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Chapters 13 through 17 deal with the system modeling that was done forTSPA-93,

and the results obtained for the performance measures considered--normalized cumulative

release, as specified in 40 CFR 191.13, and radiation-dose rate to individuals from drinking

contaminated saturated-zone water. All the information discussed in previous parts of the

report feeds into the system simulations. Simulations of nominal flow and transport are

performed using two different conceptual models of unsaturated-zone groundwater flow and

transport.

Chapter 13 discusses the models and inputs for radionuclide releases from waste con-

tainers. Chapter 14 discusses nominal flow and transport for the composite-porosity con-

ceptual model. Chapter 15 discusses nominal flow and transport for the weeps conceptual

model. Chapter 16 discusses human intrusion (exploratory drilling). Chapter 17 discusses

magmatic activity (intrusion of a basaltic dike).

Below is a duplication of the document "road map" (Figure 1-1), with the items for this

part highlighted.
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Chapter 13
Source-Term Model

(Lamont, Gansemer, Barnard)

The Yucca Mountain Integrating Model (YMIM) is a computer model developed

by Lawrence Livermore National Laboratories to calculate radionuclide releases from

repository waste packages and the engineered barrier system (EBS). YMIM uses a

number of inputs descriptive of the EBS and near-field processes and calculates failure

of a waste container due to corrosion, and the time-varying releases of radionuclides

from the failed waste package. The model considers the interactions among the pro-

cesses to make the container-lifetime and release estimates. Table 13-1 summarizes the

mechanisms included in the YMIM model. Note, however, that not all mechanisms have

been implemented for TSPA-93. For the purposes of description in YMIM, the near field

is considered to be that portion of the natural system that is needed to define the operat-

ing environment for the EBS.

Table 13-1. Principal mechanisms included in YMIM.

Component Principal Mechanisms
i i i i i

Near-field hydrology Time history of fractional time waste packages are wet;
time history of matrix and fracture flow past package.

Near-field chemistry Time history of pH, Eh, chloride concentration, carbonate
concentration, and fluorine concentration.

Temperature Time history of container-wall temperature; time history
of fuel-rod temperature.

Container failure Air oxidation; general aqueous corrosion; pitting corro-
sion; early failure of defective containers.

Cladding failure Creep rupture of cladding; cladding hydride reorientation;
fluorine attack of cladding.

Fuel-matrix dissolution Temperature-dependent fuel-matrix aqueous alteration;
temperature-dependent fuel-matrix oxidation; aqueous
and gaseous release modes; pulse release from fuel-
cladding gap; release of gaseous nuclides from surface of
fuel cladding; temperature-dependent solubilities.

13.1 Functional description of the YMIM code
The performance of the potential Yucca Mountain nuclear-waste repository is par-

tially determined by the interaction of the hydrologic, thermal and chemical regimes

within the near-field environment and the engineered barrier system (EBS) of the

repository. Evaluating the overall performance of the repository requires the integra-
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tion of models of each of these components. YMIM is a modular framework fbr integrat-

ing these models.

YMIM models the processes in the mobilization and release of radionuclides from

the repository. It is designed to allow a user to predict the time history of the releases

from the waste packages. YMIM models radionuclide release as occurring when the

waste-container walls and the fuel-rod cladding have failed. The model also allows for

user-defined failures of the containers, and for defective containers. The radionuclides

specified in the YMIM inventory module can then be transported out of the EBS either

by gas or advective groundwater transport through the corroded container and the rup-

tured fuel rods. The mechanisms listed in Table 13-1 all c_ntribute to these processes.

Each of the modules in YMIM is a model of one of the phy,_ical processes required

for the mobilization and release of nuclides from the repository. Although each module

has a well defined scope limited to a single physical process, they are designed to work

together as a single model. To do this the interfaces between modules have been care-

fully defined. Since each module is responsible for a specific process, it can provide to

any other module certain specific data about the status of that process during each time

step of the model run. The data provided by any module are intended to provide a com-

plete description of the status of that process. Thus the Hydrology module provides

fluxes each period, the Temperature module provides rod and container temperatures,

the Container Failure module provides the number of containers failing each period, the

Waste-Form Dissolution module provides the amount of each nuclide mobilized during

each time step and the amount remaining, and so forth.

Each of the modules updates its relevant state variables each time step of the

model run. For example the Container-Failure module updates the progress of corrosion

and the numbers of containers that have actually failed, the Waste-Form Dissolution

module updates that amount of material altered, decayed, and dissolved. To make its

update, most modules require information from other modules. This is obtained by call-

ing the other modules and requesting the needed information. The called module may

need to call other modules to make whatever calculations it requires.

Through this separation into modules, and through the clear definition of the in-

formation that each module is responsible for providing, YMIM is highly flexible and

can easily be adapted to use alternate models in its modules. As long as a module can

provide the information that is required, it will work within the YMIM framework.

The basic YMIM model is a stand-alone application that runs on a Macintosh or

Sun computer. It estimates the history of releases from a group of containers that rep-

resent a region of the repository. It is assumed that all of the containers in the group
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are subjected to the same near-field conditions of temperature, hydrology, and geochem-

istry. Therefore, in order to model the performance of the entire repository, several

YMIM runs, each representing a different repository region, are made and the radionu-

clide releases are added.

A second, FORTRAN-callable, version of YMIM has been developed to provide the

source-term modeling for groundwater-transport codes TOSPAC and WEEPTSA. The

FORTRAN-callable version of YMIM groups together several YMIM runs representing

different regions of the repository (see Chapter 14 for details). Each group shares the

same system parameters and geochemistry scenarios, while the temperature and hy-

drology scenarios are allowed to vary from region to region. The FORTRAN-callable

version of YMIM is queried by the transport codes once during each period of the simu-

lation. It calculates the release from each repository region during the period and re-

turns the summed mass release rate for each nuclide to the calling program. In

WEEPTSA, each container is considered individually and YMIM is called for each con-

tainer that is contacted by a flowing fracture for long enough to have a chance of failing

(Chapter 15).

13.1.1 Comparison with TSPA-91 source term

The YMIM model is a functional improvement in many respects over the source-

term models used in TSPA-91 (Barnard et al., 1992). Improvements include

• Mechanistic thermal dependencies,

• Container and cladding failure mechanisms,

• Dependence on geochemical properties and episodic near-field hydrology, and

• More detail in time histories of input properties.

To limit complexity and running time, less detail is modeled in other topics. For

example, diffusive release is not modeled. The threshold for local seepage flow based on

global parameters is not modeled, but groundwater flow time history is an input. Local

spatial variability is not modeled in the basic YMIM, but is handled by multiple calls to

YMIM with different parameter sets.

The thermal effects in the TSPA-91 source term were represented by a delay and

an interval of re-wetting times of the waste packages. For TSPA-93, YMIM implements

an input groundwater flux time history and temperature-dependent container corro-

sion, cladding failure, and waste-form oxidation and alteration rates. YMIM has time-

dependent input geochemistry and temperature-dependent radionuclide solubility

rates, although these were taken as constant for the TSPA-93 inputs.
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Container breach in the TSPA-91 source term was represented by input delay and

duration of breach times subsequent to the wetting time tbr the different containers,

generated by expert judgment or prior analysis. YMIM has a model for one- or two-

walled containers and several corrosion processes. The YMIM pitting corrosion model

gives a stochastic distribution of breach times for a given environmental history.

YMIM has a cladding model giving a distribution of cladding breach times.

In hydrology and hydrology-related effects the TSPA-91 and YMIM models are dif-

ferent, and YMIM has in some respects less detail.

• At the container level, the TSPA-91 model distinguished a fraction of containers that

remained dry in the presence of matrix groundwater flux because of a maintained air

gap. This applied to vertical borehole-emplacement cases. YMIM models the con-

tainers as undergoing aqueous corrosion if there is any matrix or fracture flux in the

near field.

• At the waste release level, TSPA-91 had a diffusive release process, operating without

or in parallel to seepage advective flux into the container. The diffusive release is

most important when there is water contact but low flux. YMIM has no diffusive

release, but has advective release whenever there is groundwater flux and a breached

container and cladding. YMIM has input time histories for fracture and matrix flux,

and input areal weighting factors for each. The advective flux into the container is

the weighted sum of these two fluxes. YMIM's release of solubility-limited

radionuclides, limited by water flux, may be slower than in TSPA-91's diffusion

process. Release of highly soluble radionuclides such as 135Cs may be faster than in

TSPA-91's diffusion process with retardation.

• The TSPA-91 source-term model had a computed threshold for fracture seepage flux

based on the global percolation flux, matrix hydraulic conductivity, and local vari-

ability. This was applied to the advective and diffusive release-enabling conditions.

YMIM, as noted, has input time histories for fracture and matrix flux, and multiples

of both are treated as seepage flux into the container. These inputs can be correlated

with other variables of the total system analysis before input. YMIM has episodic

flux which the TSPA-91 model did not.

• The TSPA-91 model had local variability in hydrology, represented by a distribution

about the mean hydrology, and arising in principle from stochastic or spatially de-

pendent effects. Release rate was a non-linear function of the local inputs. The TSPA-
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91 model aggregated the net release rate. This was done analytically, and hence is

only applicable when using the underlying simple bounding models. YMIM handles

spatial variability by a YMIM superstructure which does multiple calls with

different parameter sets to the core YMIM model.

13.2 Description of YMIM modules and model inputs
YMIM consists of nine modules that model the fundamental mechanisms leading

to nuclide release. Each module requires information from and provides information to

other modules. Figure 13-1 shows the modules and the information passed between

them.

When parameter values are listed in this section for a module, they are constants

used for all analyses. In other cases, the parameter values and ranges are applicable to

specific analyses, and are discussed in subsequent chapters. The following sections de-

scribe the application of the modules to the TSPA-93 analyses.

Near-Field Hydrology _ Rock-to-Container I_!t
• frequency of flow episodes _:_ Flow _] /
• duration of episodes _ _i_ Internal EJ

• matrix, fracture flux during i_=,_ " flow rate of water onto _ Container Flow !_
episodes !_i_.i container during flow I_!'_ i_

_ episodes i_ • exposed area of failed rod [_• fraction of time container _'_
.... • fraction of year flowing _ • fraction of surface l_

is wet !_ ___ __ _' _ exposed |_

" -_ 1 _. • area of rod wetted

Near-Field Chemistry :! Container Failure _ /

• ,rac,,ono,con,a,ne , .• pH I failed this period I'
• fluorine concentration L

• chloride concentration _ _ Waste-Form !_

• carbonate concentration I,_ Dissolution 'i
___:_ Cladding Failure • mass of each nuclide out

this period ill

I _:,_ii, fraction of cladding failed • container failures this

ti_- J this period period _i
Rod and Container

Temperature li_ f" I_
i_ • rod failures this period I!i_

• rod temperature 1_..._ . Nuclide Behavior t #IIF" • mass altered this period lil

• container temperature _i_ • mass of nuclides initially _ • mass oxidized this period I_
,_,_.__ present _ __'_-_'___

= fraction of nuclides decayed ! l
this period V

• solubility of each nuclide

• gap fraction for each nuclide _'1_utput for,time• rod surface inventory ....... eric ........._ii_

Figure 13-1. Functional structure of the YMIM model.
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13.2.1 Near-field hydrology

This module provides information about the flux in the near-field rock and the

fraction of the year that containers are wet. The amount of water present is used in two

ways. First, the waste-package lifetime is dependent upon the amount of time the con-

tainer is wet, and second, the transport of released radionuclides is dependent upon the

matrix and fracture fluxes. All water-flow parameters permit episodic contact, ex-

pressed as fractions of the time that water is flowing or in contact with the waste pack-

age. The parameter values for this module are dependent upon the analysis, and are

discussed in Chapters 14 and 15, and in Section 16.2.

Container degradation is assumed to occur by aqueous corrosion, and other pro-

cesses. The amount and timing of the wetting of containers is a factor in the corrosion

processes. These parameters must be consistent with the thermal history of the waste

packages; thus, at temperatures above boiling, water contact is assumed to be insignifi-

cant. Below boiling, water availability depends on assumptions about the groundwater

percolation flux, and the degree of dryout of the repository rock surrounding the con-

tainer. The YMIM corrosion model only differentiates between wet containers and dry

containers; the model does not consider the amount of water involved in wetting the
container.

The matrix and fracture fluxes can be specified independently. This implies that

the YMIM model can accommodate fracture and matrix fluxes characteristic of both the

composite-porosity (TOSPAC) and the fracture-flow (WEEPTSA) codes used in TSPA-93.

The flux used by YMIM is the sum of the matrix and fracture components.

13.2.1.1 Rock-to-container flow

The fluxes in the rock near the waste package are specified in the near-field hy-

drology module, as described in Section 13.2.1. This module calculates the fraction of

near-field flux that contacts a waste package. The output of the module is the input to

the Waste-Form Dissolution, Container-Failure, and Internal Container Flow modules.

The volume of water flowing onto a container is defined to be the amount of matrix

and fracture flux passing through a collection area. The module provides for the specifi-

cation of matrix- and fracture-flux collection areas that may be larger or smaller than

the cross-sectional area of the container. The total flow into the container is given by

the following equation:

Total Flow (voYtime) = Cf . f f + Cm . fro, (13.1)
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where Cf and C m are the fracture and matrix flux collection areas, respectively, and ff

and fm are the fluxes in the fractures and matrix, respectively. For example, for a verti-

cally placed container, the collection area would be roughly the size of the cross-sec-

tional area of the container, if it is assumed that there is no concentration or dispersal of

flux at the container. Different values for matrix and fracture collection areas can be

specified, as would be consistent with the two flow models used in TSPA-93.

13.2.2 Near-field geochemistry

This module specifies the geochemistry parameters used in the Container-Failure,

Cladding-Failure, and Waste-Form Dissolution modules. The input parameters are pH

and Eh, and chlorine, carbonate, and fluorine concentrations of the groundwater. (In

the current version of YMIM, Eh, and chlorine concentrations are not used.) The infor-

mation is used to estimate the rate of container corrosion, cladding-failure rates due to

fluorine, and the alteration rate of the fuel matrix. For time-varying geochemical pa-

rameters, values can be specified for different intervals of the model run.

For the TSPA-93 analyses, the geochemistry values listed in Table 13-2 were held

constant for the entire simulation time, due to the current lack of site-specific near-field

geochemical information. The data are taken from Meijer (1992). (See also Table 9-1 in

this report.) Groundwater chemistry data from two wells (J-13 and UE25p#1), and wa-

ter extracted from unsaturated-zone rocks are cited. (It must be noted that the data are

for far-field conditions, and are being applied to the near field, where the conditions may

be considerably different.) These data are our best estimates for ambient geochemical

conditions. It is not clear which direction the values may change for descriptions of the

near field, so the ranges are fairly broad.

Table 13-2. Geochemistry parameters used in YMIM.

Well Data
Analysis Parameter

Component J-13 UZ UE25p#1 Values/Ranges
HCO3 143 mg/1 - 698 mgfl 2x10"3 - lxl0 "2 mole/1

F 2.1 mg/1 - 3.5 mg/1 2.8 ppm
pH 6.9 6.5 - 7.5 6.7 6.5 - 7.5

13.2.3 Temperature

This module provides information about the temperature at the container wall and

at the fuel rods. Container temperature is used to determine the temperature-depen-

dent corrosion rates. Fuel rod temperature is used to calculate cladding failures, fuel al-

teration and oxidation, and nuclide solubilities. Waste-package and fuel-rod tempera-

13-7



ture profiles are discussed in detail in Chapter 10. They are dependent upon the em-

placement configuration and repository heat-load assumptions.

13.2.4 Container failure

The Waste-Package-Failure module contains mechanisms for waste-package fail-

ure due to corrosion as well as defective containers. The following sections describe the

processes modeled in the corrosion and defective-container models.

13.2.4.1 Container corrosion

This model can calculate the time to corrode both single-wall (borehole-emplace-

ment configurations) and double-wall (in-drift configurations) containers. It considers

air oxidation, generalized aqueous corrosion, and localized pitting corrosion. The air-ox-

idation and generalized aqueous corrosion rates are functions of temperature. Pitting

corrosion is modeled as a stochastic process with parameters that are also temperature-

dependent.

Two materials have been considered for the waste containers: a corrosion-resistant

high-nickel alloy (Alloy 825) for the borehole-emplaced container and for the inner con-

tainer of the in-drift package, and mild carbon steel for the in-drift overpack. The Alloy

825 is assumed to be 0.95 cm thick for both containers, while the mild steel is assumed

to be 10 cm thick; these values are based on the SCP design for the thin-walled waste

package (DOE, 1988a), and YMP system studies for the in-drift configuration (DOE,

1993a).

Air oxidation of the waste package materials is a temperature-dependent determin-

istic process that follows an Arrhenius relationship and is assumed to occur whenever

there is no water present. The Arrhenius equation is:

Rate = Ke -k//r, (13.2)

where K and k are rate constants and T is temperature (K). In order to determine the

parameters of the oxidation rate equation, corrosion rates are specified at two tempera-

tures, and the program calculates the parameter values from this information. Air oxi-

dation rates are listed in Table 13-3.

Generalized aqueous corrosion requires the presence of liquid water to proceed.

This is the dominant mode of corrosion for mild steel. The corrosion rate is a tempera-

ture-dependent parabolic function with a maximum rate occurring at a temperature be-

low boiling. It is assumed that no general aqueous corrosion occurs above 100°C. The

corrosion rate decreases as the temperature approaches the boiling point of water be-
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cause the corrosion process requires the presence of oxygen, which decreases as the

temperature approaches boiling. Figure 13-2 shows the shape of the aqueous-corrosion

curve. The model also includes a pitting-enhancement factor, which increases the depth

of generalized corrosion to account for pits in the mild steel overpack on double-walled

containers. Pits in mild steel tend to be broad and shallow, unlike those in Alloy 825,

which have a high aspect ratio. Thus, the pitting process in mild steel tends to decrease

the thickness of the container wall rather than creating small pinhole failures.

Table 13-3. Air-oxidation rates used for TSPA-1993.

Temperature Oxidation Rate
(°C) (mm/yr)

Alloy 825 a
253 2.4x10 -7
20 5.5x10 -16

Carbon Steel b
540 10.08
25 6.35x10 -6

a Data from Brasunas et al., 1946.
b Data from Uhlig, 1946.
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Figure 13-2. Generalized aqueous corrosion rate as a function
of temperature.

In order to specify the parameters for the general aqueous corrosion relationship,

the corrosion rate is specified at two temperatures, and the module calculates the neces-
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sary parameter values. The temperatures at which the rates are specified are the tem-

perature where the maximum pitting rate occurs, and 20°C. Table 13-4 lists the param-

eters elicited from experts by LLNL (R. D. McCright and G. A. Henshall) that are used

for this study. A pitting enhancement factor of 1 is used for the TOSPAC and

WEEPTSA analyses, and a value of 4 is used for the container-lifetime studies. The ac-

tual pitting factor is not known, so the two choices reflect this uncertainty.

Additionally, the experts feel that the corrosion process is so rapid that the difference in

the values may be insignificant.

Table 13-4. Generalized aqueous corrosion rates for

mild steel.

Temperature Rate
(°C) (mm/}rr) i

80 0.38(maximum)
20 0.12 '

Localized pitting corrosion of Alloy 825 is based on a probabilistic model of pit

growth (Henshall eta/., 1993); As with generalized aqueous corrosion, it is assumed to

occur only for temperatures less than 100°C. Under this model, it is assumed that pits

will randomly form on the waste-package surface. During each period of time (e.g., one

year) there is a probability, r, that the pit will grow. If it grows, it grows by a fixed in-

crement, g. The depth of a pit at any period is given by the sum of the incremental

amounts that it grew in prior periods. Pits randomly grow deeper until one pit on the

container has a depth equal to the wall thickness. At that time the container is consid-

ered to have failed.

Estimates of long-term pitting corrosion rates for Alloy 825 were elicited from ex-

perts by LLNL (R. D. McCright and G. A. Henshall). The experts were asked to estimate

the probability distribution over the long term of the growth rates of pits on waste pack-

ages in the repository. However, because the true conditions at the repository are un-

known at this time, the true distribution of growth rates is uncertain. To account for

this, three sets of pitting-rate distributions have been elicited. The Median growth rate

represents the median estimate of LLNL experts. It is considered equally likely that the

true mean rate of growth could be greater than or less than this. The Low and High

growth rates define the limits within which the growth rates are most likely to be ob-

served, (depending on environmental conditions). In the experts' judgment there is only

about a 5% chance that the true growth-rate distribution will have a mean higher than
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that of the High growth-rate distribution and about a 5% chance that it will be lower

than the mean of the Low growth-rate distribution.

The values elicited from the experts are shown in Table 13-5. Figure 13-3 illus-

trates the way that the elicitations should be interpreted. The figure shows three dif-

ferent probability distributions over growth rate at 70°C. It is uncertain which of these

will be the true distribution at the repository, however, it is unlikely that the true dis-

tribution over growth rate will be less than the mean of the Low growth-rate case, or

larger than the mean of the High growth-rate case.

Table 13-5. Estimates of corrosion rates for high-nickel alloy.

Temperature = 70°C Temperature = 100°C
Mean Growth 95th Percentile Mean Growth 95th Percentile

Growth,..,,Condition (mm/_,r) (mm/_r) (mm/_,r) (m m/_r)
Low Growth Rate 0.0001 0.001 0.01 0.1

Median Growth Rate 0.001 0.01 0.1 1.0
High Growth Rate 0.01 0.1 1.0 10.0

..-,_"'_ - Highcorrosion-ratecase
.L Ix,-" -........... ...........,........::7:.....................................::,:-;.......................

",_ ,-''-J _i .. _ r""" ..Mediancorrosion-ratecase
2 I_ _ --'""" --"" ..Lowcorrosion-ratecase
n I....;..........I " -- 7_ .................................>....................

1rate 95th percentile .--" ...-.-" ...--"
Corrosion rate

Figure 13-3. Illustration of pitting growth rates for three growth conditions.

The pitting corrosion program assumes an Arrhenius relationship between these

parameters and temperature in order to compute values for g and r at other tempera-

tures. Additional calculations are needed to determine the values of g and r needed by

the model. The actual values are shown in Table 13-6. The discussion below illustrates

the derivation of the model parameters using the Median distribution at a temperature

of 100°C.

Finding the values of r and g for this case requires a two-step process. First we

recognize that the underlying pit growth model is a Poisson process (a random number

of growths in a period, each of equal size). Given the mean and variance of this process,

the values of r and g can be computed (equations are shown below). Second, the Poisson

process converges to a normal distribution in the long run. Thus, the long-term distri-

bution over the pit depths will be normally distributed. However, the mean and vari-
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ance of this distribution are equal to the mean and variance of the Poisson distribution

that gave rise to it. Thus, by calculating the mean and variance of the distribution over

long-term pit growth, we can determine the mean and variance of the underlying

Poisson process and estimate the values of r and g. I

To calibrate the parameters of the corrosion model it is necessary to estimate the

mean and variance of the distribution of pit depths using the elicited data. The means

are given in Table 13-5. The underlying model of pit growth assumes that the pits grow

randomly in increments and that the probability that a pit will grow by an increment is

independent of its current depth. Consequently, the actual depth is a sum of indepen-

dent variables and it can be assumed that in the long term, the pit depths (and the long-

term growth rates)will have approximately a normal probability distribution. Given

the mean and the 95th percentile of the distribution, the variance can be calculated as

follows: For the normal distribution, the difference between the mean value and the

95th percentile value is equal to 1.645 times the standard deviation. In the Median

growth-rate case at 100°C the difference is equal to (1.0 - 0.1) mm/yr, so the standard de-

viation equals (0.9 / 1.645) or 0.547 mndyr. The variance of the annual growth for this

case equals 0.299 mm 2.

