tg, Te,Qg)
Ts -
Tg
Te
1 Qg
w-A-(1-yr) =2.02331-10° -kg
Ys =0.01227
. Yg =0.01219
Lheatw =0.37531 -2t evaporation Ye =0.01206
2 transfer
Q =4 10488 vatt total heat transfer ramameeR
) o2 Ts =300.37821-K

Tg =299.77896"K

w - »,
-Lheat-a- 100=9.14313  percent latent heat To = 299.64836-K

transfer

Td- Tk K =52.5°K Ts- Tk K=2721821'K Tg- Tk K=2661896'K Tc- Tk-K =26.483836-K

Relatve Ys Ye Yo
. RHS I . g = 5 RH =
Humidity y(Ts) ¥(Tg) y(Te)
RHA =0.6 RHs =0.55268 RHg =0.56861 RHc =0.5669
Emissivities £5=08 eg= 0.2 g =038
Diffusion enhancement 1 =0.834
Check solution: .
bd-(Td - Ts) + Lheat-w =4.10488 - 738 finalvalue Q =4.10488 721
mz mz
Fo=2-10 ‘& flowrate initial value  QQ =4.10488 -3"7“
yr m
Wo = (p 2(TE) Y- Ca)-fo moisture outflow
Lheat-Wo + ha-(Tg — Ta) =0.006 -w—az“ vented amount of heat
m
ha-(Tg- Ta) =0.00282 -E-g transfer by heat capacity
m

Cg




Wo-A-(1-yr) =17.14161-kg external foss in one year
w-A-(1 :yr) =2.02331-10° kg infernal cycle per year
hfme(Tg, Tc, Ye, Yo)-(Yg - Yo)-&(Yg - Yc) + Wo =1.56381-107 ~kg'm 2-sec -
. above should equal moisture flow -> w=1.56381-10 ' -kg'm -sec |
Qs =hfs(Ts, Tg,Ys,Yg) - (Ts- Tg) + Lheatw

Qc =hfe(Tg,Te, Yg, Ye)-(Tg - Te) + Lheat-(w - Wo)

Qs =1.33045 .72 Qg =02 Qe =0.50348 -2
m2 lf(l2 m2
Q- Qs=277443- "2 Fr(Ts,Tc) + b Qg =2.77443 -7 ragiation heat
m m2
Q—:)§- 100 =67.58853 percent'radiaﬁon heat transfer
Qs - Lheatw

-100=23.26834  percent convection transfer

LheatY.100=9.14313  percent latent heat
Q. transfer

Vapor Pressure Conditions:
Depth Surface
(Td- 'I'k-K)~(1-K)‘1 =525 Ts- Tk-K=27.21821"'K
Pua =, (Td)  RHA=06 Pg =S (Ts) RHs = 0.55268
Mw _ Mw
Pvd Pvs
‘RHd-760 =63.0209 mm Mg or torr -RHs-760 =15.02513 mm Hg or torr
Patm Patm’
Pvd Pvs
-RHd =0.08292 atmospheres -RHs =0.01977 atmospheres
- Patm . Patm

(OR




Appendix D

Test Cases for Nonisothermal Moisture Distribution
in a Saltcake Waste Tank

N. Aimo
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Figure D.1. Vapor and Heat Flux over Time for Test Cases 1 through 12. For heat flux
rate, dash line is the heat transfer by advection of gas, and dotted line is that by diffusion
only of water vapor.

D.9




_ ‘1odea 1ajem Jo Ajuo uoisnyjip Aq Jey) st sulj panop pue ‘sed
Jo uonoaape Aq Jajsues) Jeay Y} st oul| paysep ‘el Xnjy JedY J0J ‘| YoM | Sse)) IS9 L, JOJ SUIL L JOAO X[ el pue Jodea '|°q 2431y

(sAep) awy) : (sAep) awjl

00SE€ 000€ 00SZ 000 00SI GOOL 00 . 00SE 000€ 0052 0002 00SL 000L 00S O
: : P ——r v v . —

L] ¥ M ] 1 v ) M i Ll v 1 !

1-35°¢

630'S
€352
0120'1
0135t €30’

0130¢ €352

Total Gas (kg)

0135'¢c
$30°4

(shep) owny | (shep) owiL

00S€ 000€ 00S2 0002 005} 0001 00§
v v v .

005S€ 000€ 00Sc 0002 00SL 000}
T v LIRS ¥ M 1 M L] M L]

030°0

6-30°1
S-30°¢
S-30°¢

S-30'v
g-30'st

(suem) ajes xny jeoH
Total Gas Flux (kg/s)
(s/6%) xni4 iodep

$-30'9

$-30°2




‘1odea Jojem jo Kjuo uoisnyjip Aq ey st suyj papop pue ‘sed
JO uonoaApe Aq Jojsuess 1eay oUf} St oul| paysep ‘ajer Xagj 183y 10y ‘Z[ YSnoay], [ sase)) 1Sa L J0J swi ], J9A0 Xn[,] 1eSK pue JodeA ‘1 21y

(sAep) awyL (shep) auyy
00SE 000E 00SZ 000Z 00S) 000L 005 O | 00SE 000€ 0052 0002 005} 000} 00S 0, ...
| v I ] v L] M L) M ] M ! ] L] M 1 L ] v l 1
. . 4630
[ 5 = {ea0e <
S .
- o130t
Aerol e 2 8
s .
I {orast 2 S eA0sk _
. = 5 {e30r JF
- * S’
- 01302 - J— |
T
. Horase les0e
, . y30°L |
1 2 1 " ] A 1 A 1 Y L " 1 A 1.2 ') A L . i A 1 1 ] "
A
(sAep) awy} (shep) owyy,
00SE 000E 00SZ 0002 005+ 0004 00S O
SE O00E 0052 0002 0051 0001 005 0 | 030700055, 0008 0052 0002 0051 000} 005 0 . .
—~~
- - @ S30°1}
- 12 @ ) {5301 <
= € gaoe} 3
r {o & 3 a0z &
: * 2 GIJOEpr---nmnmnm-n- e RORORTERERN L=l L
seswessteesnasess messseses lllll!llllltL m ﬁ j m
! oo ® @ SI0VE {sa0c
- Y =
- | §3ost aQ
. O
- 4108 w (=] 4630 ~
L = g309}
[ A 1 " 1 A 1 A '} A -1 J OOP mnmo.N 1 " ] 1 . |l 1 & 1 m-mo.m

: esed




‘10deA 1ajeMm wo A[uo uoisngyip £q 38t i aul] panop pue ‘sed

Jo uonoaape Aq Jojsuer) Jeay ay) SI dul| paysep ‘ajel Xnjj 1eay 104 °z1 ySnoayy, | sose)) 159 10§ oWl ], I9A0 X JesH pue Jodep ‘[ q 2andiq
(sAep) auny (shep) awy]
00SE 000E 00S2 0002 00S} 000} 0GOS O 00S€ 000€ 0052 0002 00SL 000L 00S O
T v L) v 1 ) M ¥ v 1 v ) v ¥ v ) M ] v ] M [ M i M L M
4630'S
_‘ = 2301 41306
Jotaor = 2 >
o had =)
8 7 y CEL -]
do135°1 S )
- S ¢ zaozt =
Jo130z 8 {east &
—_I
Hdo13se z3oel 1230z
o
a
(shep) eswiy (sAep) awy]
00SE 000€ 00S2 0002 00SL 000l 00S O :
28 J00€ 0052 O00c Q0s1 00 95 2o 030:0008€  000€ 0052 0002 005} 000} 005 0O . .o
|
p—
e o ()
- 402
. . m W.\ 1306 &
= 1L 3
. 40¢ m m Y ﬂ
) . 9-30f £
@ @ *
5 dos «
(U] . o~
] 5 ~ 9302} .m
! 1os m 8 935t @
J v - ‘
1 N } . [ [ N | I L A 1 A OO—. @.NOGL N 1 N 2 . 3 N [ o [ N [l o —@.NON

Z| 9se)




“U O SNIpE] J0J S SAIND Payjop pue

(o ,) ameradwal

(;w/By) ainisjop sen
Sy 2y Oy L& GE 0L0'0 0900 0S0°0
M ] T | ¥ v T y
! i
- i 11 - i 41
m M
{
- {2 - A
N i N
3 LB
de - (R >
{v s “y
A W | ..... L [ N

Y L'b SNIpEI 0] ST 9AIND PIOS ‘1 :m:.cb: 1 53580
1591, 10 sajyjo1q snesadwa ], pue Juajuo)) AInISIOp sen ‘uasuo) pimbr ‘'@ 2y

ejuo9 pinby
g0 €0

s

"

1’0
¥

JA0L =3 OSED

D.13




“J O SNIpe1 10§ ST 2

159, J0J SO 1NILId

(9 ,) einjeradwa]

0P 8¢

u.
i
|
|
m
{
i

Ay

3

:
|
{
i
,

X
Y
.