Since we assume in the underlying model of pit growth that the pits grow ran-

domly in increments, a Poisson model can be applied to estimate the distribution over to-

tal growth in a relatively short period of time (note that in the long term, the Poisson

process converges to a normal distribution). The Poisson model of pit growth is parame-

terized by the expected rate of growth increments, r (i.e., the probability of a growth in-

crement in a time period), and size of the increment of growth, g, given that a growth in-

crement occurs. From the Poisson growth model we have the following relationships be-

tween the mean and variance of growth during a time period, and g and r:

E(G)=g.r.t, (13.3)

and

Var(G)= g2 .r.t, (13.4)

where G is total growth in a period of time, r is expected number of growth increments

per unit time, g is the incremental growth, when a pit grows, and t is the length of the

period under consideration. In this case, the time period is one year so t=l, since the

data are given in terms of annual growth rates.
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The above relationships lead to the following equations for g and r based on the

mean and variance of the total growth:

r= E2(G)/Var(G), (13.5)

and

g = E(G)]r. (13.6)

Given the values for the mean and variance of annual growth, the values ofg and r

for the Median case at 100°C case are:

r = 0.033, g = 2.99 mm.

The parameters for all the combinations of growth rate and temperature age shown in

Table 13-6.

Table 13-6. Parameters used in YMIM Alloy 825 pitting model.

Temperature = 70°C Temperature = 100°C
Growth Condition _ (ram) r _ (mm) rnil lilll i i i i li i mill

Low Growth Rate 0.003 0.033 0.299 0.033
Median Growth Rate 0.030 0.033 2.99 0.033

High Growth Rate 0.299 0.033 29.9 0.033

During each period of a model run, the pitting rate parameters are used to deter-

mine the mean and variance of the dist:_ibution on pit growth. This distribution follows

a Poisson distribution. The cumulative pit-depth distribution is built up of these

Poisson distributions, which in the limit approaches a normal distribution.

The normal distribution of cumulative pit depths is the distribution of depths of all

pits on the surface of a container. It is conservatively assumed that a container wall

fails once the deepest pit reaches a depth equal to the wall thickness; therefore, it is not

the distribution of all pit depths that is of interest, but the distribution of the deepest

pits. This distribution is the extreme-value distribution. YMIM calculates the extreme-

value distribution from the underlying normal distribution of all pits on a container's

surface. The fraction of containers that fail in a given period is the fraction of pits in the

extreme-value distribution whose depth exceeds the wall thickness.

The extreme-value analysis assumes that each container has a fixed number of

pits on its surface. Letting the number of pits on a single container be n, the extreme-

value distribution is the probability distribution over the deepest pit in a sample of n
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pits. It is assumed in this analysis that the number of pits on a container would be in

the order of hundreds. The results of the corrosion model are relatively insensitive to

the assumed number once the number is larger than tens.

This reason for the insensitivity is illustrated in Figure 13-4, which shows the

complementary cumulative distribution over the depth of the deepest pit for the cases of

2, 10, 100, and 1000 pits per container. This analysis assumes the Median corrosion

case at 100°C for 100 years. The value of the complementary cumulative distribution at

a depth of D is the probability that the deepest pit on container is deeper than D.

0.75 _ ,, 10

Probability that _ '_ _ _\
deepest pit on \
container is 0.5 ..........

deeperthan _ _ _ _
the specified
depth 0.25 _

....

0 0.5 1 1.5 2 2.5 3

Depth of pit (cm)

Figure 13-4. Probability of failure as a function of number of pits.

From Figure 13-4 we see that if there are only two pits per container, there is ap-

proximately a 0.65 probability that the deepest pit is deeper than 1 cm. Thus, out of a

collection of containers all having a wall thickness of 1 cm, about 65% will have been

penetrated by at least one pit after 100 years under the assumed conditions. If however,

there are 10 or more pits per container the probability that one pit will be deeper than 1

cm is essentially 1.0. This result arises from the observation that the more pits there

are on a container, the greater the chance that at least one of them will be deep. f

From this illustration, we find that essentially all the containers fail in a relatively

short time even when there are only tens of pits on a container. Increasing the number

of pits shortens the time until most of the containers fail. But because most containers

fail in a short period of time anyway, it makes no appreciable impact on the analytic re-

sults.

For double-walled containers with mild steel overpack and Alloy 825 lining, the

corrosion model provides a probability distribution over the time of container failures.

Corrosion of the outer wall is a deterministic process involving only air oxidation and
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general aqueous corrosion. Pitting corrosion of the inner wall is a stochastic process

and thereibre produces a distribution over the time of inner-wall failure. The electro-

chemistry of the interaction between the two components could influence the corrosion

of the metals, but the tendency would be to reduce the corrosion of the high-nickel alloy.

For the single-walled vertical-emplacement container, the container corrosion module

provides a failure-time distribution due to the pitting process. In both cases, the failure-

time distribution is used to determine the fraction of containers that fail in each time

period of a model run.

13.2.4.2 Failure of defective containers

The failure of defective containers is assumed to follow an exponential distribution

with defective failures beginning immediately after emplacement. The parameters spec-

ified for this model are the fraction of containers that are defective, and the mean failure

rate for a defective container. The fraction of containers failing in period i is given by:

Failures in period i= Fo[e -at'-' -e-)_t'], (13.7)

where FO is the fraction of containers that are defective, ti.1 and ti are the times at the

start and end of the ith period, and _ is the mean failure rate. This process was used for

the TOSPAC calculations; the parameters are given in Chapter 14.

13.2.4.3 User-specified failures of containers

The user can specify a uniform rate of failures over a specified time period.

Although this is not intended to model specific failure processes (such as corrosion), it

allows the user the flexibility to specify failures for any process desired. This failure

mode was used for the WEEPTSA calculations; the parameters used are given in

Chapter 15.

This module models failure mechanisms for fuel-rod cladding--creep rupture of the

Zircaloy cladding, hydride reorientation of the Zircaloy, and fluorine-contact failure. All

three processes occur in different temperature ranges. The cladding-failure model as-

sumes that only one failure mechanism can be active at any given time, and the times at

which a mechanism may be active are defined by the temperature profiles. Given that

the conditions for a particular mechanism to be active are met, cladding fails at a con-

stant rate.

It is assumed that after emplacement, the fuel-rod and waste-package tempera-

tures will rise. During the initial temperature rise and cool-down, the fuel rods are as-

sumed to be dry. Only when the temperature drops below boiling would it be possible for
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water to come into contact with fuel rods (after the waste package has failed). The model

assumes creep can occur only if the temperature is above 350°C. Hydride reorieatation

occurs |br temperatures between 100°C and 350('C. Fluorine-contact failure occurs at

temperatures below 100°C (all these temperatures are user-deiinable). This latter pro-

cess only occurs tbr groundwater with fluorine concentrations greater than 200 parts

per million (ppm). For TSPA-93, the fluorine content of the groundwater is considered to

be well below the 200-ppm threshold (see Table 13-2).

The parameters used to calculate the failure rate are the fractions of rods that

would fail by the two high-temperature processes, the failure periods for these pro-

cesses, and the fluorine-failure period. The fluorine-failure fraction is assumed to be the

fraction of fuel rods that do not fail by other mechanisms. The rate at which failures oc-

cur is the failure fraction divided by the thilure period. The fraction of rods thiling in a

period by one of these mechanisms between times t I and t2 is:

Fraction failing = (t 2 - tl ) . Ft//T, (13.8)

where tl and t2 are the times at the start and end of the period, Ft is the total fraction

that can fail by the mechanism, and T is the time required to fail Ft of the rods by this

mechanism. These parameters were obtained by expert elicitation (R. B. Stout, LLNL),

and are listed in Table 13-7.

Table 13-7. Parameters of YMIM fuel-rod cladding failure model.

Temperature Period
Process !°C) , Fraction (years)I iiiiin ii iimnlm[ I Ill

Creep Rupture >350 0.1-0.25 300
Hydride Reorientation 100-350 0.075-0.09 100

Fluorine <100 balance.......... lOtO00

As isdiscussedin Chapter 14,claddinghas not been consideredas a barrierto releases

for aqueous processesforthe TSPA; the hydride reorientationprocess has been artifi-

ciallysetto 1 (i.e.,100% failuresby thismechanism) to model this. The values listedin

Table 13-7are used forthe containerlifetimestudies.

13.2.5 Radlonuclide properties

This module specifies the radionuclide inventory in a fuel rod being modeled, as

well as solubility and release properties of the inventory components. Solubility can be

temperature dependent, although temperature-dependence is not specified in the TSPA-

93 analyses.
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This module calculates tile amount of each nuclide specified in the initial rod in-

ventory, adjusted for decay. In addition to the radionuclide inventory in the fuel matrix,

the amounts located in the gap between the fuel pellets and the cladding are also calcu-

lated tbr highly soluble nuclides. Pulse-release fractions (from matrix grain boundaries

and from the matrix-cladding gap), and cladding-surface fractions can be specified for

appropriate radionuclides. The YMIM model does not include ingrowth of decay-chain

daughter products, so inventories must be modified accordingly. The choice of radionu-

clides and associated properties are dependent upon the analysis, and is discussed in

Chapter 5.

13.2.6 Internal-container flow

This module computes the exposed and wetted areas of a failed fuel rod. The inter-

nal-container-flow module takes as inputs the volumetric expansion of the waste form

due to oxidation and the initial cross-sectional area and length of a fuel rod. It calcu-

lates the exposed area by assuming that a fuel rod with failed cladding undergoes a

transition which results in complete oxidation to U308. The amount by which the UO2

matrix expands due to oxidation is an input parameter. The module computes the

change in circumference of the fuel rod and multiplies this value by tile length of a fuel

r" l to compute the exposed area. The wetted area of a failed fuel rod is assumed to be the

exposed area. Table 13-8 lists these parameters.

Table 13-8. Parameters for YMIM fuel-oxidation model.

Parameter Value
iiilltl i i J

Volumetric ExFansion 0.33
Initial Cross-sectional Area of Fuel Rod (m2) 9.6x10-5 a

Length of Fuel Rod (m) 3.71 a

a Data from Characteristics Data Base (DOE, 1992b).

13.2.7 Waste-form dissolution

The dissolution module models a number of mechanisms that determine the disso-

lution rate of fuel in rods with failed cladding in failed waste packages. These include:

fuel-matrix oxidation, fuel-matrix alteration, aqueous release, gaseous release of nu-

clides from the internal structures of the container, and pulse release from the fuel-rod

surface. Each of these mechanisms is discussed in the following sections. The waste-

form dissolution module keeps track of mass balances to ensure that amounts dissolved

are consistent with amounts altered and with the initial radionuclide inventory and de-

cay.
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13.2.7.1 Fuel oxidation

After the container and cladding fail, the availability of oxygen will allow the waste

form to begin to oxidize. As oxidation progresses, the UO2 matrix is altered, and nu-

clides are released from the matrix; they become available to be mobilized.

Radionuclides with gaseous release modes (e.g., 14C) are also released. The rate of fuel

oxidation is assumed to obey an Arrhenius relationship (Figure 13-5). Estimates of oxi-

dation rates are based on expert judgment (R. B. Stout, LLNL) of the time required to ox-

idize a fuel rod at various temperatures. Although these estimates do not follow an

Arrhenius relation perfectly, the general trend is roughly consistent with the

Arrhenius model. The discrepancy between the data and an Arrhenius relationship is

allowed to occur at the high temperatures (i.e., 300°C), where an oxidation rate of 30

years or 0.3 years is essentially the same on the scale of the TSPA analyses. Table 13-9

lists the fuel-oxidation parameters.
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Figure 13-5. Fuel oxidation rates.

13.2.7.2 Fuel-matrix alteration

The dissolution module used includes a model of matrix alteration resulting from

dissolution upon contact with water. As the UO2 in the matrix alters, the elements em-
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bedded in the fuel matrix become available for transport. The altered nuclide mass can

then be transported away, be released as gas, or reprecipitate. (The mechanisms for

transport are described below.) The alteration rate of the UO2 matrix is modeled as a

function of temperature, water pH, and water carbonate concentration, and has the

form:

Rate = A . 10 [ B+C'l°g( carb°nate)-Dplt-E/T ] (13.6)

where the rate is given in g/m2-year, carbonate concentration in mole/l, and tempera-

ture, T, in K. Parameter values are given in Table 13-10, and were obtained from Gray

et al. (1992), and by expert elicitation (R. B. Stout, LLNL).

Table 13-9. Fuel-oxidation parameters used in TSPA-93.

Time

Parameter (_,ears)I iii I i ii i iii ilrlii _ __

Fuel oxidation at 250°C 100
Fuel oxidation at 100°C 10,000

Table 13-10. Parameters for YMIM fuel-

matrix alteration model.

Parameter Value
iiiiii

A 0.414
B 7.45
C O.258
D 0.142
E 1550.

13.2.7.3 Gaseous release from fuel cladding

The fuel-cladding gaseous release model assumes that 14C is present on the surface

of the cladding. Upon container failure, this mass will be released from the container as

a gas. The amount of 14C released upon container failure is computed assuming that

there is a mass per unit area of 14C on the surface of all fuel cladding. Therefore, the to-

tal gaseous release upon container failure is the total surface area of all fuel rods in a

container multiplied by the mass per unit area. The mass per unit area for each nuclide

is an input parameter to the nuclide behavior model.

13.2.7.4 Pulse releases from fuel-cladding gap

The pulse-release model assumes that a fraction of the radionuclide inventory in

the waste form migrates to the surface of the fuel rod and is available for release once

cladding and container failure have occurred. The pulse-release fraction for each nu-
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clide is specified in the Nuclide-Behavior module. For each simulation time step, the

pulse amount released from a newly failed container is the product of the pulse-release

fraction, the cumulative number of fuel rods with failed cladding, and the mass of that

nuclide in a single fuel rod. For containers that failed in previous time steps, the pulse

release amount is the product of the pulse release fraction, the number of fuel rods

whose cladding has failed in the current time step, and the mass of the nuclide in a sin-

gle fuel rod. The amount of each nuclide that is actually released is the pulse-release

amount times the fraction of the rod surface area that is wetted.

13.2.7.5 Aqueous release

Once radionuclides have been freed from the fuel matrix, they are available for

aqueous transport out of the failed waste package. The aqueous-release model defines

releases from the container to be a function of the amount of a radionuclide that has

been mobilized from the fuel matrix and the amount that is soluble in the volume of wa-

ter passing over fuel rods with failed cladding. The radionuclide inventory available for

transport is the sum of the inventory that has been mobilized from the fuel matrix by

oxidation, aqueous alteration, and gap-release processes. The amount of a nuclide that

can be transported by water flowing through a container is the product of the volume of

water encountering fuel rods with failed cladding and the solubility limit of that nu-

clide. Aqueous release from the waste package is the minimum of these two values.
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Chapter 14
Nominal-Case Releases:

Composite-Porosity Model
(Wilson)

The "nominal case" concerns aqueous and gaseous releases to the accessible environ-

ment under undisturbed conditions--that is, undisturbed by human intrusion or effects of

volcanism or tectonism. Our nominal case includes processes, notably climate change, that
,_

are sometimes separated out and treated as disruptive events or processes (e.g., Codell et

al. , 1992).

As in TSPA-91 (Barnard et al., 1992), we calculate nominal aqueous and gaseous re-

leases using two different conceptual models for unsaturated-zone groundwater flow at Yucca

Mountain: the composite-porosity model and the weeps model. The composite-porosity model

assumes that flow is shared between the rock matrix and the fractures because of capillary

forces (pressure equilibrium between matrix and fracture flows), whereas the weeps model

assumes that water flows in locally saturated fractures with no matrix/fracture interaction.

Both of these conceptualizations are ideali_:ed, and reality is probably somewhere in be-

tween. Currently, not enough evidence exists to be able to rule out either type of behavior.

As was seen in TSPA-91, and as will be shown below for TSPA-93, releases to the accessible

environment are significantly different for the two models, so it is important to study both

models and to look for field evidence that may determine which model (if either) is a better

representation of reality.

In this chapter, the composite-porosity model and its computational implementation

will be discussed briefly, followed by a detailed discussion of release results obtained for

the model, parameter sensitivities of the model, and implications of the results for site

characterization and repository design. The weeps model and its results and implications

will be discussed in the following chapter.

14.1 Similarities to and differences from TSPA-91

The release calculations for the composite-porosity model are the same as those for

TSPA-91 in most respects, but they have been improved in several key areas. As in TSPA-

91, the release calculations are done using tile Monte Carlo method to generate probability

distributions for various measures of perforraance. The Monte Carlo simulations are done

using the total-system analyzer (Wilson et al., 1991; Wilson, 1992). The TSA is simply a shell

to run a sequence of stand-alone programs many times. Sampling of parameter values from

the input probability distributions is done using the LHS program (Iman and Shortencarier,
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1984), which is an implementation of the Latin-hypercube sampling method. Aqueous flow

and transport are calculated using the TOSPAC program (Dudley et al., 1988; Gauthier et

al., 1992). Gaseous releases are calculated using the GASTSA program, as described in

Section 5.4 of the TSPA-91 report, though the 14C transport times and source releases that

go into the calculation are different, as described in Chapters 12 and 13 of this report.

14.1.1 Similarities

Realistic calculations of groundwater flow and aqueous transport in three-dimensional,

heterogeneous systems, including all significant physical processes, are difficult, if not im-

possible, at the present time. The situation is made all the more difficult by the need to

calculate many realizations in order to characterize the system probabilistically. Therefore,

many simplifications were made in TSPA-91 to reduce the computational requirements to

tractable levels. We are well aware that the appropriateness of these simplifications must

be studied, but because of time and resource constraints we had to focus on improvements

in a few areas for TSPA-93.

Important simplifications that are unchanged from TSPA-91 include the following.

• Unsaturated-zone groundwater flow and aqueous transport are modeled as one-dimen-

sional (vertical).

• Gas flow and gaseous transport are modeled as two-dimensional.

• Groundwater flow and aqueous transport are modeled as isothermal and single-phase.

Flow is represented by Darcy's Law, and transport is represented by generalized ad-

vection]dispersion equations (see Dudley et al., 1988).

• Gas flow is modeled using the assumption that relative humidity is always 100% (see

Chapter 12).

• Gaseous transport is modeled as being purely advective, with no diffusion (see Chap-

ter 12).

• Percolation flux at the repository is applied as a boundary condition rather than by

calculating infiltration and diversion in upper layers.

• Hydrogeologic properties within stratigraphic layers are modeled as homogeneous and

isotropic.

• Radionuclide retardation during transport is modeled by a simple distribution coeffi-

cient (K,I).
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• Matrix/fracture coupling is assumed to be strong for transport and for water flow.

• Aqueous and gaseous releases are calculated independently and combined afterward

in an ad hoc manner (as described in Chapter 8 of the TSPA-91 report).

• Radionuclide releases from waste containers are calculated taking no credit fbr the

fuel-rod cladding and no credit for the waste container as a barrier after container

failure.

• All waste, including vitrified high-level waste, is treated as spent fuel in the source

calculation; a model for releases from glass waste has not yet been incorporated.

14.1.2 Differences

The choice of where to focus our limited resources was driven by three main considera-

tions. (1) The YMP is currently reconsidering some of the choices that were made during the

development of the Site Characterization Plan (SCP; DOE, 1988a). In particular, a change

in the reference thermal loading is being considered and changes in the container design and

emplacement mode are being considered. Many of the reasons for these considerations have

to do with interim storage and transportation of waste, economics, and ether areas outside

the scope of this effort, but it is important to study the effect of the various options on repos-

itory performance. The desire to evaluate relative merits of various thermal loadings and

container types drove us to give priority to improving our modeling of thermal effects and

container failure. (2) In late 1992, Congress declared that 40 CFR Part 191 (EPA, 1985) no

longer applies to the Yucca Mountain site, and directed the EPA to develop a new regulation

based on individual radiation doses (Public Law 102-486, 1992). Thus, it was clearly im-

portant for us to begin looking at dose calculations and to try to evaluate different possible

regulatory performance measures. One significant effect is that the saturated zone plays

a much more important role in dose calculations than in cumulative-release calculations of

the type specified in 40 CFR 191.13. Thus, we wanted to improve our saturated-zone mod-

eling. (3) From qualitative analysis of the models and from results of a sensitivity study of

the TSPA-91 aqueous- and gaseous-release results (Wilson, 1993), we knew that composite-

porosity aqueous releases are extremely sensitive to the percolation flux. Composite-porosity

gaseous releases are sensitive to bulk permeability, 14C retardation, container-failure time,

and fuel-matrix-alteration rate. Thus, we tried to improve our models or data sets in each

of those areas.

Important differences from TSPA-91 include the following.

• Four repository cases are considered, as discussed in Chapter 4.
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• Many changes have been made to the source-release model (Chapter 13), especially

the inclusion of additional thermal effects, inclusion of a phenomenological container-

failure model, inclusion of juvenile container failures, and non-inclusion of diffusive

releases (only advective releases are modeled). Some dependence on chemistry (pH,

carbonate concentration) is included in the source model, though ambient-condition

values are used for the geochemical parameters because realistic waste-package and

near-field values are not available.

• The gas-flow calculations are transient and coupled with the heat flow (Chapter 12).

The TSPA-91 gas-flow calculations were steady-state, and the steady-state tempera-

ture field was calculated assuming that heat flow was purely by conduction, with the

repository being held at a given fixed temperature.

• Peak radiation-dose rates from drinking water are calculated in addition to the EPA's

performance measure from 40 CFR 191.13.

• A longer time period is modeled: one million years rather than 10,000 years. The main

reason for the longer time period is so that the calculations include the projected time

of peak drinking-water dose rate. The gaseous-release calculations are still only 10,000

years.

• The saturated-zone transport velocities are based on new work described in Chapter 11

of this report.

• A model for climate changes is included (Chapter 8). Climate changes are important

both because of the longer time period under consideration and because of the impor-

tance of percolation flux to aqueous releases.

• There are many differences in the stratigraphy and parameter distributions used

(Chapters 6 and 7).

• A different set of radionuclides is used for the aqueous-release calculations.

Most of the important differences listed above are discussed in previous chapters of

this report. However, our method for calculating doses has not yet been described, and

some aspects of the climate-change and source models are specific to the composite-porosity

calculations. Those three subjects will be discussed in the following sections.

14.2 Dose calculation

We did not perform any dose calculations for TSPA-91, though Pacific Northwest Labo-

ratory performed some dose calculations using our release results (Eslinger et al., 1993). As
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a first step toward modeling radiation doses, for TSPA-93 we calculate drinking-water doses,

but do not perform full biosphere dose calculations. A calculation of dose from drinking wa-

ter is relatively straightforward and not so speculative as calculations that require more

detailed assumptions about future human behavior (such as, for example the possibility of

doses related to a farm in the Amargosa Desert).

We take as our dose-based performance measure the maximum annual dose that could

be incurred by a person who drinks water from the saturated zone, within the region defined

by the EPA in 40 CFR Part 191 as the "accessible environment." That is, the dose is based

on the maximum radionuclide concentration in the saturated zone at a distance of 5 km

from the potential repository. The concentration is taken directly from the saturated-zone

transport calculation, with no mixing or dilution assumed for the well-withdrawal process.

The standard assumption is made that water is drunk at a rate of 2 liters per day, which

makes 730 _/yr. The calculated annual dose is then obtained by multiplying the radioactivity

contained in that amount of water by a dose-conversion factor:

Di : diaiCi V,,, , (14.1)

where Di is the dose rate from radionuclide i (mrem/yr), di is the dose-conversion factor

for nuclide i (mrem/Ci), ai is the specific activity of nuclide i (Ci/g), Ci is the concentration

of nuclide i (g/m3), and V,,, is the volume of water consumed (m3/yr). From the above, we

have V,v = 0.73 m3/yr. Dose-conversion factors for ingestion were taken from Barnard (1993,

Table 7), who in turn took them from DOE (1988c); dose-conversion factors for the seven

radionuclides included in the aqueous-release calculations are given in Table 14-I. Specific

activities are given later in Table 14-5.

The total dose is the sum over all nuclides:

D=ED; . (14.2)
i

Table 14-1. Total-body dose-conversion factors for ingestion.

Dose-conversion factor

Species (mrem/Ci)

239pu 4.3 x 10 9

237Np 3.9 x 109

234U 2.6 x l0 s

231pa i.Ix 101°

129I 2.8 x 108

99Tc 1.3 x 106

VgSe 8.3 x 10 6
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Because only a subset of radionuclides is included in our calculations, the doses lnay be low.

We have attempted to include the most important nuclides, but there could be significant

doses from some daughter products that are not included. (Because of radioactive generation,

it is possible for a radionuclide to be present in non-negligible quantities even though it may

be short-lived oz' highly retarded.) Evaluation of additional nuclides with a more complete

dose model is left for future work.

It is important to keep in mind that for an individual to receive the magnitude of

dose that we use for our performance measure, he must drill and extract water from the

contaminated region at the time of peak dose. If the water-extraction takes place earlier or

later, or outside the contaminated region, the dose is smaller. As discussed in Section 11.6.2,

we assume in the saturated-zone (SZ) transport calculation that the plume of contaminated

water is about 3- to 4-km wide by the time it reaches the accessible-environment boundary.

Drilling for water must be within this band to get the maximum dose. We also assume that

the contaminated water is in a zone 10- to 500-m thick (vertically), within the tuff saturated

zone. Water extraction must be from this zone to get the calculated dose. The width of the

dose peak in time is quite variable, but the maximum dose is probably near the peak dose

for thousands of years, typically; the time of peak dose varies from about 10,000 years up to

about a million years.

14.3 Climate change
Our basic climate-change model is described in Chapter 8. In this section, some details

of its implementation within the composite-porosity model are given.

As discussed in Chapter 8, we divide the calculational period into "dry" and "wet"

periods. During wet-climate intervals, the percolation flux is increased and the water table is

higher. As described by Dudley et al. (1988), TOSPAC could calculate aqueous contaminant

transport only for steady-state groundwater flow. Thus, it was necessary to modify TOSPAC

to be able to include changing flow conditions. Rather than going to fully transient water

flow, TOSPAC was modified to allow transport with a series of steady-state water flows.

This choice was made primarily because transient water-flow calculations would take too

much computer time (see, for example, the drastic difference in computer times reported for

steady-state solutions and transient solutions by Dudley et al.).

Also to save on computer time, each composite-porosity realization switches back and

forth between the same two steady-state flows rather than sampling percolation flux and

water-table height separately for each climate period. This simplification also has the ad-

vantage of reducing the number of input variables.
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Representing the water flow by a series of steady states creates some difficulties in the

transport calculation. First is that when a flow change occurs, the pore-water saturations

change abruptly. It is necessary to adjust, the radionuclide concentrations so that mass is

conserved. The nmss of a nuclide in a mesh cell before a flow change is given by

M = (o,,,R,,,C,,,+ O R/C) V, (14.3.)

where M is nuclide mass (g), 0 is moisture content (dimensionless!, R is the retardation

fhctor due to adsorption (dimensionless), C is nuclide concentration (ghn:_), and V is the

volmne of the mesh cell (m3). An m subscript refers to rock-matrix quantities and an .f

subscript refers to fracture quantities. After the flow change, the nuclide mass in the cell is

given by

' ' '_'R .... .M' = (0,',,R,,,C,,,+ _./ / (/) V. (14 4)

Primed quantities are values after the flow change; note that volume does not change. To

conserve mass, we must have M' = M. This is not, however, enough of a constraint to

determine C,',, and C' uniquely The condition used to complete the system of equations is:]' •

C" that is, matrix and fracture concentrations are set equal to each other after a flowC,', = / ,

change. Thus,

C,',,= C' 0,,,R,,,C.,,,,+ OfR/C t
/ = O,;,R,',,+ O' R' (14.5// l

If nmtrix/fracture coupling is strong this condition is quite reasonable. If matrix/fracture

coupling is weak another condition might be preferable, but it would be difficult to specify

a single condition that would work better under all possible conditions, given the arbitrary

nature of instantaneous flow changes. Furthermore, some choices can lead to quite unpleas-

ant consequences. For example, if matrix and ti_acture radionuclide masses are conserved

separately, a climate change to a dry condition with fractures that are nearly dry can result

in a very large spike in the fracture concentration.

Another difficulty caused by instantaneous flow changes relates to the fact that the

water table can be higher or lower after a change. If the water table is higher, that means

that some of the contaminant mass has abruptly left the computational domain. Under

this circumstance, that mass is assumed to have been released to the saturated zone. This

method can result in a large spike in releases to the saturated zone. It can also produce

a spike in the drinking-water dose rate calculated at the accessible environment. Such

spikes may not be wholly unrealistic: A climate change that causes the water table to rise

100 m in a short period of time could well lead to significantly higher drinking-water doses

temporarily. To explore such effects would require an integrated model of flow and transport

in the unsaturated zone (UZ) and the saturated zone, which we do not have at present. Note
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that the saturated-zone flow is not modified at climate changes; a single steady-state water

flow is used for the saturated zone over the whole calculational period. It is left to future

work to try to integrate the UZ and SZ climate fluctuations better. If the water table is

lower after a flow change, there is the problem of what the nuclide concentrations should

be in the interval between the two water-table levels. We simply set the concentrations to

zero in that interval. Once again, the only way to improve on this assumption is with an

integrated UZ/SZ model.

An additional problem with decoupling the UZ and SZ flow calculations and assigning

their properties randomly from probability distributions is that some of the resulting realiza-

tions may not be realistic. In particular, the total amount of water flow in the unsaturated

zone (UZ percolation flux times repository area) may turn out to be higher than the total

flow in the saturated zone (SZ percolation flux times SZ flow-tube area). Such a situation is

unacceptable in that, when contaminants were transferred from the UZ calculation to the

SZ calculation, their concentration would increase, which is unphysical. Presumably, such

a high UZ water flux would, in reality, result in a significant perturbation of the SZ flow. In

the composite-porosity aqueous-release calculations, a check is made for this condition (UZ

flow greater than SZ flow), and if it exists the SZ flow-tube area is increased enough so that

the concentrations do not increase. With the parameter distributions used in this TSPA,

such an adjustment is needed less than one-half percent of the time.

There is a similar problem with the release spikes associated with jumps in the water

table. When all of the radionuclides swept out of an interval as large as 120 m are injected

into the saturated zone in a single pulse, SZ concentrations rise to unrealistic levels tem-

porarily. It would be possible to ameliorate this behavior by spreading out the release to the

saturated zone over a period of time, but this was not done for TSPA-93. More information

is needed on the way climate changes really affect groundwater flow in the vicinity of Yucca

Mountain. Fortunately, the saturated-zone concentration spikes attenuate considerably by

the time they travel 5 km to the accessible environment, so the effect on our calculated peak

dose rates is probably no more than about a factor of two.

The importance of the climate changes is illustrated in Figure 14-1, which shows distri-

butions of unsaturated-zone transport time for an unretarded tracer. Separate dry-climate

and wet-climate distributions are shown, and it can be seen that transport through the

unsaturated zone takes considerably longer under dry-climate conditions. Also shown is a

composite curve that includes the effects of switching between the two flow regimes. For

short times (i.e., faster transport), the composite curve is closer to the "dry" curve because

our model climate always starts out in the "dry" condition. For longer times, the composite

curve approaches the "wet" curve because both "dry" and "wet" periods have been experi-
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Figure 14-1. Mean distributions of UZ transport time for an unretarded tracer, for
TSPA-91 and TSPA-93. Also shown are distributions for "dry" and "wet"

conditions with no climate changes.

enced, and typically most transport takes place during the wet-climate periods. Also included

in the figure, for comparison, is the unsaturated-zone transport-time curve from TSPA-91.

It can be seen that calculated UZ transport times were shorter in TSPA-91 than they are

for TSPA-93, primarily because the dry-climate periods have lower percolation flux than in

TSPA-91. Note, however, that the TSPA-91 curve has a longer tail (out to longer transport

times); the wet-climate periods reduce the long-time tail of the TSPA-93 curve.

14.4 Radionuclidesourceterm

This subsection describes the adaptation of the abstracted hydrothermal model of Chap-

ter 10 and the YMIM source-release model of Chapter 13 for use with the composite-porosity

model. For aqueous-release calculations, the source model is incorporated directly into

TOSPAC. It is also incorporated into a subset of TOSPAC called SRCTSA, which is used for

running source calculations only (without flow or transport). SRCTSA is used for some of

the special calculations discussed below, such as calculations to determine the distribution

of container-failure time. It is also used to calculate the source releases for GASTSA, for

gaseous-release calculations.
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14.4.1 YMIM capabilities not used

Before going on to the specifics of the adaptation, let us first note that YMIM has some

capabilities that were not used for this TSPA, including:

• Because of uncertainty in the performance of the fuel-rod cladding, especially uncer-

tainty about how long the fuel assemblies may be subjected to high temperatures during

interim storage and transportation, we neglect the cladding as a barrier for the TSPA- i

93 calculations. The cladding barrier is removed by artificially specifying to YMIM

that all the fuel rods fail by hydride reorientation, with a hydride-failure time of 1 yr.

Thus, after year one, all rods have failed and radionuclides can be released as soon as

containers fail. Neglecting the cladding may be a quite conservative assumption. Ex-

perts at Lawrence Livermore National Laboratory, when asked about cladding failure,

estimated that somewhere between 17.5% and 34% of the fuel rods would thil due to

creep rupture or hydride reorientation (see Table 13-7). This estimate implies that 66%

to 82.5% of the fuel rods would not fail, providing a significant reduction in releases.

It is probably worth examining the cladding barrier in detail in a future study, but

we did not do so for this TSPA. Fuel temperatures are much higher fbr the in-drift

containers than for the borehole-emplaced containers, and temperatures are somewhat

higher for 114 kW/acre than for 57 kW/acre (see Figures 10-20 through 10-23), so there

may be differences in cladding performance for the four repository cases that we are

considering.

• YMIM allows for a linear temperature dependence of nuclide solubilities, but on the

advice of our solubilty experts from Los Alamos National Laboratory we did not try

to include temperature-dependence of solubility in our calculations (see Section 9.2.1).

Their feeling was that the uncertainty ill geochemistry is a bigger factor than temper-

ature in determining solubilities. It still may be worthwhile to include temperature-

dependent solubilities in the future, however.

• A pitting factor, or pitting-enhancement factor, can be used in the general aqueous

corrosion model of YMIM to allow the deepest pits to advance faster than the gen-

eral corrosion front. In this TSPA, general aqueous corrosion is only used for the

mild-steel outer container of the in-drift multipurpose containers. Mild steel is not

expected to have strong pitting, though it could have a pitting factor as high as 4 (see

Section 13.2.4.1). For a 10-cm overpack, the calculated lifetimes are generally rather

short anyway, so there would be little difference if a pitting factor were included. For

a thicker mild-steel overpack, inclusion of a pitting factor might be important.
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14.4.2 Contalner groups

One of the most important features of the composite-porosity adaptation of YMIM is

that releases are represented by a limited number of distinct groups. The use of such groups

allows the incorporation of variation of container environments within the repository. Each

group's releases are calculated using a single representative container, so effectively each

group is treated as a set of containers with identical conditions. However, from one group

to the next, temperature and hydrologic conditions can vary. (In principle, other properties,

such as geochemistry and even container properties, could vary from group to group, but the

current version of YMIM does not allow such variations. Adding such variations is primarily

a matter of setting up the input in such a way that all the desired information can be entered

and passed to the appropriate YMIM module.)

Unfortunately, computer memory and processing-time requirements increase rapidly

with the number of container groups. For this reason, it is necessary to set the number of

groups relatively low. All composite-porosity-model computer runs use ten container groups.

(Note, however, that a 57-kW/acre simulation with eight unsaturated-zone columns has a

total of 80 container groupsml0 × 8.) The number of containers in each group is chosen so

that seven of the groups have the same number of containers, one group has approximately

one tenth as many, one group has approximately one hundredth as many, and the last group

has approximately one thousandth as many. The small groups are included so as to have

small numbers of containers to better resolve releases under conditions when only a small

fraction of containers is wet. For example, suppose in a particular simulation that 1% of

containers is calculated to be contacted by water. With ten equal container groups, 1%

would have to be approximated by 0 or 10%--neither of which is very satisfactory. With the

scheme described above, 1% of the containers can be approximated much more closely.

Container and fuel temperatures are interpolated between the "center" and "edge" tem-

perature curves given in Figures 10-16 through 10-23 as follows. A fraction of containers

equal to the "dryout" fraction (see Figures 10-10 and 10-11) is assumed to have the "center"

temperature. A number of groups as close to that number of containers as possible is set to

the "center" temperature. Temperatures for the other groups are interpolated linearly be-

tween the "center" and "edge" temperatures. The groups with small numbers of containers

are always chosen to be at the "edge" end of the interpolation (because cooler containers are

more likely to be wet).

The most importance difference among the container groups is in assumptions about

wetting. Using algorithms to be described below, three wetting states are defined: wet,

moist, and dry. Wet container's are assumed to be contacted by flowing water, so they can be

attacked by aqueous corrosion processes (if the temperature is low enough) and they can have
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advective aqueous releases and/or gaseous releases. Moist containers are assumed to have

no flowing water, but they are contacted by rubble and so are moist because of contact with

pore water. We assume that aqueous-corrosion processes can take place on moist containers

(if the temperature is below 100'C), and they can have gaseous releases if they fail, but no

aqueous releases. (Note that moist containers could potentially have difihsive releases, but

YMIM has no diffusive-release model at present.) Dry containers have no flowing water and

either have no contact with rubble or are within the dryout fraction of the repository. Only

dry oxidation can take place on dry containers, and they can have only gaseous releases if

they fail.

The current version of YMIM has a switch in the aqueous-corrosion module so that, if

container temperature is defined to be over 100)C, aqueous corrosion does not occur. There is

no similar switch in the aqueous-dissolution module, so aqueous releases are allowed even

when fuel temperatures are high. In the future, it would be desirable to develop models

of interaction of water with container and fuel at high temperature. It may be possible,

for example, if enough water contacts a hot container, for the container temperature to be

reduced because of heat loss to the water or steam. The rate of aqueous corrosion, then,

would depend on the quantity of water present as well as the temperature and the wetting

state. (It should also be noted that YMIM does not currently have a steam-corrosion model.)

Similarly, aqueous releases would depend on temperature as well as quantity of water and

wetting state.

The division of containers into the three wetting states is not fixed, but varies with

time. At some times, in some of the simulations, all of the containers are dry because

the dryout fraction is 1. During a wet-climate period, most of the containers may be wet,

while during a dry-climate period they are mostly dry. Because the flow conditions switch

between the same two steady states at climate changes, the same number of containers are

wet during each wet period and the same (different) number are wet during each dry period

(except during the thermal period, which is the first few thousand years), tIowever, we do

not assume that the same containers are wet or dry during similar climate periods. During

a single climate period (except for the thermal period), container groups remain wet, moist,

or dry, but when climate changes the groups are shuffled so that the wetting state of a group

can change (actually, only the seven equal-size container groups are shuffled; the three small

groups have the same wetting state during similar climate periods).

This shuffling of flow among the containers is a change from previous work. In TSPA-

91, we assumed that flow paths were persistent, so that the same containers were always wet

or dry. (Note, though, that container shuffling for this study is not allowed until the second

climate change, at 90,000 yr, so there would be no difference for a 10,000-yr calculation.) The
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change was made in order to be more conservative (additional containers can be contacted

by water and release their waste if shuffling is allowed). Examination of evidence regarding
I

persistence of flow paths is left to future work; wetting from one climate period to the next

should perhaps be correlated so that wet containers tend to remain wet.

14.4.3 Container wetting

Container wetting is determined with the same basic algorithm as was used for TSPA-

91 (see Section 4.3.2 of the TSPA-91 report), but with three new features. (1) A dryout

fraction is now defined explicitly. As discussed in Chapter 10, the containers in the dryout

fraction are assumed to be protected from flowing water and are considered to be dry. (2)

Percolation flux that would have fallen on the dryout fraction is diverted around it instead,

and falls on the parts of the repository outside the dryout fraction, if any. Furthermore,

when the "dryout volume" is expanding, we assume that additional water is shed onto the

parts of the repository outside the dryout fraction, as explained in Section 10.4.1. Note

that the shedding flux is only accounted for in the source calculation, and is not included

in the calculation of flow and transport after release. (3) The fractions that are derived for

wet, moist, and dry must be approximated by fractions available within the container-group

structure.

The basic equations are as follows. If q is the input percolation flux, fa is the dryout

fraction, and q.,h is the shedding flux (if any), then the effective flux through the "wet" part

of the repository (the part outside the dryout fraction) is

qeff = q/(1 -- fa) + q._h (14.6)

(assuming that fa < 1). This equation is the same as Equation 10.2, with the correspondence

qi,, "" q, A,,,et/A,el, = 1- Jg, and Qd/A.,et --q.,h.

The fraction of the wet area that actually has flowing fractures (seepage flow) is calcu-

lated using W. J. O'Connell's algorithm from TSPA-91, which assumes a log-normal distri-

bution of groundwater flux, spatially:

f, = P[qe[f > q0]-" ½erfc (lnq°S/_)\ 4_cr ' (14.7)

where fi is the fraction of the area with seepage flow, qo is the fracture-flow threshold flux

(the matrix saturated conductivity), erfc is the complementary error function, tz is the mean

of the spatial flux distribution in log space, and a is the standard deviation of the spatial

flux distribution in log space. The mean and standard deviation in log space are related to

other parameters by

lz = lnqeff - ½ln(v 2 + 1) , (14.8)
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!

a -- _/ln(v 2 + 1), (14.9)

where v is the coefficient of variation of the spatial flux distribution, an input parameter.

The average flux for those containers subjected to seepage flow is given by

q' = qeff . f(1. ½erfc(lnqO - # - a2)_/2a ' (14.10)

It is assumed that qo of that flux is carried by the porous matrix, so that the average flux

available for seepage flow is given by

q._= q' - q0. (14.11)

This quantity is the amount of water flux that is used in calculating advective releases for

those containers tha_ have advective releases.

Now, fi is the fraction of the "wet" part of the repository having seepage flow. The

fraction of the repository as a whole is

f,,,et = fi(1- fa). (14.12)

The fraction of the repository that is moist is given by

fmoist -" (1 - f_).fr(1- fd) , (14.13)

where fi is the fraction of containers that have rubble contact, an input parameter. The

fraction of the repository that is dry is then everything else:

fa,.y - fa + (1 - fi)(1- fr)(1 -- fa) • (14.14)

The above fractions are matched to the container groups by first finding a set of groups

that has a fraction of containers as close as possible to fi,,et; those groups are designated as

wet, and the containers in them are subjected to flux qs. Next, additional groups are added

to increase the total fraction as close as possible to fi, et + fm,i_t; the additional groups are

moist. Any remaining groups are dry.

For illustration, Figures 14-2 through 14-4 show distributions for fraction of containers

wet, moist, and dry. The distributions shown are for fi,,et, f,,,i._, and fary after the thermal

period (i.e., with fa = 0 and q.,.h= 0). The effective distributions in a simulation are slightly

different because of the discretization into ten groups. Distributions are shown for "dry" con-

ditions, "wet" conditions, and for the values used in TSPA-91. Vertical-borehole containers

are assumed for these plots (results are different for in-drift containers, because for them

we assume that rubble always contacts the containers; i.e., fi = 1).
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thermal period).

The jumps in the wet-climate and dry-climate curves in Figure 14-2 are a result of

the algorithm used for converting infiltration to percolation for the composite-porosity model

(see Section 8.9). It can be seen that fewer containers are wet in this TSPA, even under

wet-climate conditions, than in TSPA-91. This reduction in the wet fraction is caused by two

changes: the inclusion of the infiltration/percolation reduction, and a significant increase in

the matrix saturated conductivity (see Sections 7.6.2 and 8.9).

The required wetting inputs for YMIM are, for each time period and for each container

group, water flux and episodity (fraction of time that water is flowing) and moisture episodity

(fraction of time that container is moist). The moisture episodity is set _,o 1 for any group

that is wet or moist, and to 0 for any group that is dry. The water flux is set to q._ and the

episodity is set to 1 for any group that is wet; they are both set to zero for moist and dry

groups.

14.5 Problem setup and parameter values
There is a great proliferation of input data (and output results) for this TSPA as com-

pared to TSPA-91 because four repository cases are examined instead of one, and because a
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great deal of thermal and hydrothermal information is required that had no analog in the

previous TSPA.

In this section, the problem setup and parameter values for the composite-porosity-

model simulations will be summarized. Most of the information is presented in earlier

chapters, so most parameter distributions will not be presented here, but only a notation

giving their location in the report. Additional discussion will be presented here on some of

the more important parameters.

14.5.1 Repository layout, column stratigraphies, and SZ flow tubes

Repository layout and subdivision into one-dimensional columns for unsaturated-zone

modeling are discussed in detail in Chapters 4 and 6. The repository and column areas are

shown in F,gures 6-8 and 6-9. The repository is subdivided into eight columns of approxi-

mately equal area for the 57-kW/acre cases and into five columns for the l l4-kW/acre cases.

The actual areas used and numbers of containers for each column are listed in Tables 14-2

and 14-3.

A word of explanation is needed regarding the numbers of containers. The waste-

stream figures that were used to define the number of containers and the inventory give a

total of 32,022 spent-fuel containers for the vertical-emplacement cases and a total of 7,640

spent-fuel containers for the in-drift-emplacement cases (Table 5-1). However, the spent

fuel accounts for only 63,000 MTU of the waste, there being 7,000 MTU of glass waste.

The source model does not include a model for releases from glass waste, so we treat all

of the waste as spent fuel in the release calculations. We include the full 70,000-MTU

radionuclide inventory, but it does not make sense to put it all into the above number of

containers (32,022 or 7,640). It also does not make sense to use the total number of spent-

fuel containers plus glass containers, because the glass containers hold much less waste than

Table 14-2. Areas (in m 2) for the UZ Table 14-3. Number of containers in each column.
columns.