Y

(;w/By) ainisjol seH

¢€0'0 0€0'0 8200

AIND PINNOP PuB ‘Y L'p SNIPBS 0] S OAIND PYOS T -_m:ob: 1 sosw)
duro 1, pus Juaju0) SIMSIOP S8 ‘Wusju0) pinbry T°q MnBiy

jusuo) pinbyy

S0 £'0

»

1’0

JK QL =)'z e8e)

D.14



v

8c
T

T

}
:
m

M

M

.,.

i

1v
‘o-

"

1
!

0900 SC950 O

(,w/By) aunisjo sep

[
H
i
i
i
{
M
[]
i
1
i
!
t
1
i

*
1
|}
[l
.
[l
[}
]
.
)
Y
k)
[}
[}
Y
[}
k)
LY
Y

3

G0'0 Sv0'0

‘U 0€ Stupel JoJ §1 9AIND PajIop pus ‘Y L'y Snipel 10 §§ 9AIND PIjoS T :mm&é I sese)
159, 10] s9Jyyo1d dimeraduia 1, pue uajuo)) AIMSIOW st ‘yuasuo)) pimbry "z'q 2andiyg
ainjeiaduial

jyusuo pinby
g0 €0

v

*

1’0

oL =3¢ owa.o

D.15




cl

0L

(o.) aimeradwa]

89

¥9

99

4

’
]
£
!
1]
H
1]
§
H
H
L]
{
1
[}
|
\
oo
\
Oo

AY
.
.

[

(,w/63) aimisjoy seO
0020

08L'0 0910
v M L v 1)

1

"I OF SNIPRJ JOJ S| 9AIND PIYIOP PUR ‘Y L' SNIPBI JOJ ST 9AIND PIjOS "TI y3nosy | sase)
1591, 10§ Sojijo1 a1neIadwa ], pue Judjuo)) INISIO se “wajuo) pinbyy '@ danBiy

S0 £'0

a0 pinbyy

1’0
"

:

D.16

1A 0L =) ‘yesed




'Y O SNIPEJ JOJ ST 9AIND PINOP PR ‘Y L'p SNIPRI 10] S| 9AIND PIOS ‘T .—m:.ohﬁ I s9s8)
152, J0j s3|yosd 21meiadurn ], pue ‘Juotuo) SInISIO sen “uouoy) pinbyry ‘'@ dandig

(0.) samesadwa) (;w/By) ainisjoy sen ajuo) pinbry
lE G900 090°0 SS0°0 0S0°'0 SY0'0 g0 £0 10
] ) J-.. ¥ ._ [ § I
1} 4! 4!
A >
] a
=2 2 =
le 2 le e =
4y N .v i

1£0L =)' osen




*iJ Q€ SNIPLJ JOJ ST 9AIND POYIOP PUB ‘Y L°p SNIPBI J0J S IAIND PIOS “TI :m:.ob: 1 s9s8))
159 1, 10§ S9JjoIJ osnjeradurd ], pue “yuajuo) JINISIOP s Juauo)) pinbry g q 3andig

(0 ,.) aumesadwa
Sy €y v 6

(;w/Bx) aumisjoy seo
A

§90°0 090°0 §50°0 0S0°0 S¥0°0

usjuo) pinbyy
S0 €0

1’0
¥

H
i
i

H
i

m

|

i

‘

i

1

\
3
\
\

\ 1€

v

" 4A 0L =) ‘g esE)

D.18



oy

U 0€ SNIPeJ 0] ST 9AIND PIIOP Pu ‘Y L'p SNIPEI JOJ §1 9AIND PIOS ‘T __ms.oEu 1 sase)
1591, 10 S9[yoIg d1mesadwa ], pue Juauo) NSO st “uauo) pinbry zq dandiy

(9.) aimesadway | (;w/6y) aamisjoy sen . auo9 pinbi

(223
™
2]
™

23
-
=

4

lE 9% . 060’0 Sy0'0 0v0°0 -~ G0 £'0 1'0
I T Y Y T d T

ettt ean
PO g et
o
s

1A 0L =3 ‘L 0889

D.19




86

96

*J OF SNIPEI 10J 51 OAIND PIJOP Pue ‘Y L'p SHIPEL 10 S| 9AIND PIOS ‘T1 ._mlou,& I momao_

159, 10J 3|0 2Inesadwa g, pus JudIuo)) INISIOW sen ‘uauo) pinbyy '@ N3y
(,) aunjesadway

(;w/Bx) ainisjoy sev

$5°0 25°0 06°0 8¥°0 O

1 T M

‘0 ¥¥'0

JUPRRELLL  Shaand AL SYVU
oo™
-
e

-
e
P
e
"

a0 pinbr

S0 £0 1’0

4L 0L =3 ‘g OSR)




.d 0 SnIpeL JOJ 1 9AIND PIJIOP pue ‘Y L'p SNIPRI 10] §1 9AIND PIOS 'z ySnowy) | sase)
159, 10J 53|01 Aimesadwid , put YUY IMISIOJ SBD WU pinbry ‘g q 3anBy

(0.) aunesadwey, Jusjuo) ainisjoy sBH weuo) pinbyy
0'se 526 0°0€ 0v0'0 €00 0€0°0 S0 €0 1’0
[ m : B | ]
-l 3 - 1t - 1t
AR ﬁ A A q
i 2 412 4z A
N g N N
3 Ly o~ 3 L] o—
kY = = =)
- \ e - 1e - 4 =
. | 1. 1
- 14 - : LA - 1v
) ] _ , g

A0} =) ‘g o8B



d O SNIPL1 10§ S§ 9AIND PIJIOP PUB Y L'p SNIPLI 10J 5 9AIND PIOS "T] YInoy) [ sase)
159, 10J So[joid 2smusodwo ], pue yusjuo)) AINISION S Juduc) pinbry. "z @ aansig

(0,) aimeredwal

(;w/Bx) ainisjoly sBH
GE v& €€ ¢2¢ Ile O0F 8£0°0 9€0°'0 ¥€0°0 CE0'0 0€0'0
L | 1
o\
L\
\ 12 N
] =
- ) ..m”
|
5 . L4

Juauo) pinbi

S0

£0 L0
v L)

D.22

Wz

| A 0L =3'0) @88B)




"I} O SNIPES JOj §1 SAINO PaNOp pus

‘Y L'y SNIpRI 1] S1 9AIND PIOS *Z1 ysnony | sase))
1591, 0] S9JIJOIJ 2anjesadwa ], pue U0 UNISIOJ SBD WA pinbry "T°d a3y

(9 .) aumeradwiof (,w/Bx) aunsjoy sen

8€0°0 9€0°0 YEO'0

Juajuo) pinb
G0 : e0 1’0

erevaveens,
ety e
e
-
-
-

1K QL =111 @88

D.23




a 0 SNIPEL 10J ST 9AIND PIYIOP puB Y L'p SNIPEI JOJ SIIAIND PO T ySnomy} | s958)
159.[, 10§ Sojyo1d damesadwa ], pue Yuau0D) AINISIOPN seD ‘WI0) pinbr7 T an8ig
(9,) amneledwoy _

SE ¥€ €€ ¢c& |E OF

A | T T
! .

!
i
|
]
!
1
\
’O‘d
.‘

JUIAUOD JINIS|ON SBY
cvc.o.

Ge0'0

0€0'0

u8uo0) pinb

S0

N

£'0

1’0

D.24

4K 01 =) ‘2| s




286€°58
$8Y0°9¢
2e9L'9e
[ 71415
1261°9¢
S108°6¢
£zzo'se
80y
81S0°Ly
S99L'Ly
% 44
dwey fene ]

DD DD TN N -

$49050¥0'0
$6522v0°0
S2ZI0vY0'0
$9L5v0°0
SLL15Lv0'0
§0L2600°0
S2€20150'0
911%50°0
SL825$50'0
S1929s0'0
SZYE0850°0

OMD {eAe]

D CDDND DTN -

Case1,t=10yr

. "UMOYS 918 Z| Y3nosy) | s58) 159, "Jue[, 9I1SBA © JO
Uo1103g 5501 [eIpey © ul drnjesadwa f, pue ‘Juaju0) INISIOIA SBL) ‘SI0J0IA ANOO[IA
pinbiT “yuajuo) pinbi ‘voneineg pinbry ‘pesry oyneipAH Jo s10id mouoy ‘g anSyg

M) x
o1

€9.6£220
STIre9T0
98+820€°0

s82zZYeo
cizLI8€0
riSHIZYO

O e DN -

) ££6508Y°0
9, ‘emnieduwiog , TON fenecy

™~

THYZERY'0
'€058€8Y'0
SeLIYSO
49905650
90045490
S1€969°0
T6269vL'0
€Ersielo
§2516¥60
8118080

Wz

D LCDO™SGWOETON -~

8656¢6460
usuoD siNIsio N seo 1S ieaey

RS A

sreeceiet e vy

299191 £00-
1 1990500
20562250
€pe2S620

BISLIYO
£1086¢5°0
$5680299'0

85€Y8L°0
4 12599080
»6820't

——_,1_2

w2z

mrovceccves o ,
e remrernn - /
S eeeetee -

e mem - o /
ittt SRV ]
meesesresSss -~y l
ToTeSsEsssss -y l
mmE R mmRwne - -y I
———e - - -,
———————————- -,
e e———- - - - g
jrccncnenne - - -