57 kW/acre 114 kW/acre
Column 57 kW/acre 114 kW/acre Column vertical in-drift vertical in-drift

1 5.99 x 105 5.46 x 105 1 4,631 1,114 8,463 2,016
2 5.26 × 105 5.26 x 105 2 4,076 976 8,118 1,931
3 6.03 × 105 6.03 x 105 3 4,418 1,071 8,784 2,131
4 6.19 x 105 3.48 x 105 4 4,920 1,144 .5,410 1,291
5 5.42 x 105 3.08 x 105 5 4,412 1,022 4,805 1,120
6 5.38 × 105 -- 6 4,203 1,006 m
7 6.23 x 105 m 7 4,646 1,124 --
8 5.75 × 105 _ 8 4,274 1,032 _

Total 4.63 × 106 2.33 x 106 Total 35,580 8,489 35,580 8,489
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spent-fuel containers do. Thus, we arbitrarily increase the number of spent-fuel containers

by the factor 70/63, leading to 35,580 vertical containers or 8,489 in-drift containers. This

assumption is as good as any, short of modeling both spent fuel and glass waste in the

release calculations.

For gaseous-release calculations, the repository is treated as a whole in calculating the

source releases, with no subdivision into columns. Thus, for gaseous-release calculations the

"Total" values from Tables 14-2 and 14-3 are used.

The stratigraphy used for the composite-porosity aqueous-release calculations is de-

scribed in detail in Chapter 6. The base case is the stratigraphy taken from the first geosta-

tistical simulation. Elevations of the unit interfaces are given in Table A-1. Only one of the

geostatistical stratigraphies was modeled, because of time constraints. It is important to

note that, as discussed in Chapter 6, the stratigraphy used is not intended to represent the

"most likely" stratigraphy in any sense. It is only one of a set of simulated stratigraphies

that are considered equally likely. Additional stratigraphies from the set of geostatistical

simulations will be modeled in the future so that sensitivity of releases to variations in

stratigraphy can be evaluated.

We restrict our UZ aqueous-transport modeling to the region from the repository down

to the water table, so the stratigraphies actually used for the calculations only go up to

12 m above the position listed as "Repository base" in Table A-1. The eight UZ columns are

shown in Figure 14-5. The vertical position assumed for the repository is slightly different

for the vertical and in-drift cases; Figure 14-5 shows the source location for the vertical-

emplacement case. For the vertical cases, the source location is taken to be a 4-m interval

with its top 4 m below "Repository base" (the vertical containers are in boreholes below the

drift floors). For the in-drift cases, the source location is taken to be a 2-m interval with

"Repository base" at its base (the in-drift containers sit on the floor of the drift). The choice

of distances that are multiples of 2 m is strictly for convenience: the computational meshes

have 2-m cells in the vicinity of the source. The water-table elevations shown in Figure 14-5

are for present conditions. In the simulations, water-table elevation for dry-climate periods

can vary from the elevation shown in the figure to 10 m higher, and water-table elevation

for wet-climate periods varies from 50 m higher than in the figure to 120 m higher (see

Chapter 8). During wet-climate periods, the water table may rise above the zeolitic unit in

Columns 3, 4, 5, and 8.

The one-dimensional saturated-zone flow tubes are shown in Figures 14-6 and 14-7 for

57-kW/acre cases and l l4-kW/acre cases, respectively. Each flow tube is associated with

one of the unsaturated-zone columns, with releases from the bottom of the UZ column being

transported through the SZ flow tube. As shown in the figures, transport through Columns
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Figure 14-5. Column stratigraphies for the composite-porosity calculations. Repository
location assumes vertically emplaced containers.

1, 2, and 6 is calculated using the Bullfrog velocity distribution, and transport through

the rest of the columns is calculated using the Calico Hills/Prow Pass velocity distribution

(see Section 11.6.1). Releases from the UZ are spread out over a source region that is

approximately the width of the UZ column, and the distance from the source region to the

accessible environment varies for different columns. The widths and distances are given in
Table 14-4.

Table 14-4. Flow-tube dimensions (in m) for saturated-zone transport.

Distance to Source- Distance to Source-

Flow tube accessible re,on Flow tube accessible re,on
(57 kW/acre) environment width (114 kW/acre) environment width

1 5550 1050 1 5000 1000
2 5550 500 2 5000 500
3 6050 1000 3 5000 1000
4 6400 750 4 5500 550
5 5500 600 5 5000 500
6 5000 550
7 5000 750
8 5000 750
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Figure 14-6. Saturated-zone flow tubes for 57-kW/acre cases. Unsatur,,_ed-zone releases

are injected in the cross-hatched regions.
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Figure 14-7. Saturated-zone flow tubes for 114-kW/acre cases. Unsaturated-zone releases

are injected in the cross-hatched regions.
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14.5.2 Dryout fraction and shedding volume

As was mentioned above, for the gaseous-release composite-porosity calculations, the

repository is not subdivided into columns. Thus, the overall dryout-fraction and dryout-

volume curves can be used (see Figures 10-10, 10-11, 10-13, and 10-14). For the aqueous-

release calculations, though, we need those quantities defined individually for each column; i

an interior column like Column 3 (see Figure 6-8) is expected to have quite different dryout

behavior than an edge column like Column 8. Note that all composite-porosity-model cal-

culations use dryout fraction and dryout volume calculated using the "analytical model" of

Chapter 10; the "axisymmetric hydrothermal model" results are not used.

To calculate the dryout quantities for individual columns, the same procedure is used

as described in Section 10.3.2.2.2, but with attention restricted to the containers in a given

column rather than looking at all containers. The resulting dryout-fraction curves are shown

in Figures 14-8 through 14-11. Some points of interest are:

• Column 3 dries out significantly more than the other columns, and stays dry longer.

• The columns in the southern part of the repository (especially Columns 1 and 6) dry

out somewhat earlier than the other columns, and also rewet earlier. This behavior

results from the assumption that emplacement of waste begins in the south.

• All five columns are almost completely dry for nearly a thousand years when thermal

loading is 114 kW/acre. None of the columns dries out completely when thermal loading

is 57 kW/acre, and some of them never even get above 50%. Recall that "dry," for

purposes of calculating the dryout fraction, is defined to mean that temperature is

96°C or higher 5 m above waste-package center.

Dryout volume is not calculated for the individual columns using the procedures in

Section 10.3.2.3.2. Recall, though, that the dryout volume is used to estimate the amount of

displaced water that could be shed onto the cooler parts of the repository. Thus, the dryout

volume within a column's boundaries is not really the desired quantity, because water could

be shed from one column onto another. What is desired is an estimate of the volume of water

shed on each column.

To get effective shedding volumes for the individual columns, we assume that, when

shedding takes place, the shedding flux is distributed uniformly over the available repository

area (the part of the repository outside the dryout fraction). Thus, the total dryout volume

is apportioned to the individual columns in proportion to their available area.

In the 57-kW/acre thermal calculations detailed in Chapter 10, the boiling isotherms

for the two parts of the repository (Columns 1 through 5 and Columns 6 through 8) never
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Figure 14-11. Dryout-fraction curves for 114 kW/acre, in-drift emplacement.
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merge, so we calculate shedding volumes for the two parts separately, on the assu,nption

that water from one side of the main drifts will not be shed onto waste packages on the other

side of the main drifts.

At a given time, the total available area for the two parts of the repository is given by

5

A,,= _ A,(I- ,it,), (14.15)
i=l

8

At - _ A,_(1 - fd,), (14.16)
i=6

where A i is the area of Column i and fd, is the dryout fraction for Column i. A, is the

available area for the upper part of the repository (Columns 1 through 5) and Ae is the

available area for the lower part of the repository (Columns 6 through 8). For a ll4-kW/acre

case, there is only the upper part. If the two dryout volumes at the given time are V, and

Ve, then the individual-column shedding volumes are given by

V_= V, A,(1 - fd,) , (14.17)
Au

for Columns 1 through 5, and

V, = V_A'(1- fd,) (14.18)
Ae

for Columns 6 through 8.

Note that the shedding volume for an individual column is not the actual volume of

water shed on the column. The rate of shedding is calculated by taking the difference

in shedding volume from one time step to the next, multiplying by moisture content, and

dividing by the time increment, as in Equation 10.1.

Shedding-volume curves for all columns and all cases, calculated as just outlined, are

presented in Figures 14-12 through 14-15. Note that the vertical scales for 57 kW/acre and

114 kW/acre are different. Points of interest are:

• The highest curves represent the wettest columns. They are the columns that have

the greatest amount of available area (i.e., the lowest dryout fraction). Column 1 is the

wettest in most cases, and Column 3 is the driest in all cases.

• The "blips" in some of the curves result from the relative time histories of the dryout

fractions for the columns. It is doubtful that the blips represent any real behavior;

they are most likely artifacts of the way the individual-column shedding volumes are

calculated. In the future the method should be improved, but the blips probably do not

have a significant effect on the final results.
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14.5.3 Inputs for YMIM

Thissubsectionlistsallsource-relatedparameters,includingonesforYMIM and ones

thatareusedforpreliminarycalculationstogenerateinputforYMIM. Parameterssuchas

qoand u (seeSection14.4.3)arenotuseddirectlyby YMIM, but areusedby TOSPAC or

SRCTSA togeneratefluxesand episoditiesthatarethenusedby YMIM.

As discussedinSection5.4,sevenradionuclides(239pu,237Np,234U,231pa, 1291,99Tc,

and 79Se)are includedinthe aqueous-releasecalculations,and one (14C)isincludedin

thegaseous-releasecalculations(we assume that14Cistransportedinthegaseousphase,

as 14CO2,becausethe gaseoustransporttimeismuch lessthan the aqueoustransport

time).TSPA-91 resultsand many preliminarycalculationsforTSPA-93 have shown that

thehighlyretardednuclidesdo notmake a significantcontributioneitherto10,000-year

cumulativeEPA releasesortodrinking-waterdosesoveronemillionyears.(Thisconclusion

isnotgeneral,and must be revisitedwhen additionalprocesses,suchas colloidformation

and transportorreducedmatrix/fracturecouplingareconsidered.)We continuetoinclude

239puinouraqueous-releasecalculationsasa check,toseeifsignificantquantitiesofitare

releasedina simulation.Otherisotopesofuranium (notably235U)couldbe included,but

theirreleasesaremuch lowerthanreleasesof234U,and nothingnew would be learnedby

theirinclusion.

Basicradionuclideproperties,inventories,and solubilitiesare summarized in Ta-

ble 14-5.As shown, most ofthe informationmay be foundin Chapters5 and 9. The

onlynew itemsofinformationpresentedinthetablearethespecificactivities,thesolubili-

tiesusedforthehigh-solubilityelements,and solubilitypartitioningfactorsfortheisotopes

used. Specificactivitieswere calculatedfrom themolar activitieslistedinTable5-2by

multiplyingby molecularweight.We didnot attempttodeterminetruesolubilityvalues

foriodine,technetium,and selenium,butsimplyadoptedthearbitraryvalue1 mol/_for

theirsolubilities.The particularvaluedoesnotmatteras longasitishighenough that

releaseofthoseelementsisalteration-rate-limitedratherthansolubility-limited.Notethat

theuranium and neptuniumsolubilitiesare assumed tobe correlated,withan 80% rank

correlation(seeSection9.2.3).Theserankcorrelationsand onestobementionedinfollowing

discussionareused asinputtotheLHS program.In additiontoprobabilitydistributions

forinputparameters,a rankcorrelationmatrixcan be defined,sothatknown correlations

among parameterscan bepreservedduringthesamplingprocess.

The solubilitypartitioningfactoristhefactorby which elementalsolubilityismulti-

pliedtoobtaineffectivesolubilityfora particularisotope.Forexample,most oftheuranium

isintheformof238U,and theamount of234Uinsolutionisproportionaltoitsabundance

relativeto23SU.The partitioningfactorvarieswithtime,asdifferentisotopesdecayatdif-
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Table 14-5. Summary of radionuclide properties.

Initial

Half-life EPA limit Specific inventory Elemental Solubility
(yr) (Ci/MTU) activity (Ci]MTU) solubility partitioning

Species (Table 5-2) (Table 5-2) (Ci/g) (Table 5-12) (mol/_) factor
ii ,i ii ,1,,| i |1

239pu 2.406 × 104 0.1 6.22 × 10 -2 3.04 x 102 Table 9-2 0.77

237Np 2.140 x 106 0.1 7.06 × 10-4 1.21 Table 9-2 1.

234U 2.445 × 105 0.1 6.26 × 10-3 2.19 Table 9-2 4.1 x 10-4

231pa 7.038 × l0 s* 0.1 4.73 x 10-2 3.10 x 10-2 Table 9-2 1.

129I 1.570 x 107 0.1 1.77 x 10 -4 3.05 x 10 -2 1. 1. ,

99Tc 2.130 x 105 10. 1.70 x 10 -2 1.35 × 101 1. 1.

798e 6.496 x 104 1. 6.98 x 10-2 4.26 x 10-1 1. 1.

14C 5.729 × 103 0.1 4.46 9.09 × 10-1 N/A N/A

*Value listed is for 235U. See text.

ferent rates. Because we are not carrying all isotopes in our transport calculations (and even

if we were, YMIM does not at present include capabilities for chain decay or partitioning of

solubility among isotopes), the partitioning factor must be approximated. We approximate

it by taking the largest value attained over the time period of interest. To estimate the max-

imum 234U partitioning factor, the abundances of all significant isotopes of uranium were

taken from the Characteristics Data Base (DOE, 1992) for 20 yr, 104 yr, 105 yr, and 106 yr.

The fraction of the total uranium in 234U at each time was determined, and the greatest one

(at 104 yr for this example) was used for the partitioning factor. A similar procedure was

followed for 239pu; none of the other nuclides has significant competing isotopes.

The half-life listed for 231pa in Table 14-5 is really the half-life of 235U. As explained

in Section 5.4, 231pa is treated as though it is in secular equilibrium with 235U, so that its

inventory changes according to 235U's half-life.

The solubility parameters for 14C are listed as N/A (not applicable) in the table because

YMIM does not use solubilities in calculating releases of gaseous nuclides. 14C is always

released at the rate at which it is mobilized by alteration of the fuel.

In Table 14-5, the most important difference from TSPA-91 is the neptunium solubil-

ity. The assumed neptunium solubility is approximately five orders of magnitude higher

than that assumed for TSPA-91 (see Figure 14-16). The difference apparently is related to

assumptions about oxidizing vs. reducing chemistry (see Section 9.2.2.7).

Source parameters relating to temperature and container wetting are summarized in

Table 14-6. It should be noted that there is an inconsistency between the release calculations

and the thermal calculations described in Chapter 10. The thermal calculations assume that
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Figure 14-16. Neptunium-solubility distributions for _[SPA-91 and TSPA-93.

waste is emplaced over a 25-yr period, starting at the southern end of the repository and

proceeding north. The release calculations do not include that level of detail; they assume

that all waste is emplaced at time 0. Thus, the temperature and dryout parameters are

inconsistent with the release calculation for the first 25 years. This inconsistency has no

significant effect on the results.

The flux coefficient of variation (v) is unchanged from TSPA-91, and we still have no

information on what its value might be. Aside from v, almost everything in Table 14-6

is a significant change from TSPA-91. The only way that thermal effects entered into the

TSPA-91 calculations was by the inclusion of a dryout period that lasted from 300 to 1300

years. In terms of performance, the most important changes seem to be in percolation flux

and fracture-flow threshold. These changes and their effects are discussed in Sections 8.9

and 14.4.3.

The moisture content used to calculate the shedding flux (Equation 10.1) is calculated

self-consistently within TOSPAC for the aqueous-release simulations, but water flow is not

calculated within the gaseous-release simulations so moisture content must be specified

directly. For simplicity, we set the moisture content equal to the matrix porosity in the

gaseous-release simulations (i.e., we assume a liquid saturation of 1 in calculating the shed-
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Table 14-6. Summary of hydrothermal parameters.

Model parameter Distribution or value
i i, ii i i , m ill ,l|

"Edge" container temperature see Sections 10.3.2.4.1 and 14.4.2
"Center" container temperature see Sections 10.3.2.4.1 and 14.4.2
"Edge" fuel temperature see Sections 10.3.2.4.2 and 14.4.2
"Center" fuel temperature see Sections 10.3.2.4.2 and 14.4.2
Dryout fraction see Sections 10.3.2.2.2 and 14.5.2
Shedding volume see Sections 10.3.2.3.2 and 14.5.2
Moisture content

aqueous-release simulations calculated by TOSPAC
gaseous-release simulations TSw matrix porosity (Table 7-3, unit 3R)

Percolation flux see Section 8.9
Flux coefficient of variation 1.3
Fracture-flow threshold see Table 7-5, unit 3R
Fraction of containers with rubble

vertical emplacement uniform from 0 to 1
in-drift emplacement 1

Flow episodity see Section 14.4.3
Moisture episodity see Section 14.4.3
Water-collection area

vertical emplacement log-uniform from 0.13 to 1.3 m2
in-drift emplacement log-uniform from 2.7 to 27 m2

ding flux). This approximation should be conservative, as it maximizes the amount of shed

water.

The fraction of containers contacted by rubble (fi) is different for vertical or in-drift

containers because in-drift-emplaced containers are always contacted by backfill, whereas

borehole-emplaced containers may be protected from contact with moist rock by the bore-

hole airgap. We have not investigated borehole stability and the probability of rubble infill,

though the Electric Power Research Institute, in its performance assessments, has consid-

ered the subject (McGuire et al., 1990, 1992). In TSPA-91 we simply took fi - ½; this time

we represent the potential range of values by taking a uniform distribution. The difference

in assumptions about fi for vertical and in-drift containers has important consequences in

our model predictions of container wetting and failure. This subject will be discussed further

in the Results section.

Water-collection area (A,:r,,_._)is another parameter that is different for vertical and in-

drift containers. Acr_,_._is used to calculate the amount of water flowing through a container

by multiplying it by the flux q._(see Section 14.4.3). We have no real idea what the effective

water-collection area should be. Water could tend to avoid the excavated, backfilled tunnels

or it could be focused by the stress-relief fractures. The subject has not been studied in detail,

so we are forced to make assumptions about it. In TSPA-91, we arbitrarily used 2 m2 for

the water-collection area. For this TSPA, we tied the value of A,._,,,._to the horizontal cross-
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sectional area of the waste containers. We use a log-uniform distribution with a one-order-of-

magnitude range, centered on the physical container cross-sectional area. The uncertainty

in this parameter is probably greater than one order of magnitude, but by including this

distribution, at least we obtain information about sensitivity of the results to the parameter.

Source parameters giving physical dimensions of containers and fuel rods, numbers

of containers, and geochemistry are summarized in Table 14-7. Except for the number of

containers, none of these quantities was used in TSPA-91.

The only items in Table 14-7 that require some explanation are fuel-rod mass and

number of fuel rods per container. Data on fuel assemblies are given in Section 5.1.2. There,

it is shown that the average fuel-rod mass for PWR fuel assemblies is 1.87 x 10 .3 MTU/rod

and the average for BWR fuel assemblies is 2.99 x 10 -3. Table 5-1 shows that the spent

fuel for the repository is expected to be 64.7% PWR and 35.3% BWR (in terms of MTU).

Weigthing the above fuel-rod masses by those fractions gives 2.27 x 10 -3 MTU/rod for the

overall average, or 2270 g/rod. Next, 63,000 MTU of spent fuel divided by 32,022 containers

for vertical emplacement gives 1.97 MTU/container. Dividing by 2.27 x 10-3 MTU/rod then

gives 867 rods/container. For in-drift emplacement there are 7640 containers, leading to

8.25 MTU/container and 3630 rods/container.

Source parameters relating to container and fuel-rod failure are summarized in Ta-

ble 14-8. There was no analog to any of these parameters in TSPA-91, which used a single

parameter to represent container lifetime.

As stated in Section 13.2.4.2, defective, or juvenile, container failures are assumed to

be exponentially distributed in time. The failure rate used implies a mean time-to-fail of

Table 14-7. Summary of physical dimensions and geochemistry.

Model parameter Distribution or value
i

Fuel-rod cross-sectional area 9.7 x 10.5 m 2 (see Table 13-8)
Fuel-rod length 3.71 m (see Table 13-8)
Fuel-rod mass 2270 g
Number fuel rods per container

vertical emplacement 867
in-drift emplacement 3630

Alloy-825 wall thickness 9.5 mm (see Section 13.2.4.1)
Mild-steel wall thickness 100 mm (see Section 13.2.4.1)

(in-drift emplacement only)
Number of container groups 10 (see Section 14.4.2)
Number of containers see Table 14-3
pH uniform distribution (see Table 13-2)
Carbonate concentration uniform distribution (see Table 13-2)
Fluorine concentration 2.8 ppm (see Table 13-2)
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Table 14-8. Summary of parameters for container and fuel-rod failure.

Model parameter Distribution or value
i ii i inm n I n ilium iii iliumi hill

Defective-container fraction

vertical emplacement uniform from 0.1% to 0.5%
in-drift emplacement uniform from 0.05% to 0.25%

Defective-failure rate 0.00333/yr
Creep-failure fraction of rods 0 (see Section 14.4.1)
Creep-failure temperature N/A (see Section 14.4.1)
Hydride-failure fraction 1 (see Section 14.4.1)
Hydride-failure period 1 yr (see Section 14.4.1)
Hydride-failure temperature N/A (see Section 14.4.1)
Fluorine-failure period N/A (see Section 14.4.1)
Alloy 825

dry-oxidation rate see Table 13-3
pit increment in mm (70°C) log-beta distribution:* -3.523, 0.477, -1.523, 0.606
pit increment in mm (100°C) log-beta distribution:* -1.523, 2.477, 0.477, 0.606
pit growths/yr 0.033 (see Table 13-6)
number of pits modeled 500

Mild steel (in-drift emplacement only)
dry-oxidation rate see Table 13-3
aqueous-corrosion rate see Table 13-4
pitting factor 1 (see Section 14.4.1)

*Parameters for the log-beta distribution are
minimum, maximum, mean, standard deviation (in log space).

300 yr for the defective containers; 300 yr is an arbitrary small time period. The range

chosen for the fraction of containers that is defective is also quite subjective. Note that the

defective fraction for the single-walled vertical containers is chosen to be twice as large as

the defective fraction for the double-walled in-drift containers. The ratio is subjective, but

two walls should provide more protection against defects than one wall.

The distributions shown for the pitting-increment parameters are based on the informa-

tion in Table 13-6. The distributions are intended to be log-normal-type distributions, with

the 5, 50, and 95 percentiles given. The log-beta distributions listed in Table 14-8 reproduce

those percentiles. A rank correlation of 0.99 was assumed between the two pitting-increment

parameters, so that the 100°C increment would always be approximately 100 times the 70°C

increment, as desired.

The number of pits modeled is fairly arbitrary, but it is based on estimates of the

number of growing pits on a container. As discussed in Section 13.2.4.1, the modeled time

of container failure is not sensitive to the number of pits used.

Finally, parameters relating to UO2 dissolution and oxidation and pulse releases are

summarized in Table 14-9. The dissolution and oxidation parameters go into a model for fuel-

matrix alteration. In TSPA-91, fuel-matrix alteration was represented by a single parameter,
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Table 14-9. Summary of parameters for UO2 alteration and pulse releases.

Model parameter Distribution or value
• , i, ii

UO2 dissolution parameters see Table 13-10
UO2 oxidation time see Table 13-9

. Volumetric expansion factor 0.33 (see Table 13-8)
Pulse fraction for 129I,99Tc, V9Se 15%
Pulse fraction for 14C 1.2%
Rod-surface inventory for 14C 9.80 × 10-5 g/m 2

the alteration rate. We have not made a comparison of the calculated TSPA-93 alteration

rates with the assumed TSPA-91 alteration rates, but they seem to be comparable in effect.

In both TSPAs the fuel matrix was usually altered completely within a few thousand years

after container failure.

The pulse-release fractions were chosen to be the same as were used in TSPA-91,

though they do not look the same in the table. YMIM contains a simple model to calculate

the fraction of the spent fuel that is wetted, and the specified pulse releases (15%) are

reduced by that fraction. The wetted-area calculation is based on the following conceptual

model (see also Section 13.2.6): After exposure to oxygen (i.e., after container failure and

fuel-rod failure), the UO2 expands volumetrically, splitting the cladding and exposing a

portion of the fuel. With the assumed fuel-rod dimensions (radius 0.546 mm, length 3.71 m)

and volumetric expansion (33%), the exposed fraction is calculated to be 13.3%. Thus, for

aqueous releases, the actual pulse release is 0.133 × 15% __.2%, which is the same as was

used in TSPA-91. YMIM does not make this same reduction for gaseous releases, so it is

not necessary to apply the exposure fraction to the 14C pulse fraction. The pulse-release

fraction is less than 2% for 14C, as it was in TSPA-91, because we assume that the pulse

release is 2% of the fraction of 14C in the fuel matrix, but a substantial fraction of the 14C

is outside of the matrix. From Van Konynenburg (1991), the fraction of 14C in the fuel

matrix is 0.58/1.01 = 57% (assuming 65% PWR and 35% BWR spent fuel). Thus, the 14C

pulse-release fraction is only 1.2%.

In TSPA-91, the 14C quick-release fraction was varied between 0.5% and 5%. (As we are

using the terms here, the pulse-release fraction comes from the pellet/cladding gap and the

grain boundaries within the fuel matrix; the quick-release fraction comes from the outside

surface of the fuel-rod cladding.) Currently, this parameter is not allowed to vary, so the

mean of the old distribution (2.75%) is used. With the fuel-rod dimensions given above, the

fuel-rod area is 0.13 m 2. If 2.75% of the 14C inventory is spread out over the fuel-rod surface,

the rod-surface inventory comes out to 9.8 × 10 -5 g/m 2, as listed in the table.
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14.5.4 Inputs for TOSPAC

The TOSPAC input for a composite-porosity-model simulation has three parts: unsat-

urated-zone-flow input, saturated-zone-flow input, and transport input. (In addition, many

of the source-term parameters are input to TOSPAC and then passed on to YMIM.) The

unsaturated-zone part of the calculation is much more detailed and complicated than the

saturated-zone part, because the unsaturated zone is considered to be the primary barrier.

Saturated-zone flow is handled quite differently from unsaturated-zone flow; the flow is

not calculated by TOSPAC, but simply taken from detailed calculations (Chapter 11). See

Section 11.6 for a description of how the abstraction is done.

The first ingredient of the setup for a TOSPAC unsaturated-zone calculation is defini-

tion of the locations of the one-dimensional columns and the stratigraphic representation of

each column. These are presented in Sections 6.5.1 and 14.5.1.

Unsaturated-zone-flow parameters are summarized in Table 14-10. The detailed data

are primarily in Chapter 7. Only a subset of the information in Chapter 7 is used. Typically,

the tables there list values for 10 hydrogeologic units (sometimes 11, with two values listed

for the Topopah Spring unit). Our base-case stratigraphy (Figure 14-5) includes only five of

the units (only four units in most of the columns). The units used are

• unit 3 or 3R, Topopah Spring welded unit, abbreviated TSw;

• unit 4, Topopah Spring vitrophyre;

• unit 5, Calico Hills/Prow Pass nonwelded-vitric, abbreviated CHnv;

• unit 6, Calico Hills/Prow Pass nonwelded-zeolitic, abbreviated CHnz; and

• unit 8, Bullfrog welded, abbreviated BFw.

The footnotes to Table 14-10 indicate that a few of the distributions are modified slightly

from those presented in Chapter 7. The reason is pragmatic--the LHS sampling program

does not accept a beta distribution with a or fl parameter less than ½ (such distributions

diverge rather strongly at one of the end points). By reducing the stated coefficient of vari-

ation (CV) slightly to 1, a distribution is obtained that is acceptable to LHS. The existence

of these strong divergences may be an indication that it would be better to represent these

distributions in log space.

The only other item in the table that needs explanation is the distribution for the frac-

ture van Genuchten saturation/desaturation parameter _,c. This parameter is not discussed

in Chapter 7 because we know of no data on which to base a distribution; we are forced to
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Table 14-10. Summary of parameters for unsaturated-zone flow.

Model parameter Distribution or value
ill i,llll

Water density 1000 kg/m 3
Water compressibility 4.3 x 10.6 m -1
Bulk-rock compressibility 0
Matrix porosity see Table 7-3
Matrix full saturation 1
Matrix residual saturation see Table 7-8*

Matrix van Genuchten _,,a see Table 7-6
Matrix van Genuchten fl,a see Table 7-7
Matrix saturated conductivity see Table 7-5
Fracture compressibility 0
Fracture porosity see Table 7-19
Fracture full saturation 1
Fracture residual saturation 0
Fracture van Genuchten a_G see Table 7-21'
Fracture van Genuchten _t,c uniform from 1.8 to 4.23
Fracture saturated conductivity see Table 7-20
Percolation flux see Section 8.9
Climate-change times see Table 8-1
Water-table rise above nominal see Table 8-1
Water-table pressure head 0 m

*Distributions for unit 4 (vitrophyre) and unit 8 (BFw)
modified by setting coefficient of variation to 1.

*Distribution for unit 5 (CHnv) modified by setting
coefficient of variation to 1.

estimate the distribution using models and analogs. The choice of uniform for the distri-

bution type is made simply because we have no information to warrant doing otherwise (a

uniform distribution maximizes the uncertainty).

The lower bound is based on a model for fracture saturation/desaturation developed

by Wang and Narasimhan (1985). They represent the distribution of fracture apertures in

a rough fracture by a gamma distribution and calculate the relative conductivity by inte-

grating the cubic law over the aperture distribution, with a cutoff aperture depending on

saturation. They develop an analytical formula for fracture conductivity that approaches

K c¢ [_[-4 asymptotically for large negative pressure head. (See, for example, in their Fig-

ure 7, the two curves labelled "without phase-separation constriction factor." The curves

"with phase-separation constriction factor" approach vertical slopes asymptotically.) The

relative-conductivity formula used in the TOSPAC flow calculations (see Equation 2.1-21

in Dudley et al., 1988) asymptotically approaches K (x t_l -(5_c-1)/2 for large [_l. Thus,

asymptotically, Wang and Narasimhan's formula behaves as though fl,G 9 1.8. This5

asymptotic value is used for the lower limit because almost all other estimates of fl,G are
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higher than 1.8 and, if _,,(_ is much lower, the saturation/desaturation is spread out over an

inordinate range of pressure heads.

The upper bound of the fl,,(; distribution is a value that was used extensively in past

years (see, for example, Dudley et al., 1988, Table 2.1-2), which was based on analogy of'

fi'acture saturation/desaturation to that of a coarse sand. The choice of 4.23 for the upper

bound has the additional advantage that it makes the mean of the distribution approximately

3. Fits of the fracture-saturation curves of Wang and Narasimhan with van Genuchten

parameters tend to give values of about 3 for fl,,(;.

As discussed in Section 7.5, a study was made of correlations between matrix porosity

and matrix saturated conductivity in the data available. Rank correlation was found to be

significant for only two of the five units in our simulations, TSw and CHnv. Rounding off

the values in Table 7-22, we assign a rank correlation of 0.5 between matrix porosity and

matrix conductivity for TSw and a rank correlation of 0.75 between matrix porosity and

matrix conductivity for CHnv.

In addition, we assign subjective rank correlations to some of the fracture parameters.

Based on the fract,_re-property model described in Section 7.4.3, we expect fracture porosity

(b t/a1), fracture saturated conductivity (c(b_), and fracture air-entry parameter ((x bl) to

be correlated. (In these expressions, b l is fracture aperture and a l is fracture spacing.)

According to the model, Ks and ava both depend only on bf, so they should be strongly

correlated. We assign them a rank correlation of 0.9 for each unit. Correlation between

fracture porosity and the other two is not expected to be as strong since it depends on

al as well. We impose a rank correlation of 0.5 between fracture porosity and fracture

saturated conductivity and between fracture porosity and fracture air-entry parameter. The

high correlation between //s and ava could be an artifact of the simple fracture model used

(Section 7.4.3); in the future we would like to try fitting the data with a more realistic

fracture-network model.

Many of the parameters in Table 14-10 have changed significantly from TSPA-91. The

changes are discussed in Sections 7.6 and 8.9. Repository performance is most affected by

changes in the percolation flux.

Saturated-zone-flow parameters are summarized in Table 14-11. The table is very

brief because saturated-zone flow is not calculated, but is simply taken from the detailed re-

sults described in Chapter 11. The one-dimensional saturated-zone flow tubes are presented

in Section 14.5.1. Differences between the saturated-zone parameters and their TSPA-91

counterparts are discussed in Section 11.6.
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Transport parameters (both UZ and SZ) are summarized in Table 14-12. The correspon-

dence between our hydrogeolic units and the rock types used to define sorption coefficients

in Chapter 9 is given in Table 9-3.

For the most part, these parameters have little change from TSPA-91. The one big

change is in fracture spacing, which is significantly higher for all units, but especially for

TSw and the vitrophyre. The spacing this time reflects the distance between the largest frac-

tures, whereas previously the spacing was more reflective of distance between the smallest

fractures. The mean fracture spacings are used rather than including distributions because

the derived distributions are poorly behaved, with very strong divergence at zero spacing.

With the strong matrix/fracture coupling assumed, the fracture spacing matters little, any-

way. In the future we would like to examine the issue of matrix/fracture spacing more

closely, and for that examination better information on fracture spacing will be needed.

Two other changes from TSPA-91 of possible significance have to do with dispersivity.

In TSPA-91, dispersivities were sampled independently for each unit; this time, a single

dispersivity is sampled for matrix transport and a single one for fracture transport, and they

are applied to all units. This change has the effect of making the sampled dispersivity a little

Table 14-11. Summary of parameters for saturated-zone flow.

Model parameter Distribution or value
-- i i.i

Water velocity see Table 11-7
Porosity 0.2 (see Section 11.6.3)

Table 14-12. Summary of transport parameters.

Model parameter Distribution or value
i,i ii , i iii i ,, i

UZ transport area see Table 14-2
SZ transport area see Section 11.6.2
Diffusion coefficient 3.16 x 10-2 m2/yr
Matrix tortuosity factor 10
Fracture tortuosity factor 1
UZ dispersivity uniform from 10 to 25 m
SZ dispersivity see Table 11-7
Fracture sorption coefficient 0
Matrix sorption coefficient see Table 9-4
UZ bulk density see Table 7-4
SZ bulk density 2000 kg/m 3 (see Section 11.6.3)
UZ fracture spacing mean values from Table 7-17
SZ fracture spacing none
Matrix/fracture coupling factor 1
Matrix velocity correlation length 0
Fracture velocity correlation length 0
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more important since it applies over a larger region. The lower limit for the saturated-zone

dispersivity is higher this time than in TSPA-91 (see Section 11.6.1), and the distribution

type was changed from log-uniform to uniform. Both changes lead to higher dispersivities.

14.5.5 Inputs for GASTSA

Detailed discussion of the gaseous flow and transport modeling is in Chapter 12.

As with saturated-zone water flow, for TSA calculations gas flow and transport are not

calculated--the results of detailed calculations described in Chapter 12 are used. The method

of abstraction is described in Section 12.4. A summary of the parameters for gaseous-release

calculations (aside from source parameters) is given in Table 14-13. Differences from TSPA- i

91 are discussed in Section 12.4.

"Base" in Table 14-13 refers to the values used for the det_,iled calculations of gas flow

and 14C transport. As discussed in Section 12.4, the base 14C transport times are scaled

by the retardation multiplication factor and by the ratio of base permeability to welded-tuff

bulk permeability.

As noted in Chapter 12, gas flow was only calculated for a thermal loading of 57

kW/acre. Since we have no other information, we use the 57-kW/acre 14C transport times

for all four of our cases, including the ll4-kW/acre cases. This procedure probably under-

estimates slightly the releases to the accessible environment within 10,000 years for the

ll4-kW/acre cases, since gas velocities are expected to be higher for the higher thermal

loading (because temperatures are higher). However, even for 57 kW/acre, the 14C trans-

port times are well below 10,000 years (see Figure 12-12), so an additional reduction is not

expected to make a big difference.

Calculation of individual radiation doses is not made for gaseo:Js releases of 14C, be-

cause they are known to be negligible (Park and Pflum, 1990; Van Konynenburg, 1991).

Population doses, on the other hand, may not be negligible for 14C. The "EPA ratio" made

by dividing the cumulative release of radioactivity over 10,000 years by the EPA's limit from

Table 14-13. Summary of parameters for gaseous flow and transport.

Model parameter Distribution or value
HH II I I

Base permeability for nonwelded 10-12 m2 (see Section 12.4)
Base permeability for welded tuff 10-11 m2 (see Section 12.4)
Bulk permeability for welded tuff see Table 7-13, unit 3*
Base retardation factors see Figure 12-1
Retardation multiplication factor see Section 12.4
14C transport times (base values) see Figure 12-12

*Values in Table 7-13 are multiplied by 1.02 × 10-7
to convert from m/s to m 2.
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40 CFR 191.13 (EPA, 1985) is a surrogate for population dose, and the fact that calculated

14C EPA ratios are high (see, e.g., Chapter 5 in the TSPA-91 report) is an indication that

population doses for 14C may be significant.

Unlike the aqueous-release calculations, the 14C gaseous-release calculations are car-

ried out only to 10,000 years. Because the half-life of 14C is only 5730 yr, releases after

10,000 years are unlikely to be significant.

14.6 Results

In this section, results of the composite-porosity-model Monte Carlo simulations are

presented. As discussed in Section 2.3, the results are presented in terms of two measures of

repository performance: the "EPA sum," or normalized cumulative release of radioactivity to

the accessible environment, and the maximum radiation-dose rate to an individual received

by drinking contaminated water from the saturated zone in the accessible environment. The

accessible environment is defined as in 40 CFR Part 191; for aqueous releases the accessible

environment is 5 km away from the repository, and for gaseous releases (and other types

of surface release such as from drilling) the accessible environment is the ground surface

above the repository. Cumulative release is normalized as specified by the EPA in 4_ CFR

191.13. Even though 40 CFR Part 191 no longer applies to Yucca Mountain, the EPA sum

is still a useful quantity to calculate, for three reasons: (1) A new regulation for the Yucca

Mountain site has not yet been specified; (2) EPA sums are a surrogate for total dose to

the population, but are easier to calculate; and (3) EPA sums can be compared with those

from past calculations (TSPA-91 and several others), whereas past estimates of doses are

less common (Doctor et al., 1992; Eslinger et al., 1993).

Results are reported for three time periods: 10,000 years, 100,000 years, and 1,000,000

years. For EPA sums, the 10,000-year period is most relevant, because the EPA has only

specified limits on the EPA sum for 10,000 years. For doses, the million-year period is most

relevant, because the time of peak dose rate is usually greater than 100,000 years. Note

that million-year calculations are included as illustration of how results can change when

longer time periods are considered, but there may be additional processes that should be

included for such a long time period.

Aqueous releases are reported for all the above combinations (two performance mea-

sures times three time periods), but gaseous releases are reported only in terms of 10,000-yr

EPA sum. For each applicable combination, aqueous and gaseous releases are reported for

four repository cases: vertically emplaced thin-walled containers for thermal loading of 57

kW/acre or 114 kW/acre and in-drift-emplaced double-walled multipurpose containers for

thermal loading of 57 kW/acre or 114 kW/acre.
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14.6.1 Aqueous releases

For each aqueous-release simulation, 300 realizations are computed for each of the

unsaturated-zone colu,nns. For each realization of a column, unsaturated-zone flow is cal-

culated for both "dry" and "wet" climatic conditions; releases from the engineered barrier

system (EBS) and unsaturated-zone transport are calculated, switching between the "dry"

and "wet" flows at climate-change times; and then saturated-zone transport is calculated

for the SZ flow tube corresponding to the UZ column. Cumulative releases from the EBS,

from the unsaturated zone, and to the accessible environment are saved at each of three

timesml04 yr, 105 yr, and 106 yr. Highest dose rate so far at the accessible environ,nent is

also saved at the same three times. There is a total of 26 UZ columns (eight each for the

57-kW/acre cases, five each for the ll4-kW/acre cases), each with 300 realizations computed

(a total of 7800 realizations), and with 12 performance measures saved for each realiza-

tion (EBS release, UZ release, release to accessible environment, and dose rate at three

times). In addition, subsidiary simulations are performed to better understand transport

time, container failure, and the effect of percolation flux and water-table fluctuations on the

results.

Most model parameters are sampled independently for the columns contributing to a

given simulation because the correlation lengths for hydrogeologic properties are expected

to be much smaller than the distance between columns (for example, Rautman and Robey,

1993, use 150 m for the major-axis porosity correlation length). The only model parameters

that are correlated among columns are the climate parameters (infiltration, water-table rise,

and climate-change times), and they are chosen to be the same for all columns in a given

simulation. Note that water-table elevation varies from column to column, but the change

from nominal is taken to be the same for all columns. Also note that percolation flux varies

from column to column because it depends on matrix saturated conductivity, and has a

random aspect as well (see Section 8.9).

Because of the climate parameters, the release calculations for the columns are not

completely independent, as they were in TSPA-91. Thus, it is no longer appropriate to

combine the cumulative releases from different columns in the way it was done for TSPA-

91 (see Chapter 8 of the TSPA-91 report). The combination is actually simpler this time,

with releases from all the columns for a given realization simply added together, since the

realization represents the same climate scenario for each column.

Doses are not additive as cumulative releases are, so they must be treated differently.

As discussed in Section 11.6.2, the areas of the SZ flow tubes are chosen so that the radionu-

clide concentrations in each flow tube are approximately correct. The dose rates from all the

flow tubes cannot be combined because they represent different spatial locations. However,
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each flow tube has a valid dose calculation. Thus, to get a single representative dose rate,

the largest of the flow-tube dose rates is taken.

An example of the combination of releases and dose rates for one of the cases is shown in

Figure 14-17. The figure shows probability distributions of release and close rate, generated

from the 300 realizations in the Monte Carlo simulations. The realizations are all weighted

equally, so the lowest probability shown on the curves is 1/300. The probability distributions

are displayed in the form of complementary cumulative distribution functions (CCDFs),

which show the probability that release (or dose rate) is greater than a given value. There

is a much greater range of computed 10,000-yr cumulative releases than of computed peak

dose rates over 106 yr. There is a range of only three orders of magnitude in the maximum

dose rate for a realization, but seven orders of magnitude variation in EPA sum is shown,

and over 70% of the EPA sums are not even on the plot because they are less than 10 -s.

Ten thousand years is a relatively small time compared to most of the unsaturated-zone

transport times (see Figure 14-1), which explains the large number of zero and near-zero

10,000-yr releases. Also, releases that do come through are on a very nonlinear part of the

breakthrough curve, which explains the large range of 10,000-yr releases. One million years,

on the other hand, is a relatively large time, and behavior is more linear. In fact, much of

the variation in the dose curves comes from variations in the saturated-zone transport area,

which enters the dose calculation simply as a divisor, but which varies over two orders of

magnitude.

A comparison of the composite-porosity aqueous-release results with the EPA standard

(40 CFR 191.13) is given in Figure 14-18. Results for all four repository cases are shown,

as well as the composite-porosity aqueous-release CCDF from TSPA-91. The limits set by

the EPA (no longer applicable to Yucca Mountain) are indicated by the shading: Under the

EPA standard, the CCDF curve must stay outside the shaded region. Note, however, that

the EPA limits are applicable to a CCDF that includes all significant processes, whereas

the CCDFs in Figure 14-18 include only nominal groundwater flow and transport (and those

with many simplifications).

Two things are striking about Figure 14-18. First, although the calculated 10,000-yr

releases are lower for the ll4-kW/acre cases than for the 57-kW/acre cases, and releases

are slightly lower for the in-drift cases than for the vertical cases, the CCDFs for the four

cases really are not very different. The differences among the cases in Figure 14-18 are

explainable in terms of the temperature curves (see Figures 10-16 through 10-19): The 114-

kW/acre cases stay above 100:_C longer than the 57-kW/acre cases, and to a lesser extent

the in-drift cases stay above 100"C longer than the vertical cases (as noted in Chapter 13,

the YMIM corrosion models allow aqueous corrosion only when temperature is 100°C or
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lower). Second, the CCDFs are significantly lower than the TSPA-91 CCDF (the TSPA-91

distribution has 90% of its normalized releases greater than 10 -8, whereas the TSPA-93

distributions have only about 15% to 30% of their normalized releases greater than 10 -8,

depending on the case).

The reduction in releases compared to TSPA-91 is primarily because the initial

percolation-flux distribution is lower--for TSPA-91, the percolation flux was exponentially

distributed with a mean of 1 mm/yr. This time, the "dry" infiltration distribution is exponen-

tially distributed with mean of 0.5 mndyr, and the percolation distribution is a little lower,

averaging 0.35 mm/yr (see Figure 8-7; the dry-climate distribution is discussed rather than

the wet-climate distribution because, with our assumptions, the climate is usually "dry" for

the first 10,000 yearsmsee Chapter 8). Sensitivity analysis of the TSPA-91 results (Wilson,

1993) showed that the composite-porosity aqueous-release results were extremely sensitive

to percolation flux, with flux accounting for 90% of the variability in the results. The change

in the release CCDF from TSPA-91 to TSPA-93 is another demonstration of that sensitivity.

To show the effect of the percolation distribution, the aqueous-release simulation was

re-run for one of the cases (57 kW/acre, vertical emplacement) using the TSPA-91 perco-

lation distribution with no climate changes, but keeping everything else the same. The
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resulting CCDF (see Figure 14-19) is very similar to tile TSPA-91 CCDF, confirming that

the percolation-flux distribution determines 10,000-yr composite-porosity aqueous releases

to a great extent.

Another demonstration of the importance of percolation flux and climate change is

shown in Figure 14-20, where the CCDF for the 57-kW/acre, vertical-emplacement case is

separated into realizations that have a climate change within the first 10,000 years and

realizations that have dry-climate conditions for the whole 10,000 years. It can be seen that

realizations including a climate change account for all of the highest releases, though only

about 10% of the realizations have a climate change before 10,000 yr.

Distributions of peak drinking-water radiation-dose rate over a period of a million

years are shown in Figure 14-21. Once again, there is little difference among the four cases,

though the vertical cases are lower than the in-drift cases and the l l4-kW/acre cases are

lower than the 57-kW/acre cases. (Note that cases with better 10,000-yr performance are
Q

not necessarily better over longer time periods.)