3

LB BNDOD AN~

z2511
(oAnejo1) s10198 A K1j90j0 A PInbI : THH 19ne7

W) x
0f 02 - 0l

oo pinby

uopjwmBsg pinbp

M x

St e T 0z $i [} S

Y ‘pesy olinespAy pinbi

Wz

-

D.25




Case 2,t=10yr

. "UMOYS 938 Z| Y3noay) | 958D IS, "JUBJ, 9ISEA B JO

U01109S SSOI7) [eIpey] ¢ ul anjesddwa ], pue ‘JuU0)) AINISIOJ SBD) 5101997 ANOOIA

8.08'S2
812y'92
$S€0°9¢
.12 21
ee96°L2

Lree
9086°62
4y05'62
$810°0¢
rzesoe

\

D CPDNOWNDEON -

29v0'4¢
dwes tere)

€€ZIEI20'0
996605200

1895200
€E¥L9920'0
4918v220°0

8¥Z820'0
€E9E0620'0
.49£286Z0'0

1190£0°0
$€86€1€0°0

DLODNODCTON -~

295812€0°0

OMD jere uejLog eInis|O N SBD

o x

o
is

-

i

'y
AR

cemmrsace= =+ « . , lo

frsssssems = S Ny
ceesecccnc o o l
IR EEE R ‘
cecceccccse = . 4 ‘
eesesmscee - v 4y
cemesscccs s - 4,y
LR R R R R P
meeseccmnn - o,
seecencncen = - L,

cecscmeven = v o ,

P i T

cesemamanen s 2 o .

mmeesmecmre = o o o

Joeoenorecanes = o,

{eapejas) siojoe A Aio0je A pinby

®) 2z

W) 2

-

pabry ‘quauo) pinbry ‘uoneinieg pinbry ‘pesyy oyneipy jo syoqd anojuo) "¢ sy

£926¢220
$219€92°0
20¥82060

$0225E0
TizLI8C0
rLs1IZYO
£66509¥°0

TOW (ere]

© WD TN -

~

[iaz41241]
€859€8Y0
STINYSO
19905650
0005990
$4£9689°0
26269v20
€EPSL6L0
SL51999°0
812.0600
958£6v60
S (ere]

DO DNOWVCTON -

99r155800
€£00191°0
28p9e20
losetito
€69r6¢°0
9562990
19r98€5°0
€SE6E190
¥20689'0
9ziereLo
€10v09°0

THH eney

DD OO WD EDN -

™ x
0z

Y T L4

N " n

uejuo) pinby

uopmrmies pinbny
o) x
113 0e b1 0z S 0l

.
-

w2z

2 A

¥ 'pesH ofineipAH pinbry’

D.26




1599'9¢
[24 4 %33
£619'L€
€960°8¢
reLs'ee
5050'6€
9.256€
4v00°00
218¥°0y
80956°0r
8SEY' Iy

dwey eae)

DL BAONDONTO N~

€6512€90°0
1988E¥400
955900
£68EL9%00
992162000
£808%0'0
£€192050°0
995674500
192500
£EYBLESOD
998569500

OMD fene]

TP ONETON~

Case 3,t=10yr

. 'UMOYS 218 Z1 YBnoay) [ sasv)) IS, JUB], 9ISEM € JO
:ozoom §SOI)) [eIpey € ul ILIdWwa ], puB YJUAIU0Y SINISIO SBO ‘5101997 ANSOJPOA
pinbig ‘wwatuo) pinbry ‘uopvinieg pinbiy ‘pusr] onneIpAl jo sioid anoo) “g'q danSiy

) x W) x
02 ot

18

T Y

€9L6E22'0
szHeezo
08y920¢'0

se2zve0
zizLieto
riSHIZYO

w2z

O N e ON-

££6508¥°0
0, ‘eimwmeadiiey TN |ese) eiuog pinbi

) x W x

(€

fia 242441}
£958€6Y0
STLMPYSO
L980565°0
80045%9°0

$1£969°0
26269040
£EYSL6L0
§LS1900

S~ 91220800
.

Wz

Wz

CTLCODODNDIDEAHN~
\]
N
L.l

L \\\‘ i 1
95866980 : . :

uejuod SINISIO N S8 S feAed uopmimesg pinbi

W x _ o ™ X
$2 (i3 51 oL

S
o~
-
b
N
R
o
-«
<

(I \\\\\“‘\\\

ey

coso e

191646800
1 S916YE00
1v88651°0
. 92568820
1288000
26806650
250£69'0
5222000
o £662908'0
aeie0t

|

TTesSeesseT sy 1
s/ 1

!
e mesresas e - sy

£.3
!
4
'y

cemmeeceee s oy
/

T
({TY R 4

r
i
-

e mm——————
S !
mmmemmmmem - -
eeemm—e————
e = - b
e e ———— - -
e mc———— - - - .
Lcd

——— e e - -

R L L I
L el s
e Cc—---- -
e me - - .

DDA DOBT®N~

€65S1°¢
(eane|as) s10198A K)jo0j9A pinbi : THH (0] ¥ ‘peoH ofineipAH pinbry

D.27




8L5'6S
T99°09
SvL'l9
azecy
(11.1>
¥66'v9
21099

alee
€ree9
9zE'89
60¥'0L

dwe| [ere]

19v9821'0

PEVESEI0

yZerio
29650510
€EERLSHO
13418 ]
L92v2L1'0
€€zLB8L10
2o0L810
9911640
€EI910Z 0

OMD |ere)

Case4,t=10yr

. "UMOYS 918 T :m:o.:: [ 5958 159, "uB], 9ISBM © JO
Uuol23§ $5010) [eIpey © uf anje1adwa g, pus ‘U0 AINISIOJ S8 ‘510109 ANVOPPA

pinbry yusjuo) pinbig ‘voneines pinbiy ‘pesy sinespAH jo sjoid mnojuo) ‘g'@ dandyy

1N

DD O WV TON -

0, 'eimwiedwey

€ DO OWETON -

Wz

—esmemoee e o g

LI T R

/

-7 I -e
e —————- - .,

Wz

-

cnmcencncew - /
m e e—————— -
e ————————- - -,
————emem-- - , ,
e mcene - - J
o o o s e e e 0 o 0 e
oo - - - .
e ————— - - -
st - s A = - - g

s v e -

3

(oAneje) s10199 A Ayo0j0 A pInbyy

€9486220
§T1rE9T0
90y920€0

b1224 14
zieiieeo

CyLsiizro

2€6508%°0
TN

IPZENY0
€059c6Y'0
SELPYSO
19806650
8005990

S1£009°0
262699L'0
€EYSL6L0
$L51898°0
9144068'0

BIBLOFOV

s

8089€94°0-

TL1625€0°0-
LEL160£680°0

S96vIze0
95.86¥€0
9v978L¥0
£€599090
g2r05€L0
61EPt£99°0
1291660
120eh't

THH jene

@ WM N -

D.28

DL DD DWOT®N -

DLDON DT ®ON~

M) x
0¢ 0z ot
\\\\l )
—
weuo) pinbrt
- WX
0¢ , ("] 01
- -
= i
\I‘l M
Vel
uopBines pinbyy
. W x
S€ ot 114 (4 St [} S
| \\\\\\\l\l\ll

"

¥ ‘peoy ajneiphy pinbyy




Case 5,t=10yr

ori'se
188's¢
9¢c0'9¢
189°2€
925°0¢
He'se
91200
190°4¥
208ty
iscer
965°€P

dite} {eae

DBDL<XBION GO TNN -

ereezov0’o
y86¥€240°0
STLOPYYO'0
£9985990°0
802048t0°0

$618050'0
269€6250°0
€£950550'0
SL1L1L50°0
91882650'0
9590¥190°0

OMD [oAe]

DLPDN~ONETM N~

M x

. "umoys a1e Z1 ySnouys | mum_mo 1591, JuB ], 9JSBM © JO
Uoud9S 5010 feipey © Ul aampesaduia ], pue Juaju0D) AINISIOPN SBO S10193A ANOOJRA
pinbry ‘yusuo) pinbry ‘voneinieg pinbry ‘peoy oynespA yo siopd nojuo) ‘g'( undyg

=

9, ‘emeiodey,

W x
02 ot

_‘

0t
L] \ T
. N
1Nz
-~
A . : ..olu\
/ u/’ 14
fusjuo einisioy s
W x
0t 02 [}
A e et > b . . s w N N
s\ TP me s N N N N N N %Y N Y Y Y oy T
L T S S Y R Y T T T T S T W B |
UL O T T S T T N T N Y TR TR R I I
L T S TR T SN TR S TR N S S S S S| N
AU S T T T T T R TR D T T T R T S | ~
SR S T T T S S I S S T A R I S| 2
/. S R R T T T S S T S R SR AT R S 4
2 R O I D D T T R R B R B S |
/2R S T S T S S S S TR R S T TR N S|
/N R e e e e
AR T T S S T S R R T T T | n [ | 4
| S S T T T S T S T T T I
o P A O N T O Y Y O T W O I R