The most striking thing about Figure 14-21 is that the maximum dose numbers are

so high. The means of the distributions shown in the figure range from 11,000 to 20,000
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Figure 14-19. Comparison of normalized cumulative aqueous release over 10,000 years for
TSPA-91, TSPA-93, and a test case in which percolation flux is the same as

for TSPA-91 but everything else is the same as for TSPA-93 (57 kW/acre,
vertical emplacement).
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mrem/yr; for comparison, the National Council on Radiation Protection and Measurements

estimates the average dose rate to individuals in the U. S. from natural background radiation

to be about 300 mrem/yr, with a broad distribution going up to a few thousand mrem/yr

(NCRP, 1987).

The dose numbers in Figure 14-21 are preliminary and so should not be given too

much weight, but the high calculated values are an indication of a fact about the Yucca

Mountain site: it is arid. As a result, Yucca Mountain is a good site in terms of time delay.

Geosphere transport times are much longer than they would be at many sites (according to

the composite-porosity model, at least); however, Yucca Mountain is not a particulary good

site in terms of dilution. If waste does escape from the repository, little water is available

to dilute it, and the peak dose rates really depend on only two things--release rate from the

source and amount of dilution afterward.

If a dose regulation has no time limit, long transport times are not enough to guarantee

low dose rates--low release rates from the repository are necessary, and the amount of

dilution after release determines how low they must be. Low water velocity or high sorption

can push the peak dose rate far into the future without lowering its magnitude. To obtain

low peak dose rates from transport time alone, it is necessary for the transport time to be

greater than the half-life for all important radionuclides. As discussed below, the calculated

doses are dominated by 237Np, which has a half-life of about two million years, so a 237Np

transport time greater than two million years would be needed to reduce the peak dose rates

significantly.

The saturated zone in the vicinity of Yucca Mountain is not well characterized at

the present time, so it is certainly possible that the amount of dilution is underestimated.

However, we are unlikely to underestimate by several orders of magnitude. Thus, to lower

the calculated dose rates significantly, the calculated EBS release rates would have to be

significantly lower. Our source model has a number of conservatisms, so there are several

possibilities for lowering the EBS release rates. Some important areas to investigate are

container wetting, mechanisms for water flow into a partially failed container, mechanisms

for transporting radionuclides out of a partially failed container, and cladding failure. Some

aspects of repository design can affect dose rates also. For example, it may be possible to

design the container/emplacement system in such a way as to spread out container failures

more (to reduce peak dose rates, what is needed is not necessarily a longer-lived container,

but rather containers that do not all fail at once), and the waste packages could perhaps

be designed to maintain long-term reducing conditions (which would lower many of the

solubilities, notably neptunium's).
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To understand wily the simulated doses are lower for the vertical-emplacement cases

than for the in-drift cases, it is useful to consider the distributions of container-failure times

in Figure 14-22. Three features stand out in the distributions: (1) The four cases are dif-

ferentiated in time: according to the calculations, containers fail earlier for 57 kW/acre

than for 114 kW/acre, and the vertically-emplaced containers fail earlier than the in-drift-

emplaced containers. (2) The cases are also differentiated in probability: fewer containers

fail for vertical emplacement than for in-drift emplacement, and fewer containers fail for 57

kW/acre than for 114 kW/acre. (3) The exponentially distributed juvenile container failures

are clearly visible at the bottom of the plot. Note that we assume more juvenile failures for

the vertically-emplaced containers than for the in-drift containers (see Table 14-8). Point (2)

explains the dose differentiation between vertical and in-drift containersmif fewer containers

fail, releases are lower and doses are lower, in the long run.

The first two points above can be explained as follows. For the container-failure model

and input parameters used (discussed in Chapter 13), containers above 100°C are protected,

but they fhil very quickly after their temperature falls below 100°C if they are wet or moist.

As mentioned earlier, container temperature stays above 100°C longer for 114 kW/acre than

for 57 kW/acre and, secondarily, container temperature stays above 100°C longer for i_-
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Figure 14-22. Mean distributions of container-failure time for the four repository cases and
for TSPA-91.
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drift containers than for vertical containers. The times when most of the containers fail

in Figure 14-22 can be matched with the times (see Figures 10-16 through 10-19) when

container temperature falls below 100_'C. (The "stair step" effect in Figure 1.4-22 is caused

by having all containers in the repository represented by only ten container groups; see

Section 14.4.2.) The failure of fewer vertically emplaced containers can be traced to the

assumptions about container wetting and rubble contact (see Section 14.4.3 and Table 14-6).

We assume that the borehole airgap protects some of the vertically emplaced containers

from contact with moist rubble. Hence, some of the vertically emplaced containers are dry

at the time container temperature falls below 100°C, and as a result they do not fail. (Some

of them may be wetted at a later time, but at lower temperatures the corrosion rates are

much lower, and so containers usually do not fail at late times, according to our model.) On

the other hand, in-drift containers are always assumed to have contact with moist rubble

after the dryout period is past, so they almost all fail when the temperature falls below

100°C. The fact that some of the in-drift containers do not fail is related to the assumed

distributions for pitting increment (see Table 14-8). The pitting rates at the low end of the

distribution are slow enough that there is not time for failure while the containers are still

warm. The small difference in total failure probability between the 57-kW/acre cases and

the ll4-kW/acre cases is because the container temperatures fall off more rapidly for 57

kW/acre (and so the period when the containers are warm enough to pit through is shorter).

Also shown in Figure 14-22 is a curve for container-failure time in TSPA-91. The source

model in TSPA-91 did not have a container-failure distribution as such, because several time

scales were rolled up together. The curve in Figure 14-22 is the closest thing to a container-

failure distribution: it is a distribution of release time for a hypothetical nuclide that has

100% prompt releases. While rather different in shape (the failures are spread out over a

longer time than any of the TSPA-93 curves), the TSPA-91 curve is in the middle of the

other curves. Thus, the container-failure model for this TSPA is not really very different in

effect from the assumed distribution of container-failure times in TSPA-91.

Dilution is an important component of a dose estimate, so it is of interest to know the

amount of dilution in the model system. We can approximate the dilution by the "potential

dilution factor," a term we use to mean the amount of dilution that there could be if the flow

and transport were in steady state (i.e., neglecting ali transient effects).

The potential dilution factor is calculated by considering the following three quantities.

The amount of water that could be flowing through waste containers, according to the wetting

model being used (see Section 14.4.3), is

Q,. - N,.,,,1._f_A<r,,._sqs, (14.19)
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where Q, is the amount of water per unit time contacting waste, N,.., is the number of waste

containers, f, is the fraction of the containers contacted by flowing water (seepage flow), A,,,,,,

is the water-collection area, and q_ is the average seepage flux through a container that has

seepage flow. The total amount of water flowing through the potential repository area is

given by

Q,,: = Aret,q , (14.20)

where Q,,: is the water flow per unit time through the repository, A,,,p is the repository

area, and q is the percolation flux. The amount of water flowing through the corresponding

saturated-zone flow tube is given by

Q.,._.= A.,.:q._z.= A_.:v_:n_: , (14.21)

where Q._: is the amount of contaminated water flowing through the saturated zone per unit

time, A,._ is the effective SZ transport area (see Section 11.6.2), q._ is the SZ water flux (Darcy

velocity), vs_ is the SZ water w.locity, and n_ is the SZ porosity.

We assume that radionuclides released from the EBS are fully mixed with the UZ flow

before they reach the water table, so the potential amount of dilution in the unsaturated zone

is given by Q,./Q,,z.. Similarly, the radionuclides are assumed to be fully mixed within the SZ

flow tube, so the additional potential dilution in the saturated zone is given by Q,,:/Q._z.. The

total potential dilution is then Q,./Q._. The water flow, and therefore the dilution, varies

with changes in climate. Figure 14-23 shows distributions of potential dilution factor for dry

and wet climates (for 57 kW/acre, vertical emplacement, Column 8). The UZ, SZ, and total

dilution factors are shown. The potential dilution factor is the factor by which concentration

would change; since concentration decreases at each stage of transport, the dilution factors

are always less than 1.

From the figure, it can be seen that there is more dilution (i.e., a lower potential

dilution factor) during dry-climate periods than during wet-climate periods. This result

may seem surprising at first, because UZ water flow increases during wet-climate periods.

However, the saturated-zone flow does not change with climate in our simulations, so that

the radionuclides are assumed to be dissolved in the same amount of SZ water independent

of climate conditions. This assumption should be examined in future TSPAs. Secondarily,

along with the increase in UZ flux when going from dry climate to wet climate comes an

increase in the amount of water contacting a wet waste container and an increase in the

number of containers contributing to release. The net result is that both UZ and SZ dilutions

are greater for dry-climate conditions than for wet-climate conditions. Figure 14-23 also

shows that in the extreme cases dilution in the unsaturated zone is ahnost as great as the

total dilution, but at higher probabilities the UZ dilution is much less than the total dilution.
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Another factor contributing to high dose estimates is the abrupt change in water-table

height at climate-change times. A water-table rise associated with a change from "dry" to

"wet" conditions can result in a pulse release of radionuclides to the saturated zone, which

in turn can result in a spike in the calculated drinking-water dose 5 km downstream at the

accessible environment. To determine the magnitude of this effect, one of the simulations

was re-run with fixed water table. Figure 14-24 shows calculated peak-dose distributions

for 57 kW/acre, vertical emplacement, Column 8. Distributions for fixed water table and for

fluctuating water table are shown. It can be seen that the peak dose rates with fluctuating

water table are about a factor of three to ten higher than those with fixed water table.

Thus, the dose-rate spikes caused by sudden rises in the water table are typically about

a factor of three to ten higher than the maximum dose rates obtained with no change in

water-table height. Note that percolation flux still varies with climate in the fixed-water-

table simulation, so the variation in dilution illustrated above is included. As discussed in

Section 14.3, the dose spikes caused by water-table rises may be higher than they should

be because of the assumption of instantaneous changes in water-table height. However, at

present we have no estimate for the amount of time over which rises in water table should
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Figure 14-24. CCDFs of peak individual drinking-water dose rate over 1,000,000 years

with fluctuating water table (TSPA-93 base case) and with fixed water table

(57 kW/acre, vertical emplacement, Column 8).

take place. As shown in Figure 14-25, cumulative releases to the accessible environment

are also affected significantly by the assumed water-table fluctuations.

Figure 14-26 shows distributions of the time of peak dose rate for the four repository

cases. The steps in the curves result from the climate-change model--as discussed above,

high dose rates are more likely during wet-climate periods, both because of decreased dilu-

tion and because of abrupt water-table rises. The calculated times of peak dose rate are a

little higher for the in-drift cases than for the vertical cases; this is probably because many

of the in-drift containers fail at 1000 to 3000 years because of contact with moist rubble

(see Figure 14-22), but do not have water contact leading to releases until later, during a

wet-climate period. This delay between container failure and releases can happen in the

vertical-emplacement cases also, but it happens for a lower fraction of the containers (see

Figure 14-22). The most important point to make about Figure 14-26 is that the peak-dose

times are spread out (almost log-uniformly) from several tens of thousands of years up to

about a million years. It appears that 106-yr calculations are sufficient to see most of the

dose peaks, though extending the simulation time to 2 x 106 yr may account for the last few

percent.
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The variation of EPA releases and dose rates with time period is shown in Figure 14-27

for 57-kW/acre thermal load and vertically emplaced containers. The corresponding figures

for the other cases are similar. Keep in mind that the shaded "EPA limit" region in Fig-

ure 14-27a applies only to the 10,000-yr curve. Both for EPA sum and for peak dose rate,
l

two things happen as time increases: the release or dose rate increases and the spread de-

creases. The 106-yr EPA-sum curve has less than an order of magnitude spread. Basically,

almost all of the low-retardation radionuclides released from the EBS make.it to the acces-

sible environment by l0 s years, and almost none of the high-retardation nuclides do. The

total amount of low-retardation radionuclides released from the EBS depends only on the

total number of containers that fail and release their radionuclides. Apparently, the number

of containers that fail does not vary greatly from one realization to the next. The 106-yr dose

curve has more variation--about three orders of magnitude. As already mentioned, much of

that variation is due to variation in the SZ-transport-area parameter (i.e., variation in the

amount of dilution in the saturated zone), a parameter that does not affect the cumulative

release to the accessible environment.

CCDFs for 10,000-yr normalized cumulative releases and 106-yr peak dose rates for

the individual radionuclides modeled are shown in Figure 14-28 for one of the cases (57

kW/acre, vertical emplacement). At 10,000 years, the calculated releases are dominated by

the nonsorbing species 99Tc and 129I. The 106-yr peak dose rates are dominated by 237Np.

Three other nuclides have dose rates about an order of magnitude below that of 237Np: 231pa,

99Tc, and 129I. The mean releases and dose rates for individual nuclides, divided by the mean

totals at three times are given in Table 14-14. The dose columns add up to more than 100%

because the peak dose rates for different nuclides occur at different times (the peak nuclide

dose rate divided by peak total dose rate is listed, not the contribution of the nuclide to the

peak total dose rate).

Table 14-14 shows that 99Tc dominates both EPA release and dose at early times and

237Np dominates both at late times. At 100,000 years, 99Tc has the highest calculated EPA

release but 237Np has the highest calculated peak dose rate.

The roles of the engineered-barrier system, unsaturated zone, and saturated zone are

illustrated in Figure 14-29. The figure shows the CCDFs for EPA releases from the EBS,

from the UZ, and to the accessible environment at three times. The latter two curves are

always well below the EBS-release curve, indicating that the unsaturated zone is containing

a significant fraction of the radionuclides. Much of the difference between EBS release and

UZ release at 105 years and 106 years is because 239pu released from the EBS has such a high

retardation that it does not reach the saturated zone. Many other highly retarded nuclides,

including several isotopes of plutonium and americium, are also released from the EBS in
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Table 14-14. Nuclide mean releases and dose rates in relation to total.

(57 kW/acre, vertical emplacement)

Normalized cumulative release

104 years 105 years 106 years
i iii i i i ii ii iiii1,, i1,11 i i i i i,i

99Tc (81.2_) 99Tc (52.6()_) 2_TNp (74.4_)
129I (18.7(_ ,) 237Np (32.1_)_,) 99Tc (16.3_.)

237Np (0.1%) 129I (14.1_) ]29I (6.6%)
231pa (0.8%) 231pa (1.9%)

798e ( 0.2v_ ,) 234U (0.5_,)

234U (0.1%) 79Se (0.1%)
Peak individual dose rate

104 years 105 years 106 years

99Tc (66.7%) 237Np (81.5%) 237Np (96.9%)
129I (33.1%) 99Tc (15.8%) 231pa (7.6%)

237Np (1.2%) 129I (9.1%) 99Tc (6.5%)
231pa (6.2%) 129I (4.2%)
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Figure 14-29a. CCDFs for normalized cumulative aqueous release over 10,000 years from
the EBS, from the unsaturated zone, and to the accessible environment

(57 kW/acre, vertical emplacement).
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significant quantity and contained by the UZ, so the difference between the curves should

be even larger. The small separation between the curves for releases from the unsaturated

zone and releases to the accessible environment is because the calculated SZ transport times

are much shorter than the calculated UZ transport times (see Figures 11-26 and 14-1).

14.6.2 Gaseous releases

For each gaseous-release simulation, 1000 realizations are computed. The repository

is not subdivided into columns for these calculations, but is treated as a whole. For each

realization, releases from the EBS are calculated and then convolved with 14C transport-

time distributions, as shown in Equation 12.6. Cumulative releases from the EBS and to

the accessible environment over 10,000 years are saved for each realization. Radiation doses

are not calculated for gaseous releases. Calculated gaseous releases are different for the two

models of unsaturated-zone groundwater flow (composite-porosity and weeps) because water

flow and distribution are intimately involved in the radionuclide source term (see Chapter 13

and Section 14.4). Thus, gaseous-release results are reported both in this chapter and in

the next, which deals with the weeps model.

A comparison of the composite-porosit:y gaseous-release results with the EPA standard

is given in Figure 14-30. Results for all four repository cases are shown, as well as the

composite-porosity gaseous-release CCDF from TSPA-91. All four cases have higher releases

than TSPA-91 at low probability and lower releases at high probability. Since the high

releases are of most concern, even if they do have low probability, we would say that all four

of the TSPA-93 cases are worse than TSPA-91 (they go farther into the shaded region). The

higher releases to the surface are primarily because of the faster 14C transport this time

(see Section 12.4). There is very little difference among the four cases, but it can be seen

that 57-kW/acre thermal load with vertically emplaced containers has the highest releases

and 114 kW/acre with in-drift emplacement has the lowest releases (but reversed at high

probability). All four cases were calculated using 14C transport-time distributions based on

a thermal load of 57 kW/acre, so the 114-kW/acre releases are probably a little lower than

they should be, because gas velocities should be higher for higher thermal loads.

As in T3PA-91, calculated 14C releases exceed the limits specified by the EPA in 40 CFR

191.13. Also as in TSPA-91, we believe that there are enough conservatisms built into the

calculations that this exceedence should not be cause for alarm. For example, as mentioned

in Section 14.4.1, inclusion of the fuel-rod cladding in the source-release calculations could

reduce releases by a factor of 3 to 5.

Normalized releases from the EBS for all four cases are shown in Figure 14-31. The

four new cases and TSPA-91 are all clustered very tightly for probability below about 0.3. For
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higher probability (i.e., what might be considered normal conditions), the new calculations

have lower releases than TSPA-91. The reduction is caused by the changes in the way

thermal dryout and container failure are handled. In the 114-kW/acre cases most containers

do not fail until roughly 3000 years, and in the 57-kW/acre cases many containers never fail

(see Figure 14-22).

The final topic under gaseous releases is the combination of gaseous and aqueous re-

leases to obtain the distribution of releases for nominal conditions assuming the composite-

porosity model. We only make such a combination for cumulative releases since doses were

not calculated for gaseous releases. The cumulative gaseous and aqueous releases are com-

bined in the same way as described in Chapter 8 of the TSPA-91 report, by adding gaseous

and aqueous partial EPA sums at the same probability level. This procedure is followed be-

cause the aqueous and gaseous releases are calculated independently. It would be preferable

to calculate them in parallel, using the same values for shared variables (climate variables,

source variables, and bulk conductivity), in which case the aqueous and gaseous releases

for each realization would be additive. Because the dependencies between the two are not

preserved, it is necessary to follow some ad hoc procedure to combine them, and the one

mentioned above appears to be the best choice. Because the 10,000-yr normalized gaseous

releases are much greater than the normalized aqueous releases (compare Figures 14-18

and 14-30), the combined CCDFs (Figure 14-32) are nearly identical to the gaseous-release

CCDFs.

14.6.3 Parameter sensitivities

In this subsection, we discuss the parameters to which the results are most sensi-

tive. Knowing which model parameters affect the results most strongly indicates where to

copcentrate modeling, site-characterization, and design resources.

It must be emphasized that the sensitivity results are only indications of what may be

important. Our models and datasets are still very preliminary, so great confidence cannot

be placed in the results. However, when viewed appropriately, the results can be useful. For

example, a parameter that appears in our sensitivity analysis as possibly important is the

fraction of containers contacted by rubble, or rubble fraction. The proper way to view this

finding is not necessarily to conclude that rubble is important to repository performance. We

must consider how the rubble fraction fits into the models. It is used as part of a simple model

to predict wetting of containers (see Section 14.4.3). Therefore, a more general conclusion

is that container-wetting mechanisms and near-field water flow are important, and should

be understood better. We must also be aware of the dependencies that exist in the models.

Part of the reason that container wetting is important to the results is that the model used
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for container corrosion is strongly temperature-dependent and moisture-dependent, and the

two are linked. If the temperature-dependence of the pitting rate for Alloy 825 were reduced,

it could also reduce the importance of the container-wetting model--such connections should

be investigated.

It is necessary always to keep in mind the limitations of modeling.., the models are

limited by what we put into them, both in terms of processes modeled and in terIns of input

data. If the input data are incorrect, we could be misled into drawing false conclusions.

If significant processes are left out of the models, they will not tell us so; it is up to us to

continue to evaluate processes that have heretofore been neglocted in order to determine

whether or not they are significant.

With the appropriate caution, then, let us proceed with an examination of the results

and their sensitivities. The primary tool used is rank linear regression--linear regression

performed upon the ranks rather than upon actual data values. (By ranks, we mean that

the values are put in order and the ranks are the order numbers_lowest is 1, second lowest

is 2, etc.) A good discussion of the subject, including some of the theory, is given by Helton

et al. (1991). An application of regression analysis to TSPA-91 results is given by Wilson

(1993). A secondary tool, useful for visualization, is the scatter plot (plots of one variable
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against another; usually plots of output---EPA release or peak dose rate--against one of the

inputs).

First, in Table 14-15, we present results of rank linear regression for 10,000-yr cumu-

lative aqueous releases with 57-kW/acre thermal load and vertically emplaced containers.

Results for Colunm 8 are used for the analysis. The other cases/columns are similar.

The A R 2 value is a measure of the relative importance of a parameter (see Helton

et al.). All parameters with A R _ _ 0.01 are listed in the table, and in similar tables to

come. Note that correlations between input variables complicates the interpretation of A R2

somewhat; some of the importance attributed to a given variable could actually be due to

another variable that is correlated with it. Great significance should not be attached to the

actual A R2 values listed in Table 14-15 and succeeding tables, but they should be viewed as

qualitative indicators of importance. The sum of the A R2s, or R2 is a measure of goodness

of fit of the linear regression (see Helton et al.). R 2 near 1 indicates a good fit, meaning

that the variation in releases is well accounted for by the parameters used in the regression

model. (R 2 is the square of the correlation coefficient between the actual release values and

the release values predicted by the regression model.) In this case, R2 _ 0.77, which is only

a fair fit.

Scatter plots of" the most important parameters, shown in Figures 14-33 and 14-34,

show why a linear fit is not particularly good: there are two populations, realizations with

a climate change within 10,000 years and realizations that have "dry" climate for the whole

10,000 years. This fact is also illustrated in Figure 14-20. If the two populations were

separated and linear regression run on each separately, regression fits would probably be

much better. The importance of percolation flux and climate change to 10,000-yr releases

has already been discussed.

Next, results of rank linear regression for 106-yr peak dose rates are given in Ta-

ble 14-16 for the same case (57 kW/acre, vertical emplacement, Column 8). The Rz for the

regression model is 0.71; once again, only a fair fit. The inclusion of a plutonium sorp-

tion coefficient in the regression model is clearly spurious since plutonium does not make a

significant contribution to the doses (see Figure 14-28).

Table 14-15. Parameters important to composite-porosity aqueous EPA releases.

(57 kW/acre, vertical emplacement, Column 8)

No. Variable Units A R_

1 "dry" percolation flux m/yr 0.69
2 1st climate-change time yr 0.07
3 UZ matrix dispersivity m 0.02

14-62



10 0
• i • de •

, " , ,_.,',, , ! "10 -5 .

. .10 -lo • • I

10 -15
E " •
:u 10 -2o

n •
'_ -25
_ 10
U.I

10 -30 • #.,.._
IIn

10"35 • ••i

.
10 -40 .••

• n
• u I_ •

10-45 ........... . ................... 6% .... I I , I .... , , , I i ,'-'

10 -7 10 -6 10 -5 10 -4 10 -3 10 -2

"Dry" percolation flux (m/yr)

Figure 14-33. Scatter plot of normalized cumulative aqueous release over 10,000 years vs.
"dry" percolation flux (57 kW/acre, vertical emplacement, Column 8).