(eapejel) s10100 A A1jo0|8A pinbry

€946€22'0
SZiyeazo
88$820€°0

§8229¢0
cLzLeco
¥i5812Y0
LEBS09Y°0

TN

(442414 40]
€O56E69°0
STLHYYSO
49605650
80045490

§1£9690
26269¥L°0
EEVSLBL'0
S451858°0
91.2/8680
8S6E6Y6°0

s

£959008°0-
289955200
9081510
€v108.20
8e2roro
L)19P0ES0
€689959°0
60828L°0
£2€1608°0
8ESE0L
851917

THH

fone

ML RPD~ONTON —

jore

M LDPD OO DN -

[L3]

"

1 ‘pray olineIpAH pinbpy

) x
0¢ o o4
o 3
usiuog pinbry
M) x
oe o o
= 1
" " .
uopwnes pinbry .
M) x
s€ ot sz 0z ‘m._ o1 s
! _ 1
L L —— 4 A A

L]

-

Wz

D.29




Case 6,t=10yr

§950's¢
668'S¢
SivLog
»e5°L€
S92r'6€
692°6E
Siitor
¥56°0
S98L°Ly
eca’zy
Sisr'ey
dwe) jene

DLPOND VTN N~

TEEY00Y00
¥yeS¥YIZY00
SLLYZYYOO
L969€0Y0'0
951SY8Y0°0

$£55050°0
Z$§59250°0
€ELSLYSO'O
$26598950'0
911968500
90£20190°0

OMD jere

. "umoys 218 Z| y3nomny) | sase) :m..w.
uo1193g §501)) Jeipey © ut sampesadwa ], pue “Juajuo) AINISION SBD ‘510109 ANOOPA
pinbi1 quojuo)) pinbiy ‘uoneimes pinbry ‘pesly syneapAx Jo siojd snoyuo) ‘g andig

M x

2, ‘ammiedwey

M) x

DLPONDODDCON -

R

PR R

cosrsceven . ,

--2s e
I'4

-z

n
-

e I
Rt

et L R

B I /
——ececce—-- - /
e - .y
P

i R
————c————- - - - ,
e - - -

(oapsjo1) 10190 A ANj0019A PinbIY

€9L6e220
L14) 4314
889820€°0
b1244 04

- SIELIseo
risuzvo
188509Y0 - ¢

0N tens

© W TN~

[442270440]
€9s8Eer0
SZTLMIS'0
19805650
2004590

§1€989'0
26269%L0
CEPSL8L0
$151898°0
94110690
059€6¢6°0

S fene]

B € PDN OV TN -

L18€9€V0-
8£5£081200°0-
9100240
a2128v20
Hv9L€0
1609%05°0
€2082€9°0
95001920
9€02880°0
2100
95ete
THH tere]

B DD OB O N -

.w_,—...ﬁ. o._,...;? v Jo

W x
0t o.« 01
& oy -
4
3 e ¢
L~
/ 1
wejuo) pinbry
M) x
0t 02 ol
= ~ = '
-
»—d ; N €

uopeinjeg pinbi

w

\ .
1 g ' Fe A 'l A

Y 'peeH JineipAH pinbiy

W 2z

D.30




. ‘umoys ae Z] y3nosy) | ss8) 1S9, JuBJ, 9ISBM 8 JO
uoNo9g $501D) [eIpey ¢ Ul asnjesada ], pue YuUINU0Y JINISION SBD ‘S10309A A0

pinbry uajuo) pinbry ‘vonesnies pinbrg ‘pesy olnespAH jo s1o)d snojo) g dndyy
) x M x
[ 0z o ¢
. . ; L ! o o
oLesoe 2 : ] N
sgos9E € . - : - 1!
teBrc ¥ : v
: :
cs2e S r——— 2N coseczzo o = : : z N
togLe 9 = . —— ! ! =
sierec £ T oe 2 M”"H“Mn M i . ¢ 2
MM”“M “ \ ( " « Se2ZHC0 ¥ ol .
_ . 1y ziezigeo s Y iy
wovee v AN . - - visuzY0 9 .
;wisee @ 1€6509Y0 L . : :
duie o107 9, ‘eiminioduin], L lad oo pinbry
W) x v &) w
o 0z ol 0¢ 0z o1
.:«eeuo 1 ' ' zop2ePv0 ) ' o ' i
viezvoo 2 i, cesecero ~ v .
NHWM.N M S2mYS0 € —— . : - oy
10805650 ¥ r :
“M“w””.“ S ’ 1%~ 90025990  § = . : = N A
o 9 iy ) N =
sooma0 9 ; 1.3 5169690 9 | e : : 3
e L " . z62880L0 ¢ €
: . + cerszeLe 8 p
secer00 8 . - v sisievee 8 | * 1y
osa.a.o v 4 ———— < + : 91448600 ¥ \!l .
1206b00  © 950C6Y80  © 4 . 8
OMD ferey Uy eimsiop st 8 Iorey uopmnies pinbn
W) x ) x
o 02 o s¢ o¢ 52 02 s o1 ]
m A e g p et e e a e ta v w0 ‘oo ' ) ’ o ' ' i
- - S e T O Y T T . ) s0ro ¢ 1 1t
y “ hAR T S U Y Y Y T T W TN Y S YN TR T | zeee ¢
X 3 hORR T T T T R R T T R D T R T D T T 9€€0 4
AOI " R ¢ N $SY0 S 1N
N L [] L] ] L] 1 ] L] ] ] ) ] L] L] Ll L] . . =
i N R oo — ].%
P “ . L] 1] ] (] (] ] ] ‘ ] ] 1 (] " " " " 1¢ @QOO ¢ K 1¢
. R T R R B T R T S B SR Y S R B S| 2080 )
7 A . 1] [] ) ] 3 ) ] ] ] ] 1] ) 1] 1} ] ) "
SEREEEEEEEEEEEEE RS ol _ '
[} AR T T T N T T O I O A R A veor vy e
“ DM - : . N , —
3 (eAnnieu) s1o19a A AioojeA pinby . THH (9487 ¥ 'puESH 9jintipAH pinby



Case 8,t=10yr

8198

IV

el'es

Li'ee
29408
yol’Le
3-1% 4]
9si'es
1118 2]
5158
6¥1°96

BDLBDDONOD TN~

M) x
0z

04

. ‘UMOUYS a18 T[ Y3nOoLys | 5958 159, UL, 9ISEM © JO
Uo109S S50X) [BIPRY © Ul AInjesaduid , pus JUSIu0)) AINISIOPN SED ‘SI0109A ANIOPA
pinbry “usjuo) pinbry .:o:ﬁ:.sm pinby ‘pesy oynuapAL Jo siopd mojuo) g anJiy

K

oo
-

)z

————

<

-

dwey ere

£9S2.L9¢E°0
¥£0520€°0

$Ll6E0
1968Z1%0
€CPZ029'0

BPEPY'O
£9E£GSY0
€e88eLr0

€2684'0 .

L9Lv%05°0
€E2L6150

CLDD NGO TON -

9, ‘einetedwiey

M) x

[}
¥

Wz

s

OO A%

3

UslUCD AINISION S8

) x

i<

-~

crasr i e oy \

AR T e

|

'
/
/
/
/

e cn- - - .

!

e ecrmcene - g !

Commccs e .,

S )

/

- g
meessccmne - -

mmemene—a— - -,
- - -
- ——— - -
e eaa——n- - -

/

——————— . - I Jo
=4

—ccccenne - -

3

/
/

- ———— . -

————— - .- - -

e o -,

-t = - - g

Wz

(oAliBjo1) 10100 A Aljo0t18 A PN

£9266220
S2I9E0T0
9662060
$822960
z1ze18e0
YLSHZYO
2665090

e

ZrzEro
£9$6C6Y'0
SISO
19805650
80045990

$1£9690
26269920
£E95L6L0
SLS18Y9°0
91248690
95066960

-
w

80001220~

¥4162680°0-
CELIPEYOO
yozZivLio
§6€850¢°0
SHSLEYOD
9€526950
42960040
81492€8°0
806¢96°0
609604

Fi3
I
@
-d

DL DOND N T DOV -

) x
o¢ 0z o

Y T T

~ O W0 e MmN -

weue) pinbry

MDD T ON -

T

%

THH |ere

¥ ‘peey ojineipAy pinbyy

D.32



. ‘UMOYS 918 Z1 YSnouy) | 5958D) 1S3, "JuBY, ISEAN © JO
UO1193§ §501) _s_va& © ut anjesadwa g, pus Juauo)) INISIOIN SBL) ‘SI0NA AIDOPA
pinbry ‘uajuo) pinbry ‘uoneinies pinbry ‘peay dyneIpAH Jo siold inojuo) g NSy

Case 9,t=10yr

$L0¥°0¢
8re'oe
s802'1¢
695°1¢
5626°1¢

ez -

$059'2¢
tioee
sieee
2ELEE
§280'vE

duse) tere)

) x
02 04

T Y

DLRDND DO N -

0, ‘emjnieduie)

W x

.

-— - .
- o
——- .
-

- .

AW ¢

i
\

\\\\\\\ - .

Pttt t——— - .
——a N
e T
e et
le—v—eraman e - - -

B

g = L

et
R e L SR

1uvjuOD eSO $BY

o x

2

AN
P2 N N
P O N

LU N NP +1
PN N

reaared N NN\ o

kl/"\\\n\\ TN
FPYY 4 A\ COREE U U W
PRy 4 A TC S N N N
FSY71 [N WL N
e s AN N\
et AV o

F2435355 555 2 T T

224553353 5.9 T T I

-lna

-l -

Wz

-

Wz

-

(enpujeu) s10190 A AidojeA pinbry

$111622'0
$19£920
§21590€°0
175YE0
$L08£9€0
5002290
$20C1970

oNn

Yo
4]
250
850
90

0
9L'0
90
890
60

s

SOPE0'L-
et
S86E04+
8eco')
526601
62£0'}-
552€0'4-
e’y
SOIE01
SIE0'):
shgo)

THH (eae

~ oD TN

|oAé

DLCOPONODIODCON -

loa0q

DLCDDONOWODTON -

) x

-

M)z

ejuog pinbp

o x

uopsinieg pinbn)

o x
St

01

L
~N

Wz

-

— e

Y 'peey ofineupAH pinbry

D.33




Case 10,t=10yr

2081°0¢
ri55°0¢8
§216°0¢
LeLeie
oreo'ie

968°1¢
aLseee
ca1l'ze
§6L0°cE
20bh'ce
glogce

due) jersy

11069000
PEOPEIE0'0
$0661€0°0
190¥92€0°0
£8082¢€€0°0
1y6€€0°0
21165¢£0°0
€EIP2SE0'0
§1685€00
S9I¥SILOD
£8t6LLEO0D

OMD (ore]

D LPDDODN OO TN N~

DA BB DWVETON -

. "UMOYS 918 Z{ y3nouy) | sase)) 1S9, "JurL, 9ISEM © JO
uo1oag s501) feipey e ug dsmesddws g, pue ‘udjuo) QINISIOJN SBD) ‘5103997 ANOOJPA
pinbry ‘usjuo) pinbiy ‘uoneines pinbry ‘prapy olneIpAy Jo s1o0d anouo) ‘g Sy

o x
02 ol
1t
. 1% n
e 2
- g 1
0, ‘einjwiedwiey
) x.
02 [i]

- ” Q‘l :
(1) I 4

1UBILOD BINISION SUD
M x

ot 02 [}

T T Y
o > me ma mp me e e v w m m m ™ N 6 s .
L . (U Y . .
U M . . . 13 1) ] * + L] ] ¥ ] [ » . ’
L S T T S S Y T T T 4z
“ S T S S S S T R N R R T N
S L N e R | —
R T T L R L B I IR} =3
H . * * * . + + ] + . ] + ] : ’ ' r 1&™
P
O R e L e

. L] 1] 1] . L] . L] L] 1] L] . L] . L] 1] ]

L 0 * ' ' [ [ ' ’ ’ . ] [ ] ’ ' [ N
S T T T Y T S T R S T T N B ¢
R O I T T Y S T T ST J SR TR S S SR

(enpejes) s10100 A Ay20i8 A pinbi

€926€22°0
STIvESZ0
99¥920€°0

§922Y¢0
TizLieeo
¥LSLITYO
26650990

TON

rrZerr'o
£9S0E6Y0
SZLMMYSO
19805650
90045990

§1€989°0
262680420
€EYSL6L0

SL51849°0
aLss0800

050€676°0

1§ feasy

€64180500
198SYE10
9268420
€551206°0
1E65960
»126070
P€6YESS 0
12L2LET0
12504220
P1£8P08°0
10198890

THH o0

© ¢t N -

~

{one7

D DO DDETRN -

0N TN -

0D D

Y ‘pBOH SUNRIpAN pinby

M x
0t 0z o1
- 1
— .
| —= . 3
L—
s 1
ueuo9 pinbyy
W x
o¢ 02 ot
v v v !
= : = =z
. - 3
= €
| — . .
L .\'l 19
uopeines pinbiy
) x
113 [ $2 0z 18 01 ]
5 1
L {z N
£
N\ e
1

D.34




Case 11,t=10yr

€e61°08
S6vs0¢
9508°0¢

29%'1¢
€019°te
srigie
Loeeze

©189EE

ZEYOEE
seecce
LSSL'EE

dwe) jerey

2630€00
€ECIco’o
r81€0'0
$192¢0'0
952€€0°0
L69€€0°0
8€5v¢€0'0
8L15¢0'0

295€0°0
19b9€0°0
2012600

OMD [ere)

DCOONDOIDTON -

DLXPDNDOWNTO N ™

. "UMOYS 318 Z1 ySnoay) | 5958 1S9, "JuL ], 2ISEM € JO
Uo1193g §501)) jeipey B Ul 21njeIodwid ], pus Jusjuo)) aIISIO SeL) $10103 A ANS0[A
- pinbr ‘uasuo)) pinbry ‘vopeinies pinbry ‘pesty oyneipAx 3o siojd snojuo) ‘g 2andiyg

W x
e 02 04 .
x Sl
9, ‘ammiedweo )
W) x
A [ 02 o
uejuod eiMsioN S8
M x
0t 02 [
P o e e o e e s e v v m wm w4 s
4 bl Y ~ ~ ~ ~ ~ A . . . . 0y . .
' 4 A} 1) L] ] ) [} . 1) [} LI} + ) ) . .
S S S [ T R}
L L T R
Q . * L] L] L] ] L] ’ ) L] [] L] L] L] L] 4 )
S T T T S T
L T
L S T S S T T S S S S S
L T S S S T S S S
LA T S S S S S T S
LAY [ ] ’ [ . [ [ [ ‘ [ [] ‘ ) [ [ :
. . ) [P SR . + ) [ ) ) [} ’ ) . ] +
| SR L L LA L L A R N R U

o~ -

Wz

o~

Wz

-

(eaneio1) 510198 A Aj20)0 A PINbY

€9.662T0
STIrEDT0
eevezoc'o

Se22Ye0
zizLieeo
riSLIZYO
1£6500Y°0

TN

HIZEPY0
€950€6Y'0
S2UMPSO
19805650
8005990

S15509'0
26269920
CEYSL6L0
SL518Y8°0
91248660
056€616'0

18 teney

§6211500
ShivELo
sogteizo
92610¢0
siesseco
10269%0
$22682550
BEPIEY0
9£5002L°0
699€08°0
9821800

THH jersy

O W T ON -

forey

DB BNOCACTON -

MDD D W E DN

) x
0z

ol

uejuog pinbyy

o) x
02

uopwinies pinbry

W x

Wz

Y ‘prep ofinwipAH pinbry

D.35




. "UMOYS 318 ] YInoy) | sase)) 159, jue], 9158\ ¥ JO
UO1}03§ $501D) jeipey € ul anjesadwa , pue Juajuo)) SINISION SBO) ‘S10199A ANDOJPA
pinbrT ‘yuajuo) pinbyy ‘voneinieg pinbi ‘peat sinespAH jo sjopd ooy ‘g @ 2andiyg
M) x W x
ot 0z oL . ot 02 01
zos10e o y ' . — -~ - -
yissoe 2 N " s
s21608 ¢ .
®Ew Y
BHERIE  § 1N coeczze 1+ F = LY
968 1s 9 = seWeezo 2 3
eseee L ¢ 2 govezoe0 ¢ | 1€ 2
teuLze ¢ . sezzYeo ¥
$8066 6 y ¥ zizueee s | 1
o0MES ¥ visiizvo 9 . . .
ol08cc @ ! o _ 166509¥0 £ ‘
duwe) feae 9, ‘smiriadiie) TON ler0 o pinbry
‘ . x o x
0¢ 02 0l 0 02 01
210690€00 1 N ' v eEvre b * - — - L
YEOPELEDOD ] . ) 4 €OS9Eer0 e 1 \O
S0681600 € SEUMISO € @
poosiero A | > 1w wose 2 a
iveccoo 9 M ¢ m $1€989°0 ] ¢ M\"w
L11859€00 - £ M Tozeorlo 3 3 )
€EL¥26E0°0 [} /! v eEYSL8L0 ]
$1685£0°0 8 v [ SLSi8¥8°0 3 L 49
991959€0°0 v 91110880 \ 4
£8188L00 @ 4 . esecev60 @ 4 . 4
OMD 1ere] 1USIUOD INISIO N SBD 18 (eae7 uoprinjes pinbry
W x o) x
oc 0z o1 . st oe 52 02 st oL ) ]
/- o A B T T U U S N S W S 1 .“-_H '
5 ,“\z,./,,,,,,,,.,._.._ HMM }
pey ) n L N N N O O S S T Y T T T B T sro- ¥ -
- _ 7 vy w LSS Y O T T T O Y T T S A T ] ~ . s z W
B ] V2 1.3 Lo- 9 2
- “ ot € es0- L | €
- RN 990- ¢ !
u [ n u 1 v90- 8 | o
Y Al _ . e ¥ T
] 90 8
% (oanejes) 8101007 AioojeA pinbiy THH [er07 ¥ ‘PROH o(InBIpAH pinbn



Appendix E

Drainable Porosity for Stabilized Saltcake Tanks
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Appendix E

Drainable Porosity for Stabilized Saltcake Tanks

When a saltcake tank is pumped, the volume fraction of interstitial liquid that is removed
from the stabilized waste volume is called the drainable porosity. The drainable porosity is equal
to .