10 0

• • """_,1, .",. .. •• _.10.5 .. .'1,
• • • I • • m •111ub•,lLal

lo o . ,," ;"
• , .. .. ,..._" ,Ill

• _n n ,amme

10-_5 ".,." I ,w,',,,nm._ I
r • -"-141E ... __

::3 10"2° % " •...am_.at
• ,,. U. lb.

<13_ 1 0 -25 m,llP ,LLI

10"3° • • ••.,,

10 "35 • • •

•n

10 -4o •
• .,d, ""• II

1045 ' , , , ,,,, ........................ _ ....... -'2

10 1 10 2 10 3 10 4 10 5

Climate-change time (yr)

Figure 14-34. Scatter plot of normalized cumulative aqueous release over 10,000 years vs.
first climate-change time (57 kW/acre, vertical emplacement, Column 8).

14-63



Table 14-16. Parameters important to composite-porosity aqueous peak dose rates.

(57 kW/acre, vertical emplacenaent, Column 8)

No. Variable Units AR2
,i,,,1,,, i,i,1,1 iii ii i i1,

1 SZ transport area m2 0.34
2 "dry" percolation flux m/yr 0.11
3 TSw matrix conductivity m/yr 0.07
4 100C pitting increment mm 0.06
5 Np solubility g/m :_ 0.05
6 rubble fraction none 0,05

7 "wet" percolation flux m/yr 0,02
8 Pu K,I for vitrophyre m3/kg 0.01
9 Np Kj for SZ m3/kg 0.01

Scatter plots for some of the parameters listed in Table 14-16 are shown in Figures

14-35 through 14-39. The importance of SZ transport area to dose values has already been

discussed. "Dry" percolation flux, TSw matrix saturated conductivity, and pitting increment

all appear in the list of parameters to which dose rates are sensitive because of their roles in

determining how many containers fail. "Dry', percolation flux is more important than "wet"

percolation flux because dry-climate conditions usually prevail when container temperatures

fall below 100_C, at which time containers that are wet or moist will fail unless the pitting

increment is too low (see Figure 14-22 and the accompanying discussion). No trend is readily

apparent in Figure 14-37, showing peak dose rate plotted against TSw matrix conductivity,

so it is unclear why it appears in the regression model. However, matrix conductivity does

enter into the model for determining how many containers are wetted. Neptunium solubil-

ity is important because 237Np doses dominate the dose calculation. Only a weak trend is

visible in Figure 14-39 because the release rate of 237Np from the EBS depends on neptu-

nium solubility only when the fuel-matrix-alteration rate is low enough. 237Np releases are

alteration-limited much of the time.

Lastl:t, results of rank linear regression for 10,000-yr cumulative gaseous EPA releases

are given in 'Fable 14-17, once again for the 57-kW/acre, vertical-emplacement case. The R_

for the regression model is only 0.59, a rather poor fit.

Scatter plots for TSw matrix conductivity, pitting increment, "dry" percolation flux, and

TSw bulk permeability are shown in Figures 14-40 through 14-43. Once again, TSw matrix

conductivity, "dry" percolation flux, and pitting increment appear because of their roles in

container failure. Figure 14-41 is a very clear demonstration that, when pitting increment

is low enough in the model used,-containers do not fail. The releases for the low values of

pitting increment are all from juvenile-failure containers. TSw bulk permeability appears

as an important parameter because of its role in scaling the 14C transport-time curves (see
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vs. 100c'C pitting increment (57 kW/acre, vertical emplacement, Column 8).
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vs. neptunium solubility (57 kW/acre, vertical emplacement, Column 8).

Table 14-17. Parameters important to composite-porosity gaseous EPA releases.

(57 kW/acre, vertical emplacement)

No. Variable Units AR 2i

1 TSw matrix conductivity m/yr 0.23
2 100°C pitting increment mm 0.14
3 "dry" percolation flux m/yr 0.13
4 TSw bulk permeability m2 0.05
5 rubble fraction none 0.02
6 retardation multiplication factor none 0.01

Section 12.4). The dependence of releases on permeabil'_y would be stronger except that the

base transport times are so short. If most of the transport times are small, then they can

be scaled by quite a bit and still remain well below 10,000 years.

The above-listed parameters to which the results are sensitive fall into a few categories

that appear to be important. First, "dry" percolation flux, "wet" percolation flux, and the

first climate-change time all concern percolation and climate change. There is little doubt

that percolation and climate change are extremely important if the composite-porosity model

has any validity, especially for short times (like 10,000 years).
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Figure 14-40. Scatter plot of normalized cumulative gaseous release over 10,000 years vs.
TSw matrix saturated conductivity (57 kW/acre, vertical emplacement,
Column 8).
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Figure 14-41. Scatter plot of normalized cumulative gaseous release over 10,000 years vs.
100°C pitting increment (57 kW/acre, w+rtical emplacement, Column 8).

14-68



0-4 , i J i ii|ll J , , i iJl,J ' ' | ' _'111 I I I I f_%ll I I I I IIIII I I I I IIII

10 -8 10 -7 10 -6 10 -5 10 -4 10 -3 10 -2

"Dry" percolation flux (m/yr)

Figure 14-42. Scatter plot of normalized cumulative gaseous release over 10,000 years vs.
"dry" percolation flux (57 kW/acre, vertical emplacement, Column 8).
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Figure 14-43. Scatter plot of normalized cumulative gaseous release over 10,000 years vs.
TSw bulk permeability (57 kW/acre, vertical emplacement, Column 8).
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Second, the SZ transport azea represents the more general topic of dilution in the satu-

rated zone. For dose-rate calculations, characterization of the saturated zone, and especially

its dilution capability, is very important.

Third, the presence of TSw matrix saturated conductivity and rubble fraction (as well

as percolation flux) on the list are indicators of the importance of container wetting and near-

field water flow to container failure and releases. These processes are not well understood,

and it is clearly important to understand cgntainer failure as well as possible so that the

repository can be designed appropriately.

Fourth, the Alloy-825 pitting increment appears on the list representing the more

general category of corrosion processes. For Alloy 825, pitting may be the most important

form of corrosion, but other materials corrode differently. Once again, the importance of

understanding container failure should be self-evident. We might also add at this point the

importance of cladding failure. We included no cladding-failure variability in this TSPA, so it

produced no "important parameters," but there is a large potential for reduction of releases

by the cladding, the big question being whether we can have confidence in any model or

assumptions we make about cladding failure.

Fifth, neptunium solubility represents solubility in general and, even more generally,

the topics of waste-package and near-field chemistry and release rates. (Near-field chem-

istry also affects container corrosion, of course.) There are no variables in the simulations

representing fuel-matrix alteration--it is calculated with a deterministic model--but the

matrix-alteration rate is certainly important as well.

Sixth and last, TSw bulk permeability and retardation multiplication factor are impor-

tant for the old EPA measure of cumulative release for 14C (40 CFR 191.13), because they

affect how much of the 14C can be transported to the surface in 10,000 years. Their impor-

tance is fairly closely linked to the performance measure used, so when the EPA promulgates

a new regulation for Yucca Mountain, the importance of these gaseous-transport parameters

may change. The two parameters represent the more general areas of characterization of

bulk permeability and 14C retardation factor for the whole mountain.

14.7 Conclusions/recommendations

The quantities mentioned in the previous section, on parameter sensitivities, are the

ones that appear to be most important, according to our current models. Therefore, these

are areas that we recommend be given priority in the site-characterization program:

• Characterize percolation flux--at present and how it may change in the future.

• Characterize saturated-zone to_, especially its dilution capability (horizontal and ver-

tical mixing). This item is very important to dose-rate calculations.
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• Characterize bulk permeability and 14C retardation factor. These items are very im-

portant to EPA-type gaseous-release calculations.

• Study container-wetting processes and near-field water flow under realistic conditions

(e.g., in heater tests).

• Study container corrosion under realistic conditions.

• Study fuel-rod-cladding failure.

• Study waste-package and near-field chemistry; in particular, determine solubilities

and fuel-matrix-alteration rates under realistic conditions. With our current models,

neptunium, technetium, and iodine appear to be the most important elements.

In addition, it is important to examine our modeling assumptions and determine their

validity. Some of the most important are:

• The results and conclusions in this chapter depend on the assumption of the composite-

porosity flow model. Site characterization should search for evidence of nonequilib-

rium fracture flow (weeps) at present and in the past. The possibility of reduced ma-

trix/fracture coupling due to fracture coatings, large effective fracture spacings, etc.

should be investigated.

• Our calculations are made with one spatial dimension. As shown in Chapter 23, one-

dimensional calculations are appropriate under some circumstances, but evidence of

more complicated flow patterns, perhaps associated with fault zones, should be sought.

• Our calculations use very simplified assumptions about thermal effects. Processes such

as formation and shedding of condensation caps, thermal and chemical alteration of

flow properties, and rewetting after the thermal period should be studied.

• Our calculations do not include any possible effects of colloids. Colloid formation and

transport should be studied.

• Our hydrogeologic input dataset is primarily based on measurements of properties

using drill core, whereas the block sizes in a typical numerical calculation are meters

to hundreds of meters in size. Scaling of properties from small to large should be

studied.

Finally, based on the results and parameter sensitivities, we have the following com-

ments and recommendations for repository/waste-package design.
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• There is no substantive difference in our results for the four repository cases, so we

have no strong recommendation on which one to choose, but we do have lesser recom-

mendations.

• According to the models that we use, the mild-steel outer container of the multipur-

pose containers does not increase container lifetime significantly. For reference, some

additional container-failure results are shown in Figure 14-44. The figure shows that,

with our current container-failure models, much thicker container walls are necessary

to achieve better performance. However, cathodic protection resulting from having two

walls of different metals has not yet been investigated.

• Methods to reduce container corrosion should be sought. If possible, the repository

system should be designed so that containers fail over a long period of time, rather

than all tending to fail near the same time.

• Container emplacement should be engineered to reduce moisture contact with con-

tainers--for example, by borehole emplacement or by capillary-barrier backfill tech-
]

niques for in-drift emplacement.
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Figure 14-44. Mean distributions of container-failure time for some alternative two-walled

containers (57 kW/acre, in-drift emplacement).
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• Projected internal waste-package temperatures should not be so high as to cause the

fuel-rod claddings to rupture. Even if we are not certain that the cladding will contain

radionuclides, it makes sense to promote its effectiveness. The SCP listed thermal

goals that were intended to protect the effectiveness of cladding and other barriers;

those goals should not be eliminated lightly.

• If possible, the waste packages should be designed to maintain long-term reducing

conditions (not for just a few hundred or thousand years).
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Chapter 15
Nominal-Case Releases:

Weeps Model
(Gauthier)

One concern about locating a high-level radioactive waste repository at Yucca Moun-

tain is that groundwater might not percolate slowly and uniformly through the mountain;

rather, it might flow in episodic pulses through the fractures. In this conceptual model of"

groundwater flow, Yucca Mountain is a sieve, offering waste containers little or no protection

from fast moving streams of water. Some evidence exists for this flow mechanism, but the

evidence is inconclusive. Locally perched water has been observed at Yucca Mountain (at

USW UZ-1, Whitfield et al., 1990, and at USW UZ-14, Dyer, 1993), and approximately 20 km

southeast of Yucca Mountain at Skull Mountain (Ingraham et al., 1991). At Rainier Mesa,

some 50 km northeast of Yucca Mountain with a tuff stratigraphy similar to Yucca Moun-

tain, substantial flow has been observed through faults and fractures in the unsaturated

zone (Wang et al., 1993).

The weeps model was designed to investigate this alternative flow concept. A complete

description of the weeps model can be found in Gauthier et al. (1992) and TSPA-91.

15.1 Brief description of the weeps model
The weeps model is not a process model; rather it is a mathematical construct based

on several postulates or axioms, upon which mathematical transformations are performed.

Thus, if the postulates hold, and if the transformations are appropriate and properly param-

eterized, the results should describe the basic flow conditions at Yucca Mountain.

The most important postulate is that flow within Yucca Mountain occurs vertically

downward in locally saturated zones, as suggested in Figure 15-1. That is, flow is gravity

driven; capillary effects are negligible. Flowing groundwater therefore does not interact

with the bulk of the tuff matrix (if it does, something similar to the composite-porosity

model results). Notice that we use the more general term, "locally saturated zones," or more

briefly, "weeps." The weeps model need not be restricted to investigate flow only in fractures;

it could be used to examine flow in saturated plumes, e.g., fingers, through matrix materials.

Another important postulate is that the weeps only contact the repository at discrete

points, and degradation of the repository only occurs at those points of contact (Figure 15-2).

If a weep passes through the repository without contacting a container, there is no effect.

We assume that containers not contacted by weeps do not corrode. This assumption is not

necessarily conservative, because the containers at least undergo dry oxidation, and could be
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Figure 15-1. Overview of potential weep flow through the unsaturated zone at Yucca

Mountain; locally saturated water flow through fractures is indicated by

zig-zag lines, flow in saturated plumes through nonwelded matrix is indicated

by curved lines.

subject to aqueous corrosion from nonflowing water held in the tuff matrix. In general, we

would expect corrosion to be minor in these cases. If containers fail, releases are most likely

limited to gaseous radionuclides or diffusion of dissolved radionuclides unless the container

is subsequently contacted by a weep. This situation should be addressed in future TSPAs.

In TSPA-93, failed containers that are not contacted by weeps are assumed to only release

gaseous radionuclides.

The weeps model is parameterized based on descriptions of the weeps and the geo-

metric layout of the repository. Figure 15-3 presents an overview of this parameterization.

Weeps are described according to their size, the amount of water they carry, and their flow

episodity--which can occur on different timescales. For example, a weep might only flow

during pluvial climates, and then only one month out of the year. The repository is param-

eterized by its overall planar area and the cross-sectional area, i.e., contact area, that the

waste containers present to the weeps.
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Figure 15-2. Illustration of adjacent containers, one contacted by a weep and suffering

degradation, the other not contacted and remaining intact.

Descibing weeps is difficult because we have no reliable data on weeps at Yucca Moun-

tain. We use a surrogate--Rainier Mesa--in our description. At Rainier Mesa, flow is con-

centrated in several large fractures/faults that are typically most active several months after

the spring thaw (Wang et al., 1993). We therefore describe weep flow at Yucca Mountain

as flow through fractures. This assumption appears appropriate, at least in the reposi-

tory block where the highly fractured, low permeability matrix of the Topopah Spring unit

could be conducive to fracture flow. However, the porous, permeable matrix of the overlying

Paintbrush unit could allow weep flow through the matrix.

Weep size is parameterized by an aperture and a width (a horizontal length). Wilson

(1993) showed that results of the weeps model are very sensitive to the aperture and hence

to the size of the weeps. Gauthier et al. (1992) showed that a large number of small weeps

are worse for repository performance than a small number of large weeps. Thus, we believe

it is conservative to underestimate weep size. Again, we have no site data concerning weeps,

but if weeps tend to flow in faults or larger fractures and fracture zones (as at Rainier Mesa,

Wang et al., 1993, and as observed at the STRIPA mine in Sweden, Olsson, 1992), then

using general fracture data to describe weeps might be conservative. Therefbre, we assume

that weeps at Yucca Mountain flow in fractures of any size, and that the distribution of weep

sizes is the same as that of fracture sizes.
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Figure 15-3. Overview of the method used by the weeps model to calculated probability of
a weep contacting a container. For uniformly distributed weeps and

containers, the probability is the quotient of the area of contact and the area

of the repository (A,.,,,t,,t/A,.,. t, ).

We further assume that, during a flow episode, a given weep is flowing at the capacity

of the fracture it occupies. This assumption allows us to distribute infiltrating water among

fractures and compute the number of flowing fractures. Conductivity of the fracture is

calculated using the parallel-plate approximation. Flow through the fracture is calculated

using Darcy's law, enhanced to take into account nonlaminar flow. The enhancement is

based on an empirical model defined by Ward (1964).

The amount of water flowing through the fracture over a given time is dependent on

flow episodity, as is evidenced to a certain extent at Rainier Mesa. In this TSPA, the episode

factor is constant for all weeps of a given weep pattern. This episode factor is also carried

through the calculation involving transient weeps formed during the repository thermal

pulse. The number of flowing fractures in a particular flow pattern can then be calculated

by generating weeps, and subtracting the amount of water flowing through the weeps from

the total infiltrating water, until the infiltrating water is totally distributed.
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The results of this weep-flow calculation are the amount of water flowing through each

weep, the area contacted by each weep, and the total number of weeps. The amount of

flowing water is used by the source tern: (YMIM) to determine container lifetime (actually

only the presence of water below 100_'C is used in the corrosion calculation) and wasteform

dissolution. The weep area and the contact area of a container are used to calculate the

probability of this weep hitting a container.

The velocity of water flowing in weeps can also be calculated, and the travel time from

the repository to the water table is typically on the order of days to years. These times are

so short that we neglect travel time in the analysis; i.e., the groundwater travel time in the

unsaturated zone is assumed to be zero.

Because the weeps model treats each weep and container as a discrete entity, it is

necessary to keep track each weep, each container, and each change in flow pattern, whether

caused by repository thermal effects or the vagaries of climate. Tracking each weep was

considered prohibitive in terms of the needed computer memory, so all weeps are produced,

but only weeps contacting containers are tracked.

For TSPA-93, the weeps model was used to produce 1000 realizations in a Monte Carlo

simulation of repository performance for each of the four repository designs being examined.

Each realization spans one million years. During this time, new weep patterns form, inter-

secting new sets of containers. These new flow patterns and container sets are calculated

at each climate change (Chapter 8) and at each time step during the time period of the

repository thermal pulse (Chapter 10). In the model, no memory is maintained of old weep

patterns after a climate change; however, changes in weep patterns caused by the repository

thermal pulse take into account previously flowing weeps (Section 15.3). The saturated zone

is not changed in response to these perturbations for two reasons: first, the assumption that

travel time through the unsaturated zone is negligible makes the water-table rise immate-

rial to the problem; and second, we have no data concerning differences in water velocity in

the saturated zone when the water table is elevated.

In our implementation of the weeps model, no interaction is allowed between the tuff

matrix and the flow in the fractures. In the composite-porosity model (Chapter 14), flow is

allowed in both the matrix and the fractures and the flow is completely coupled. Thus, the

weeps model is a bound for matrix-fracture interaction. But the weeps nmdel is not a bound

for repository performancemi.e., we cannot say that it represents either a best-case or worst-

case scenario for releases from the repository. Indeed, when we first developed the weeps

model, we thought it might depict the worst-case groundwater flow that a repository might

experience; however, Gauthier et al. (1992) and TSPA-91 have shown that our intuition was
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faulty. We simply offer the weeps model a tool for investigating how a repository might

perform if flow is limited to discrete, locally saturated zones through Yucca Mountain.

15.2 Major differences with TSPA-91

Although the basic concept remains the same, several significant changes were made

to the weeps model for TSPA-93. The changes were intended to eliminate some of the

assumptions made in the previous model, to incorporate new data, and to add some new

effects.

A major assumption made in TSPA-91 was that weep-flow could be characterized by

considering a single size for all the weeps. The weep size was held constant during a re-

alization, but different realizations considered different weep sizes. This assumption was

based on the parallel-plate-fracture approximation that showed flow increasing as a cubic

function of the aperture; thus, the largest weeps would pass a disproportionate amount of

water and could be used to characterize the entire system. Results of TSPA-91 (Wilson,

1993) proved to be sensitive to the aperture, however, and indicated that the smaller the

weeps, the greater the releases, primarily because they contacted more containers. The im-

plication is that small weeps are important. For TSPA-93, weeps of varied sizes are allowed

during each realization.

To determine the aperture of a weep in TSPA-91, values were selected from a lognormal

distribution with a minimum of 10 #m and a maximum of I ram, giving a mean of 214 I_m.

This distribution was arbitrary, justified only because it seemed to include the values for

apertures of fractures typically seen at Yucca Mountain. The aperture for a weep--for any

large-scale, connected channelJprobably cannot be characterized by observations at a few

discrete locations, however. The flow is probably constrained by a few necks or constrictions

that appear somewhere in the path. For TSPA-93, we devised a method for determining

aperture based on bulk permeability measurements, which should have path constrictions

built-in (Chapter 7). The weep apertures are exponentially distributed, with the mean of the

distribution chosen at random between a minimum of 100 pm and a maximum of 260 l_m

for each realization, giving a mean of the mean aperture of 180 #m, the value calculated for

the TSw unit (Section 15.4). Because of the lack of data, we still assume that weep sizes are

directly related to fracture sizes.

In TSPA-91, weep flow was held constant for the 10,000-year duration of a realization.

At the time, we believed that there would be no significant changes, over the next 10,000

years, in infiltration rate or in topology at Yucca Mountain to cause weeps to change location.

For TSPA-93, we have added two factors that could cause changes in flux and in the location

of weeps: hydrothermal effects and climate change. Inclusion of hydrothermal effects is
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discussed in Chapter 10 and Section 15.3. Hydrothermal effects in general and an analysis

of the relationship between fracture size and dryout extent are discussed in Chapter 24.

Inclusion of climate change is discussed in Chapter 8 and Section 15.1.

In TSPA-91, a "connectivity" factor and an "absorption" factor were included in the

weeps model. The connectivity factor defined the fraction of weeps that actually flowed con-

tinuously from the surface to the repository. The absorption factor defined the fraction of

the aqueous releases from the EBS that was absorbed into the tuff matrix, by matrix diffu-

sion, during transport. Both factors were assigned uniform distributions ranging between

0 and 1, so that in an average realization releases were reduced approximately by 75% for

aqueous releases, and 50% for gaseous releases. These reductions were mostly insignificant.

The factors were not included in the TSPA-93 weeps model.

For TSPA-91, the source term provided by W. J. O'Connell (LLNL) was modified for

implementation in the weeps model. The source term was designed to consider both advective

and diffusive releases and to consider the repository as a whole. For the weeps model, only

advective releases were considered, and the fraction of the repository considered in the

calculation was scaled according to the number of containers contacted by weeps. Juvenile

failures were not considered.

For TSPA-93, LLNL's YMIM was added to the weeps model. YMIM is described in

Chapter 13. The incorporation of YMIM into WEEPTSA is similar to the incorporation

into TOSPAC (Section 14.4), except that each container is considered individually. Juvenile

failures are now considered. Further discussion of the implementation of YMIM in the weeps

model is offered in Section 15.3.

To evaluate the performace of a Yucca Mountain repository with respect to a possible

new criterion, TSPA-93 includes a radiation-dose calculation. The calculation involves only

doses accrued from drinking water, and is described in Section 14.2.

15.3 Incorporation of the hydrothermal model and YMIM
The weeps model used in TSPA-91 described all weeps as being of a single size and

each flow pattern to be constant for a given realization of weep flow. Thus, all containers

contacted by weeps were contacted by the same amount of water for the same duration (the

entire 10,000-year performance period). This abstraction allowed a repository-scale source

term to be used by simply reducing the size of the repository to the number of containers

that were contacted by weeps.

In this TSPA, we allow weeps of varied sizes in every weep-flow realization; therefore,

containers can be contacted by different amounts of water. Further, we allow the weep

pattern to change in response to thermal effects and climate changes, and therefore the du-
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ration of contact can be different for different containers. To track these evolving conditions,

the weeps model used in this TSPA accounts for each container individually.