PIL/(DILL x 2.75 kgal/in.)

where PIL is the pumped interstitial liquid (kgal), and DILL is the drop in the ILL (interstitial
liquid level) from its stabilized starting liquid level. This stabilized starting liquid level should
be the final surface level of the waste after supernatant liquid is removed and the surface of the
solid waste has collapsed to its final level. Generally, when the waste profile is initially fully

-saturated with liquid up to the surface before pumping, the PIL is the liquid amount removed
from below the final waste surface level and excludes the amount of pumped supernatant liquid.
This means that the amount of liquid produced by collapse of the waste profile must be
subtracted from the total amount pumped. Then

PIL = Pumped Amount - (LS - L) x 2.75 kgal/in.
and
DILL=L-ILL

where LS is the starting surface level, and L is the final collapsed surface level of the waste
profile. That is, LS is the pre-stabilized waste level, and L is the post-stabilized waste level. L is
also the starting level from which the interstitial liquid begins its decline during pumping.

‘To be stabilized, the ILL must be decreased as much as possible below the solid surface
level. The smallest that the ILL can be decreased to is the capillary holdup height above the
interface between the saltcake and sludge layer. Often the stabilization is not entirely completed
(it is not practical to continue pumping long enough), and the final ILL stands above the sludge-
saltcake interface, or above the tank bottom, by a height greater than the holdup height. There-
fore, DILL is the drained waste depth affected by stabilization, and PIL is the amount actually
removed from that affected drained waste volume. The amount given by (LS - L) x 2.75kgal/in.,
which is subtracted from the total pumpage, includes the supernatant liquid pumped and also the
amount derived from collapse of the profile. If the amount of supernatant liquid standing above
the starting solids level, LS, is known beforehand, it is also subtracted from the total pumpage.

The importance of the drainable porosity is that its value is used to estimate how much
more liquid must be pumped out to lower the ILL by a depth of DILL. When fully stabilized, the
remaining liquid is held up in a saltcake waste profile by capillary retention and cannot be further
drained or leaked from the tank.
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Letting P be the porosity, assumed as initially filled with interstitial liquid, and DP the
drainable porosity, calculated as explained above, then P - DP is the retained volume fraction of
liquid in the stabilized volume. The total amount of liquid retained by capillary retention is equal
to (P - DP) x DILL x (2.75 kgal/in.). Also, there is the amount held below the ILL and above the
sludge layer (when present): P x (ILL - Lsludge) x (2.75 kgal/in.), where Lsludge is the height of
the sludge in inches. The smallest (JLL - Lsludge) can be is H, which is the holdup height.
Generally, H is accepted to be about 12 in. in saltcake, although it varies among tanks. When a
tank is not fully stabilized, DP x (ILL - Lsludge - H) x (2.75 kgal/in.) is the amount that could
potentially still be drained or leaked. A sludge layer, if present, could also potentially drain
additional liquid by consolidation of its volume, but the drainable porosity that applies is much
smaller than for saltcake, generally accepted as about 12 vol% for sludge compared with 45 vol%
for saltcake. Moreover, the effective capillary holdup height in sludge is much greater, and most
sludge layers cannot be drained much. But the dryness of stabilized saltcake, not the drainable
porosity of sludge, is considered here.

Figure E.1 gives the drainable porosity in volume percent for stabilized saltcake tanks.
Drainable porosity is seen to be essentially independent of DILL in Figure E.1. The trend of PIL
with DILL is shown in Figure E.2. The slope of the lines (curves) marked by “+” and “x” when
divided by 2.75 kgal/in. constitute average drainable porosity for each of the two tank groups.

Drainable Porosity
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Figure E.1. Drainable Porosity for Two Groups of Stabilized Saltcake Tanks. Squares include
most BY tanks and circles represent most TX tanks. The specific tank names in
each group are provided in Figure E.2.
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Figure E.2. PIL Depending on DILL for the Two Groups of Stabilized Tanks.
The + and x show the trend predicted by using a single pore-size index, b,
within each tank group.

The squares (first group including BY tanks) represent about an average of 30 vol%, whereas the
circles (mostly TX tanks) represent average drainable porosity of about 13 vol%. (These values
are direct averages given in Figure E.1 and not the slopes in Figure E.2.)

The trends shown by “+” and “x” in Figure E.2 are based on a capillary retention model
called the Brooks-Corey model, which has the parameters P, H, and b, where “b” is the pore-size
index that indicates how strongly liquid is held up above the holdup height H by capillarity in an
unsaturated porous medium. That is,

log(1 +h/H)=bxlog(P/VLC)

where VLC is the volumetric liquid content that depends on the height, h, measured above the
holdup height H. Note that (h + H)/H equals the ratio P/VLC raised to the power b. Notice
where h is zero, right at the top of the holdup, VLC =P. For h becoming greater, VLC becomes
smaller than P. Here h is the height measured above the ILL, so its maximum value is DILL at
the waste’s top. (Note the reference location is always a depth H below the ILL, and ILL is
always the level of the saturated zone above a tank’s bottom including the holdup height, H. For
h measured above the ILL, the total height h + ILL above the bottom, the waste is unsaturated
with VLC depending on h according to the Brooks-Corey equation.) :
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When a tank is drained by pumping down the ILL, the porosity P less the average VLC
retained in the unsaturated volume equals the drainable porosity, DP. Therefore, when H and P
(the liquid saturated value of VLC) are known, then “b” can be related to DP for each pumped
tank profile. Thus DP is an average of the drained porosity and will depend on how much waste
depth is stabilized. Contrary to common usage in the stabilization record (Swaney 1994), DP is
not a constant value that applies to whatever waste depth is stabilized. Moreover, when DP is
determined by partial stabilization from the drop in the ILL and the pumpage amount, PIL, this
does not necessarily predict how much of the remaining liquid can be drained. The practice has
been to use DP to estimate further possible drainage from the ILL that still stands a height greater
than H above the saltcake-sludge layer interface or the tank bottom. Actually, DP depends on
how deep the waste profile is stabilized, and DP is greater for greater DILL, assummg that a
single b applies on the average to an entire waste profile.

- In Figure E.2, the first tank group (squares) is represented by b = 1.4 and the second
(circles) by b=2.8. It was assumed that H= 12 in. and P is about 45 vol% for the first group
(except that BY-112 and BX-111 had P of about 55 vol%) and 35 vol% for the second group.
These two mean values of b are based on a regression fit of the Brooks-Corey retention model for
each group. In general, a set of “b” values can be estimated corresponding to each tank so that
predicted PIL or DP exactly equals the measured values of DP.

Figure E.3 gives the pore-size index evaluated for each tank of the two groups. Larger
values of “b” are associated with the TX tanks having relatively smaller drainable porosity
~ (circles in Figure E.1). The pore-size index has no apparent correlation with DILL, indicating
that b is associated more with a waste’s liquid retention than with the profile depth. Figure E.4
shows the correlation of pore-size index with drainable porosity over all stabilized tanks. This
plot shows that “b” has a predictable dependence on DP.

Pore-Size Index for Stabilized Tanks
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Figure E3. Pore-size Index for the Two Groups of Stabilized Tanks
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Correlation of Pore-size Index and DP
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Figure E4. Correlation of Pore-size Index and Drainable Porosity for All Stabilized
Tanks in the Two Groups

The importance of estimating b values is that the Brooks-Corey retention model can then
be used to estimate the average trend in the VLC with height above the ILL. By itself, the
drainable porosity does not indicate how dry the surface may be relative to waste deeper in the

profile. However, having a b value makes it possible to determine how much drier the surface
might be relative to the deeper waste.

Values for the drainable porosity and pore-size index are different than those previously
reported (Simmons 1995) because a different approach for estimating DP from tank pumping
response data was used. The previous estimates made use of DeWeese’s (1988) revised evalua-
tion of drainable porosity based on including additional P-10 pumpage that was not originally
included with the jet-pumped amount. These estimates did not always accurately account for the

distinction between the amount of liquid pumped as supernatant liquid and the amount from
below the final surface level as actual PIL.

E.1 Estimation Method

The evaluation of PIL was based on pumping records found in Hanlon (1995) and
Swaney (1994). The P-10 pumping amount given by DeWeese (1988) was included with the jet
pumped amount to define the total pumpage. Level information for the waste profile, before and
after pumping, was taken from the plots published by Whitney (1995), who gives the necessary
information on both liquid level determined from liquid observation well (LOW) records and
surface level determined with manual tape or Food Instrument Corporation (FIC) gauge.

E5




However, Whitney mainly describes conditions since about 1981. Dip tube measurement records
of liquid level just after pumping were usually found in Swaney’s records. Brevick (1994) was
used for waste level before pumping. In some cases, it appears that DeWeese’s estimates did not
use the final waste solids level following pumping. - In the method used here, the supernatant
liquid pumped during collapse of the waste level was calculated rather than using amounts
reported by Swaney. Often the amount derived from P-10 pumping was removed as supernatant
liquid before the waste surface had collapsed to its final height. DeWeese sometimes attributed
the entire amount to the initial profile height, LS, instead of L, as required to find actual PIL.

_ Generally, the drainable porosities evaluated here are substantially smaller than those
revised by DeWeese. This is the case for TX tanks. Porosity values estimated here tend to be
similar to the original values in Swaney’s stabilization record. DeWeese’s revisions are some-
times inappropriate because the P-10 pumpage was often attributed to the interstitial volume of
the final waste profile when in fact it should have been derived as supernatant liquid from
collapse of the starting waste profile. It appears that some TX tanks were pumped in two stages.
The first stage included the P-10 pumping and placed the final ILL below the physical surface
based on the waste volume. In the second stage, the ILL was further dropped to the final dip tube
reading, and the stabilization record given by Swaney was used to estimate drainable porosity.
Such drainable porosity estimates are usually much less than those recalculated by DeWeese that
associated the entire pumpage with the starting waste level. The method proposed here, how-
ever, attributes all pumpage between the starting level and final waste level to supernatant liquid,
and only the remaining amount is viewed as interstitial liquid, drawn from below the final waste
solid level. Thus the same systematic procedure is applied to every stabilized tank, regardless of
whether the tank was pumped in repeated stages.

Some examples are of value for considering the distinction in methods for finding
drainable porosity. A good validation case is Tank BY-104 because the waste surface level was
recorded during jet pumping using a manual tape. The waste starting level was 240 in. and the
final level was 156 in. The ILL dropped to 48 in. (by dip tube) after pumping, and 330 kgal were
pumped. Recorded supernatant liquid volume is determined as 231 kgal, and PIL is 99 kgal.
Thus DILL = 156 in - 48 in., and drainable porosity is 99 kgal/108 in./(2.75 kgal/in.) or is equal
to 0.33. The final ILL is actually 48 in. plus the unknown holdup height, which was taken as
12 in. for all tanks. The 33 vol% porosity is consistent with DeWeese’s revised estimate.

~ Tanks TX-113 and TX-114 were P-10 pumped, and DeWeese revised the original
drainable porosity recorded in Swaney. For TX-113, the drainable porosity estimates are 17, 35,
and 26 vol%, respectively, for the Swaney original, DeWeese revised, and new proposed value.
For TX-114, the three values are 22, 33, and 19 vol%, in the same order. Typically, it was found
that more pumpage is attributed to collapse of the waste level in this estimation method proposed
here. Also, starting waste levels recorded by Brevick for TX tanks are often greater than those
based on Hanlon’s waste volume record. The consequence is that the proposed method attributes
a smaller amount of PIL to the final waste level, and hence drainable porosity is less.

The varying amounts of liquid pumped as supernatant liquid from different tanks are

described by a collapse factor, Fc, which equals (2.75 kgal/in.) x (LS - L)/Vwaste, where Vwaste
is the total initial waste volume. This factor is the volume fraction of supernatant liquid derived
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from the collapse of the starting level, LS, when dropped to the final level, L. The collapse
factor, Fc, determines the reduction in the starting average volumetric liquid content, VLCS, to
the final waste porosity, P. That is, '

P=(VLCS-Fc)/(1 - Fo)

Brevick provides estimates of the waste’s beginning void fraction, which can be equated to
VLCS. Then, given an estimate of Fc, the P can be estimated for the collapsed waste profile.
The collapse factor accounts for pumpage that is not now included in the drainable porosity.
DeWeese’s revision did not always distinguish between pumpage as supernatant liquid and as
PIL. The distinction is essential to calculate the capillary pore-size index of pumped and drained
waste. Previous estimates of “b” (Simmons 1995) were subject to error because they were based
directly on DeWeese’s revised estimates of drainable porosity.

Figure E.5 gives values of Fc for the stabilized tanks. These values appear random over
the starting waste level. A few of the BY tanks appear to exhibit greater collapse, possibly
related to the sludge portion of the waste profile that is not present in the TX tanks. One hypo-
thesis suggests that the collapse attributable to sludge consolidation contributes additional
pumpage that appears to come from the saltcake as PIL. This sludge consolidation would cause
tanks with saltcake-sludge layered waste to yield larger apparent drainable porosity because
additional liquid is expelled upward into the saltcake from the sludge due to the increased
effective weight (overburden) of the saltcake. When saturated with liquid, the saltcake layer is
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Figure E.5. Collapse Factors for BY and S Tanks (squares) and TX Tanks (X). Points
indicate 31 jet-pumped tanks.
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partly supported by buoyancy. When unsaturated by pumping, the saltcake overburden is
increased; and the sludge layer beneath is subject to greater internal effective stress, which drives
consolidation and expels liquid.

An equation can be derived for correcting DP that takes into account the liquid expelled
into the saltcake layer from a consolidated sludge layer beneath. Letting DPO be the apparent
drainable porosity based on the entire estimated PIL, the actual DP excluding liquid acquired
from the sludge is given by

. DP=(DPO - ax Lsludge)/(1 - a x Lsludge)

- where “Lsludge” is the sludge layer thickness, and “a” is a volume compressibility coefficient,

- with units of 1/in. Here “a” is the actual sludge volume compressibility multiplied by the inter-
stitial liquid’s specific gravity. Laboratory measurements of “a” for sludge simulants yield
values about 0.001/in. A comparison of observed DP for BY tanks having sludge layers and for
TX tanks suggests an “a” value around 0.005/in. for actual in-tank sludge. The equation above
was used to modify the estimates of DP for tanks BY-104, BY-107, BY-109, BY-110, BY-111,
BX-111, and TX-103. For tank BY-104, the DP was changed from 0.38 to 0.3, for instance.
Tank TX-103, which actually has a substantial sludge layer, showed the greatest revision, from
about 0.4 to 0.13. These revised DP values tended to give a pore-size index greater than 1,
whereas prior to correction, the b value was less than one. A list of the revised drainable porosity
for these particular tanks is given below. Estimates of pore-size index are based on these revised
values rather than on the uncorrected original value of DP (given in Tables E.1 and E.2).

Revised Drainable Porosity accounting for Liquid from Sludge Layer Consolidation

Tark Drainable Porosity
BY-104 0.3

BY-107 0.23
BY-109 0.22
‘BY-110 0.33
BY-111 0.26
BX-111 0.49
TX-103 0.13

Tables E.1, E.2, and E.3 summarize the quantities discussed. The three estimates of DP
are compared, and two sets of pore-size indexes are listed along with the associated saturated
liquid contents. The first list of pore-size indexes is based on a guess of what the porosity might
be in the saltcake for present tank conditions. The second set represents the tanks just after
stabilization, and the porosities are based on collapsing Brevick’s estimates of the initial waste
void fraction. Together, the two sets suggest what the range in “b” is likely to be in stabilized
tanks. The drop in the ILL (DILL) for past conditions (post-pumped) is used along with PIL
estimates to calculate the proposed DP values. Using the DILL for past conditions and the given
DP, the PIL can be back-calculated. Total pumpage is provided for comparison. But recall that
PIL will generally be much less than the total pumpage, as reflected by the collapse factor, which
indicates how much supernatant liquid was pumped before the PIL. Depth of saltcake is the
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Table E.1. Drainable Porosity Estimates and Related Tank Waste Data@b<4.2)

Tank Tank Pumpage Pore Size Porosity Pore Size Porosity

Farm ‘Number kgal total Index (1) *(1) Index (2) *(2)
BY 101 68 3.617 0.35 7.18 0.621
BY 104 330 1.225 0.45 1.58 0.515
BY 107 56.4 1.24 0.45 1.99 0.622
BY 109 128 0.7339 045 0.973 0.544
BY 110 213 0.886 0.45 1.61 0.608
BY 111 313 1.852 0.45 2.41 0.529
BY 112 116 0.646 0.55 1.02 0654
BX 111 117 0.1855  0.55 0.272 0.589
S 105 114 5.903 0.35 6.78 0.395
S 108 152 0.9567 045 = 0.861 0.432
S 109 111 4.166 0.35 5.05 0.411
S 112 125 1.824 0.35 2.7 0.449
™X 102 94.4 52.2 0.35 . 69.6 0.466
X 103 68.3 1.484 0.45 1.71 0.505
X 105 165 1.573 0.45 2.66 0.608
TX 106 135 0.3528 0.45 0.859 0.569
TX 108 13.7 2.898 0.35 5.4 0.605
X 109 72.3 0.8228 0.35 166  0.576
™ 110 155 4.2 0.35 7.11 0.542
™ 1M 98.5 5.302 0.35 9.2 0.569
> 112 94 3.644 0.35 7.15 0.602
™ 113 192 2.195 0.45 3.21 0.578
X 114 169 2.2 0.35 4.35 0.566
T™X 115 99 1.926 0.35 4.36 0.614
T™X 116 145 1.952 0.35 3.99 0.57
X 117 165 2.588 0.35 4.81 0.552
T™X 118 89 3.363 0.35 5.83 0.559

Notes:
(a) The original list of jet pumped tanks includes BY-102, 103, 105, 106, & 108. It was
not possible to find drainable porosity for these tanks for various reasons.

(b) Tanks BY-102 & 103 had no dip tube liquid level record available, and the present
liquid level is near or above the solids surface. Thus no apparent PIL was removed.

(c) Tank BY-105 had cement added to the surface, and now waste surface and liquid
levels are equal.

(d) Information on recently pumped BY-106 is still incomplete.

(e) This proposed method showed no PIL removed from Tank BY-108; waste collapse
accounted for all pumpage. DP, therefore, is 0, although DeWeese assigned a DP of

23 vol% while the Swaney estimate is 12 vol%. No LOW is available to confirm ILL.
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Table E.2. Estimates of Pore-Size Index and Corresponding Porosity( <<

Tank Tank DP DP . Drainable Collapse Pumped Dropin Dropin  Depth
Farm Number Original DeWeese Porosity Factor Effectiveness ILL - past ILL - now Saltcake
BY 101 - 10 19 11.9 0.078 100 107 68 103

BY 104 45 34 37.5 0.361 78.7 9 37 134
BY 107 45 32 34.4 0.048 68.5 45 42 77.7
BY 109 i 36.4 0.232 19.9 18 6 102
BY 110 13 43 48.1 0.208 86.2 82 24 107
BY 111 45 52 31.7 0.299 91.9 135 79 159
BY 112 42 42 454 0.045 81.2 82 69 113
BX 111 bl 55.9 0.221 100 ' 26 26 376
105 ex 845 0.158 77 124 82 173
108 bl 329 0.102 42.8 92 38 227
109 i 8.73 0.134 453 .86 32 202
112 b 20.5 0.074 60.4 134 75 234
102 36 0.68 0.28 58.4 21 95
103 25 413 0.228 100 19 9 0.455
105 30 30.6 0.023 85.2 171 223
106 41 41 0.123 51.4 71 38 150
108 13 8.52 0.04 81.4 35 35 55
109 45 17.9 0.135 17.6 24 5 148
110 32 1.7 0.193 85.9 99 175
111 18 8.58 0.165 78 ' 81 144
112 17 13.9 0.045 72.8 242
113 35 252 0.1 79.1 227
114 33 19.1 0.124 80.8 205
115 25 20.6 0.02 81.6 202
116 27 20.3 -0.096 74.4 215
117 27 174 0.141 84.3 203
118 35 10.1 - 0.195 61.2 115

S
S
S
S
>
TX
TX
TX
TX
TX
TX
X
TX
X
T
X
X
T
X

Notes:

(a) The original list of jet pumped tanks includes BY-102, 103, 105, 106, & 108. It was not possible to find
drainable porosity for these tanks for various reasons.
(b) Tanks BY-102 & 103 had no dip tube liquid level record available, and the present liquid level is near

or above the solids surface. Thus, no apparent PIL was removed.

(c) Tank BY-105 had cement added to the surface, and now waste surface and liquid levels are equal.

(d) Information on recently pumped BY-106 is still incomplete.

(e) This proposed method showed no PIL removed from tank BY-108; waste collapse accounted for all pumpage.
DP, therefore, is 0, although DeWeese assigned DP of 23 vol%, while the Swaney estimate is 12 vol%. No LOW is
available to confirm ILL.




Table E.3. Drainable Porosity Spreadsheet

Drainable Porosity kgal := 1000- gal

Tank TX-113

Jet pumped: 19.2 kgal

P-10 pumped: 173 kgal

Starting Liquid Level: 88 in.

Final Liquid Level (Dip tube): 47 in.

Starting Waste Level: 254 in. (Brevick record)
Final Waste Level: 228 in.

19.2-kgal —017 Swaney
(88-in - 47-in)- (2.75-"?—“1) origival
m
. . kgal
192-kgal - (235-in - 228-in)-2.75- 22 DeWeese
T =0347 revised
(228-in— 47-in)-2.75-kfg—al '
m

192-kgal - (254-in - 228-in)-2.75~£l
n
(228in— 47-in - 12-in)-2.75-k£l

m

New
=0.259 proposed

Tank TX-114

Jet pumped: 104 kgal

P-10 pumped: 55 kgal

Starting Liquid Level: 213 in.

Final Liquid Level (Dip tube): 37 in. .
Starting Waste Level: 213 in +55 in/(2.75 kgal/in) =233 in
Final Waste Level: 205 in.

104 keal =0215 Swaney
(213n- 37-in)-2.75- 584 original
m
159-kgal B
— o 703 C DeWesse
(213-in - 37-in)-2.75- K82 DeWee
m
159-kgal - (233-in - 205-in)-2.75- 4
mo_gi91 NV
kgal ) proposed

(205-in- 37-in— 12-in)-2.75-~8%
mn
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difference between the post-stabilized waste level and the sludge level, i.e., L - Lsludge. The
drop in the ILL-past (the quantity DILL) is usually much less than the saltcake depth, because the
* pumping is not completely effective—not all of the available interstitial liquid was pumped.
Pumped effectiveness, therefore, is the ratio of DILL/(L - Lsludge - H) in percent. For example,
Tanks S-108 and S-109 were apparently only about 43 to 45% effectively pumped, whereas BY-
101 is completely stabilized. Most tanks that are stabilized have about 80% pumped effective-
ness. A plot of pumped effectiveness versus collapse factor reveals no obvious correlation or
trend, so the effectiveness of stabilization does not have any apparent connection to how much
the waste profile collapses or how much pumpage is supernatant liquid. This is expected because
the amount of supernatant liquid pumped from any particular tank seems random and does not
relate in any apparent way to the original amount of waste, as shown in Figure E.S5.

The post-stabilized tank waste profile is not static after being pumped. Apparently, from
surface level graphs and neutron logs in LOWs reported by Whitney (1995), the DILL has
decreased substantially over time in most cases. In Tank BY-104 the ILL has increased consider-
ably with time, and the surface level has dropped. But most of the change in DILL is attributed
to the increased ILL relative to the solid waste surface. A possible cause is that porosity below
the ILL is becoming less as crystal growth continues by dissolution and re-crystallization of salt-
cake. This would displace liquid upward. Also, salt is likely crystallizing and filling in liquid
within the dissolution gap around each LOW pipe produced when the LOW was first drilled into
the waste. It is unlikely that condensation of moisture from the outside atmosphere or leakage
into so many tanks could account for the observed rise of the ILL or the apparent decrease of
DILL with time. Regardless of the time since being stabilized, the DILL exhibits a consistent
trend as shown in Figure E.6.
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Figure E.6. Trend of the Present DILL with the Past Value Just After Stabilization.
BY tanks (squares), TX tanks (X) and S tanks (+) are indicated. The final
drop of ILL (the present DILL) is the same as “DILL-now.” “DILL-past”
was used to find drainable porosity. The mean ratio of DILL-now/DILL-
past is 0.64 with std. dev. of 0.24 and a correlation of 0.92.
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E.2 Summary

The drainable porosity of stabilized tanks was evaluated with a newly proposed procedure
intended to distinguish better between supernatant liquid and interstitial liquid pumped from
saltcake waste. The drainable porosity can then be used to estimate the pore-size index of the
Brooks-Corey capillary retention curve, which gives the volumetric liquid content at a particular
height above the saltcake-sludge layer interface or above the actual ILL. However, the pore-size
index depends on the unknown porosity of the saltcake in its present physical condition, which is
very uncertain for the tanks at this time. It is difficult to pin down the drainable porosity because
the distance between the waste surface and the ILL, called DILL, has been changing over time, as
determined from LOWSs. Moreover, an accurate PIL is not easy to find from past waste level and
stabilization records. The pore-size index and porosity as physical variables that replace the
drainable porosity are essential to know if it is required to estimate the liquid content at the
drained waste surface. ‘

A recommendation from this study is that a greater effort is essential to measure the
porosity of typical saltcake in a drained condition. The porosity is also essential to convert the
volumetric liquid content into an estimate of weight percent water of saltcake. To more
accurately estimate total weight percent water, measurement of the moisture content associated
with the saltcake crystal structure (bound water) is needed also, because the capillary retention
model describes only the so-called free liquid held in the interstitial volume. Furthermore, there
is still a need to describe the crystal structure or grain size distribution of actual in-tank saltcake
to determine the correct capillary retention model that is applicable. '
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