15.3.1 YMIM implementation

Although the LLNL source term, YMIM (Chapter 13), was developed to calculate the

failures of and releases from a group of similar containers, it can be used to investigate

a single container. To utilize this capability in the weeps model, the entire future water-

contact and thermal history of every container is calculated and saved. Then, each container

history is examined. If the container is a juvenile failure, or if it is ever contacted by a weep

long enough to fail, then YMIM is used to calculate the releases from this container. In
i

the interests of efficiency, the YMIM calculation is terminated when releases stop and the

container has no future contact with a weep.

Not all containers contacted by weeps are simulated by YMIM. A simplified corro-

sion calculation is performed on each container contacted by a weep to determine if it can

. eventually fail; only a container that can fail is then considered for a YMIM calculation.

The simplified corrosion calculation is similar to that used by YMIM, except as follows. For

corrosion-resistant materials, i.e., the thin-walled SCP-type container and the inner liner

of the multipurpose container, only localized aqueous corrosion is considered and the corro-

sion is confined to only one pit. For corrosion-allowance materials, i.e., the overpack of the

multipurpose container, only generalized aqueous corrosion is considered, and the corrosion

parameters are overestimated--0.4 mm/yr at 70°C and 0.8 mm/yr at 100°C. Dry oxida-

tion is not considered in the simplified calculation; the overestimate of generalized aqueous

corrosion typically causes the overpack life to be insignificant.

To model temperature-dependent processes, YMIM requires wall and fuel temperatures

for a container. For the TSPA calculations, temperature-over-time functions are available

for a representative "hot," centrally located container and a "cold," edge container. To de-

termine the temperatures for a given container, the following algorithm was used. If the

container was calculated to be within the dryout zone, the hot temperatures were used. If

the container was outside the dryout zone, the temperatures were linearly interpolated be-

tween the hot and cold temperature functions based on the distance between a container

on the edge of the dryout zone and one on the edge of the repository. We estimate these

distances by numbering (ordering) the containers according to temperature-distance. We

define temperature-distance as an ordering that corresponds to when containers enter and

leave the expanding and contracting dryout zone. If a group of containers is never encom-

passed by the dryout zoae, then the temperature-distance is the ordering according to their

distance from the dryout zone. Figure 15-4 illustrates this ordering.
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Figure 15-4. Container numbering scheme used by the weeps model for determining
container-wall and fuel-rod temperatures. Actual physical locations are

unimportant; of significance is how the containers are ordered with respect to
distance from the dryout zone or, if a container is ever encompassed by the

dryout zone, then the order of entry/exit from the dryout zone.

For example, consider the 57-kW/acre repository, which in our simulations includes

containers that are never within the dryout zone. The container located the farthest from the

dryout zonemi.e., the representative edge container--is numbered 1; the container located in

the center is numbered 35,580 (8489 for multipurpose containers). So if the dryout fraction

is 0.5, then containers 1 to 17,790 (multipurpose containers 1 to 4,244) would be outside

the dryout zone, while containers 17,791 to 35,580 (multipurpose containers 4,245 to 8,489)

would be within. And if container number 1000 was being contacted by a weep, we would

determine its wall temperature as follows:

Twall -- Twall,cold+ ac (Twall,hot-- Twall,cold) , (15.1)

lOOO
where ac is the linear interpolation factor (in this example, a,: = 17-7Y_', T,,,,,.,,.,,l_ is the surface

temperature of a representative container on the edge of the repository, and T,,,,,.,h,,t is the

surface temperature of a representative container near the center of the repository. T,_,,.,,,,,ld

and T,,,u.,h,,t would be taken from the temperature functions presented in Figure 10-19. The

fuel-rod temperature for container 1000 would be calculated similarly.
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Behind this numbering scheme are two assumptions: first, that the container distance

from the dryout zone and the order in which containers enter and leave the dryout zone can

be approximated by a linear function; and second, that as time progresses the temperature-

distance relationship remains constant (e.g., the center of the dryout zone does not move and

the containers do not reorder with respect to the center). We anticipate that these assump-

tions are not perfect, because of heterogeneities, edge effects, and irregular placements of

containers. However, this ordering is probably reasonable at this stage in the TSPA process

because the actual design of a repository is undecided, and further, variations in dryout-zone

distance might not be significant.

Modeling of juvenile failures is handled differently for the weeps model and the

composite-porosity model (Sections 14.4 and 14.5). For the weeps model, juvenile failures

are assigned at random to individual containers. For the composite-porosity model, they are

assigned to a population of containers. For the weeps model, the time of failure for each

juvenile-failure container is specified by a uniform distribution between 0 and 100 years. For

the composite-porosity model, juvenile-failure times are exponentially distributed in time

with a mean of 300 years. The weeps model specifies failure time using YMIM's mechanical-

failure input variables; the composite-porosity model uses the defective-container input vari-

able. For the weeps model, the intent is that failures occur at an instant within this 100-year

period; however, YMIM distributes the "failure" over the entire period. Thus, all juvenile

failures fail during the first time step of a weeps calculations (0 to 0.25 years), but the

prompt releases are spread over the 100-year failure period. The same fraction of juvenile

failures is specified for both models in each of the repository cases.

15.3.2 Hydrothermal model implementation

As the dryout zone expands and contracts, changes are expected to occur in the flow

pattern. As implemented in the weeps model, these changes take into account previously

flowing weeps, thus providing some memory in the process. (As mentioned in Section 15.1,

when a climate change occurs the weeps model produces an entirely new pattern, without

memory of previously flowing weeps.)

When the dryout zone is expanding, weeps that fall within the growing protected area

of the repository are eliminated. Then, an effective flux over the new unprotected part of the

repository is calculated from both the water displaced by the dryout zone and the diverted

infiltrating water (Equation 10.2). The difference between the new flux and the old flux over

the new unprotected area is used to calculate how much water should be added to the weep

flow. This amount of water, as modified by an episodity factor, is used to generate weeps in

the new unprotected area until the water is depleted. (The assumption of episodic flow in
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Figure 15-5. Illustration of flow-pattern changes calculated by the weeps model when the
dryout zone is expanding.

these weeps should be reexamined, because these weeps might be fed by a fairly constant

recharge.) The weeps that had been flowing in the new unprotected area continue unabated.

Figure 15-5 illustrates flow-pattern changes during dryout-zone expansion.

The numbering scheme shown in Figure 15-4 is used to determine what containers and

what repository area are affected by the dryout expansion. For example, if the dryout fraction

increases from 0.5 to 0.6, then SCP-type containers 17,790 down to 14,232 (multipurpose

containers 4,244 down to 3,396) become protected, and any weeps contacting containers

within that range are terminated. The additional flux from the displaced water and the

increased focusing of the diverted water is then used to create additional weeps in the

unprotected 40% of the repository. Thus, for our example, containers within the range of 1

to 14,231 (multipurpose containers 1 to 3395) could be contacted by these new weeps.

When the dryout zone is contracting, displacement of water ceases, and infiltrating

water is spread over an ever increasing area of the repository. New weeps are formed

in the formerly protected areas, and some weeps are eliminated in the unprotected areas.

Figure 15-6 illustrates flow-pattern changes during dryout-zone contraction.

During the design of the weeps model used in this TSPA, it appeared impractical to

remember the characteristics of every weep generated for a given flow pattern, and therefore,

only weeps that contact containers are saved at any particular time during a computer

simulation. This decision leads to a problem when eliminating some, but not all, weeps from
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Figure 15-6. Illustration of flow-pattern changes calculated by the weeps model when the
dryout zone is contracting.

an area, because the eliminated weeps should be selected randomly (we have no information

on how to eliminate them, therefore random selection should preserve our uncertainty), but

the weeps that have not contacted containers have been forgotten. Thus, we subtract water

from weeps that contact containers in proportion to the amount of water that should be

subtracted from all the weeps in the area. To calculate the amount of water subtracted only

from weeps that contact containers, we first calculate the total reduction in flow (Qtess) over

the old unprotected area (A,,tj):

Qtess = Qt,,tal Anew - A,,ta , (15.2)
Art e It

where Ototal is the flow rate over the entire repository, and and A,,e,,, is the new, larger,

unprotected area. (In WEEPTSA, this equation is written in a more general form that

allows for changes in flow rates from one time step to the next. Typically, however, the

flow rate with respect to the entire repository does not change when the dryout zone is

contracting.) Then we reduce the weep water that is contacting containers by the following

amount:

aless E Oi , (15.3)Qsub- Qtotal

where Qsub is the amount of water (flow rate) to be subtracted, and _ Qi is the sum of

all water (flow rates) contacting containers. Once the amount of water to be subtracted is

known, a weep that contacts a container in the area is selected at random. If the amount, of
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water to be subtracted is less than the amount of water in the weep, then the weep water

is reduced by the appropriate amount and the process is terminated. If more water is to

be subtracted than is flowing in the weep, the weep is eliminated, the amount of water to

be subtracted is reduced, another container-contacting weep is selected at random, and the

process is repeated until all the water to be subtracted is removed from the area.

Once the flow through the old unprotected area is reduced, new weeps are generated

with the amount of water Qt,,,_. These weeps are distributed over the entire new unprotected

area.

For example, if the dryout fraction decreases from 0.6 to 0.5, the number of unprotected

containers increases from 14,232 to 17,790 (multipurpose containers 3,396 to 4,244). The

flow rate in the former unprotected area is reduced by 20% ( (0.5-0.4)/0.5 = 0.2 ) and this 20%

is spread over the 50% of the repository that constitutes the new unprotected area. Cans

numbered 1 to 17,790 (multipurpose containers 1 to 4,244) are then subject to the possibility

of new contacts with weeps.

Because some container-contacting weeps typically remain from the previous flow pat-

tern, the new pattern can have less weep-population density in the formerly protected area.

This effect is compounded when, during the dryout expansion, weeps are concentrated into

an ever decreasing area, thus causing very high weep-population density around the fringes

of the repository. If the hydrothermal model used in this TSPA sees continued use in fu-

ture TSPAs, this situation should be examined. Two alternatives are to make either the

weep-population density more uniform, or to force the displaced and diverted water into a

band around the dryout zone. At this time, we have no data to suggest that either of these

alternatives is more realistic.

15.4 Parameters

Weep-flow parameters used by the weeps model are presented in Table 15-1. A foot-

note to Table 15-1 indicates that the weep-aperture distribution presented in Chapter 7 was

modified. The reason was pragmatic: solving the inverse incomplete beta function for tens

of thousands of weeps each time a flow pattern changed required excessive computer time.

The change is justified because the coefficients of variation for the fracture-aperture distri-

butions of the units in the unsaturated zone (Table 7-18) are approximately 1, indicating

approximately exponential distributions (the average of these coefficients is very close to 1).

The distribution for the mean weep aperture is based on the 180 #m mean fracture

aperture for unit TSw given in Table 7-18, with a spread large enough to encompass the

mean apertures for the other units. Distributing this parameter allows its involvement in

the sensitivity study described in Section 15.6. (In the sensitivity study performed by Wilson,
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Table 15-1. Weeps-model parameters used for flow calculation.

Model Parameter Distribution or Value
illl i ii i i i i iii

Weep aperture exponential--see Table 7-18"
Mean weep aperture unifbrm from 100 to 260/_m"
Weep width unitbrm from 0.01 to 1 m
Flow episode factor loguniform from 1 to 100
Hydraulic gradient 1
Density of water 1000 kg/m :3
Dynamic viscosity of' water 31,621 kg/m-yr
Gravitational acceleration 9.77 × 1015 m/yr 2
Dry-climate percolation rate see Table 8-1
Wet-climate percolation rate see Table 8-1
Climate-change times see Table 8-1
Flow-pattern-change times same as climate-change times t'
TSw moisture content 0.065

"Chapter 7 distribution modified; see text.
bFlow patterns also change with changes in hydrothermal environment,

see Chapter 10 and Section 15.3.

1993, for TSPA-91, the weep aperture was indicated as a critical parameter; however, for

TSPA-91 the weep-aperture distribution had a much greater variance and the weep aperture

was handled much differently in the calculations.) The distribution for the weep width is

arbitrary because of the lack of data, and it is the same as that used for TSPA-91.

The weeps model requires several repository-related dimensions to solve for the prob-

ability of a weep contacting a container. These parameters are given in Table 15-2. As

discussed below, most source-term parameters for YMIM in the weeps model are the same

as those used in the composite-porosity model. Exceptions are the juvenile-failure times,

which are given in Table 15-2.

Table 15-2. Repository-related parameters required by the weeps model.

Model Parameter Distribution or Value
iiiii Hill I

Number of containers (vertical) 35,580
Number of containers (in-drift) 8489
Container diameter (vertical) 0.71 m
Container diameter (in-drift) 1.75 m

Container length (in-drift) 4.91 m
Juvenile-failure fraction (in-drift) uniform from 0.0005 to 0.0025
Juvenile-failure fraction (vertical) uniform from 0.001 to 0.005
Juvenile-fhilure times uniform from 0 to 100 yI"
Area of repository (57 kW/acre) 4.63 × 106 m_
Area of repository (114 kW/acre) 2.33 × 10 6 m 2

Contact area see Figure 15-7

"See Section 15.3.1.
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Figure 15-7. Calculation of the area in which a weep can intercept a container (A,.,,,at,,.t).

Figure 15-7 illustrates how the contact area is calculated for the two different con-

tainer sizes. The contact area shown for the in-drift, multi-purpose container is a worst-case

estimate because it only considers the weep orientation that produces the greatest area.

Considering all orientations results in a 10% decrease in the contact area. However, frac-

tures and faults at Yucca Mountain appear to have a preferred orientation. Carr (1992)

reports faults with a north-northeast strike. Lin et al. (1993) report fracture strikes in the

Topopah Spring member of N10°W, N25°E, and N45°E for drillhole USW GU-3, and N12_W

and N-N40°E for drillhole USW G-4. These orientations are close to right angles to the

in-drift emplacement. Because the vertically-emplaced container presents a circular profile,

all angles of orientation result in the same contact area.

Because of the assumption of negligible groundwater travel time in the unsaturated

zone with the weeps model, only the saturated zone was considered for radionuclide trans-

port. Saturated-zone hydrology parameters are given in Table 15-3.

The water velocity differs from those used with the composite-porosity model (Ta-

ble 11-7), because there is no discrimination between flow in underlying units. With the

composite-porosity model, columns were connected to the saturated zone at locations that

correponded to specific geologic units--i.e., radionuclides fi"om column 1 were released into
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Table 15-3. Parameters used by the weeps model for calculating saturated-zone flow.

Model Parameter Distribution or Value
i i,iiii i i ii iii i iii i -

Water velocity uniform from 5.5 to 12.5 m/yr
Dispersivity unitbrm from 100 to 500 m
Porosity 0.2"
Flow-tube length (57 kW/acre) 7800 mt'
SZ source region (57 kW/acre) 2500 mh
Flow-tube length (114 kW/acre) 6400 mb
SZ source region (114 kW/acre) 1100 mb

"See Section 11.6.3.

hSee Figure 15-8.

the BFw unit at the water table. The weeps model presently considers the repository as a

whole, and therefore radionuclides are released to all the units underlying the repository in

the saturated zone. The water velocity distribution in Table 15-3 encompasses the velocity

distributions for the individual columns in Table 11-7.

The weeps model also only used a single flow tube to represent the entire saturated

zone; the composite-porosity model used a different flow tube for each column. Figure 15-8

illustrates the flow-tube layouts used for the two different repository thermal configurations.

Saturated-zone transport parameters used by the weeps model are the same as those

used for the composite-porosity model and are given in Table 14-12. In the TSPA-93 weeps

model, sorption is only modeled in the saturated zone. Sorption coefficients are given in

Table 9-4. The substrate for sorption in the saturated zone is assumed to be devitrified tuff.

A number of other parameters used in the weeps model are also the same as those used

in the composite-porosity model. The list of radionuclides and their properties are given in

Table 14-5. Hydrothermal parameters are given in Table 14-6. Physical parameters and

geochemical parameters associated with the source term are given in Table 14-7. Parameters

for container and fuel-rod failure are listed in Table 14-8. Table 14-9 contains fuel-alteration

and pulse-release parameters.

Parameters used in defining gas flow and transport are the same as those used in

the composite-porosity model and are listed in Table 14-13. Properties of 14C are given in

Table 14-5. Weeps-model parameters for calculating the 14C source are the same as those

for calculating aqueous releases (Tables 15-1 and 15-2). YMIM source-term parameters

governing 14C releases are given in Tables 14-7, 14-8, and 14-9.
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Figure 15-8. Layout of the one-dimensional flow tube used to describe the saturated zone
for a weeps-model calculation.

15.5 Results

Weeps-model results are primarily based on two performance measures: (1) the U. S.

Environmental Protection Agency (EPA) standard from 40 CFR Part 191 (EPA, 1985), which

is loosely based on radiation dose to a population, and (2) a possible dose standard involving

radiation dose to a maximally exposed individual. However, the weeps model is inherently

a probabilistic representation of the future performance of a repository (even a single real-

ization involves flow fields selected probabilistically). Thus, it is useful to examine statistics

associated with the behavior of the weeps model to allow us to understand the predictions

related to the performance measures.

In this section, we first examine the general behavior of the weeps model by looking in

some detail at the results for the 57-kW/acre repository with vertically emplaced containers--

the base case for this TSPA (and the only case considered in TSPA-91). Of interest is how

the model predicts the response of this repository to hydrothermal effects, climate change,

etc. Once we know how the model acts for the base case, we compare all four cases. Both

aqueous releases and gaseous releases are discussed, but results for gaseous releases are
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only compared to the EPA standard because the individual dose from gaseous releases is

expected to be negligible. We then report on several sensitivity studies that investigate

which of tile input parameters cause tile greatest variation in releases--i.e., the parameters

on which the results are most dependent. The section concludes with a discussion of the

assumptions and limitations inherent in the results.

15.5.1 Base case

15.5.1.1 Typical realization

The weeps model was used to perform 1000 realizations in a Monte Carlo simulation of

the 57-kW/acre repository with vertically-emplaced containers. Each realization simulates

1,000,000 years of repository life, beginning with a thermal perturbation of the environment

and including 21 climate changes that alternated between dry and wet periods. In the EBS,

different containers at different temperatures are contacted by weeps for varying durations.

Figure 15-9 presents a overview of the general behavior of the weeps model.

A weeps-model calculation begins by determining which containers are juvenile fail-

ures. For the base case, between 0.1 and 0.5% of the containers are specifed to fail within the

first 100 years of the repository life; with 35,580 containers, the average is approximately

100 containers, hnmediately upon failure, these containers begin releasing 14C (the only

gaseous radionuclide under consideration) and their UO2 fuel begins oxidation alteration.

The initial flow calculation determines the weep-flow pattern through a repository for a

given time period as follows. A dry-climate infiltration rate (to simulate the current climate)

is selected and multiplied by the area of the repository to produce a volumetric flow rate.

The amount of water displaced by the expanding dryout zone over this time period is then

calculated and added to the flow rate. This flow is then distributed in episodically flowing

weeps over the unprotected region of the repository. Typically, only a few hundred weeps

are required to handle the flux during a dry climate, and only a few containers are contacted

by weeps. If a contacted container is not a juvenile failure, nothing happens because the

container wall is too hot to undergo aqueous corrosion. If one of the contacted containers

is a juvenile failure (and it ahnost never is this early in a simulation), then radionuclide

dissolution--i.e., release from the EBS--begins, even though the container could be well

above boiling (this effect is a problem with the YMIM model, but it is inconsequential in the

final results, as shown by the lack of sensitivity to juvenile failures for aqueous releases, see

Section 15.6).

As time passes, the dryout zone increases in size and the amount of displaced water

it)creases. Using the results shown in Figure 10-14, we calculate that the flux of the displaced

water is approximately 1 to 2 ram/yr. Simultaneously, the size of the unprotected part of the
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Figure 15-9. Overview of a typical realization of the weeps model for a 57-kW/acre
repository with vertically emplaced containers.

repository decreases. The downward flow is funnelled into a smaller and smaller region. The

combined displaced water and diverted infiltration can typically result in a downward flux

of up to 8 mm/yr through unprotected parts of the repository for time periods on the order of

a hundred years. Containers near the edge of the repository can get drenched, although the

ramifications are minimalwthese containers are rarely juvenile failures and they are still

too hot to undergo corrosion. For the base case, the dryout zone never encompasses more

than about 75% of the repository, but for the l l4-kW/acre cases, a point is reached where

the entire repository is protected and groundwater is completely shed outside the repository
boundaries.
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The size of the dryout zone peaks at approximately 300 years. At this time, water

displacement by the dryout zone ceases; however, infiltrating water continues to be diverted

around the dryout zone. Also, wall temperatures of the containers located on the edge of the

repository begin to drop below boiling. This is the critical time for the repository. Between

300 and 1,500 years, the container walls are falling below 10OC. Containers subject to

weep flow fail within a few hundred years when the wall temperature is between 70' and

10OC. Typically, only one or two containers fail by corrosion, and they fail between 370

and 36,000 years, although typically within 3,000 years. For corrosion-failed containers,

oxidation alteration of the UO2 fuel and aqueous and gaseous release of radionuclides begin

immediately upon failure.

Only one or two containers fail by corrosion because there is very little groundwater

flux during a dry climate. Occassionally (approximately 2% of the time), a climate change

occurs when many containers in the repository are still near 100_C (i.e., before 2000 years).

In these instances, container failures number in the hundreds, or even the thousands.

After 2000 years, the hydrothermal effects have ceased and a stable, dry-climate flow J

pattern exists. Approximately 1000 weeps are spread over the repository, contacting at most

a few containers. After 5000 years, the container walls have all dropped below 70(_C. For

the typical realization, no more corrosion failures occur; all the damage has been done. (If

the temperature never rises above approximately 70_C, our source term typically does not

produce any corrosion failures, and the only container failures are juvenile failures. This

result requires further examination.)

The first climate change--change in percolation--occurs at 45,000 years for the typical

realization. At this time, the repository is very close to ambient temperature. A new flow

pattern is established, typically consisting of more than 10,000 weeps and more than 200

containers contacted by weeps. By now, all the 14C has either been released or has effectively

decayed. Because of the low temperature, there are no more corrosion-induced failures.

Aqueous releases are limited to containers that have previously failed (typically they are

juvenile failures) and are now being contacted anew by weeps. New dry-climate and wet-

climate flow patterns are repeated on 100,000-year cycles into the future, but releases are

from previously failed containers contacted or recontacted by weeps.

15.5.1.2 Aqueous releases

In general, over a million years, thousands of containers are contacted by weeps, as

shown in Figure 15-10. The plot shows the total number of containers contacted by weeps

for every realization, and thus, the probability axis is also the fraction of realizations. The
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Figure 15-10. Distribution of containers contacted by weeps over a 1,000,000-year period
(57 kW/acre, vertical emplacement).

mimimum number of contacted containers is around 200; the maximum is around 7500.

Thus, even in the worst case, almost 80% of the containers are never contacted by weeps.

Of the containers that are contacted by weeps, those that exhibit aqueous releases of

radionuclides into the groundwater are presented in Figure 15-11. The plot shows the total

number of releasing containers for every realization, and thus, as above, the probability

axis corresponds to the fraction of realizations. Juvenile failures are omitted from this

distribution, unless they have also been contacted by a weep sometime during the million-

year period. Approximately 3% of the realizations have no aqueous releases. Approximately

10% have aqueous releases from only one container. On average, less than 10 containers

have aqueous releases, but the maximum number of releasing containers is 500.

The distribution of times at which containers begin aqueous releases is shown in Fig-

ure 15-12, which was created by plotting the initial release time of every container that

released radionuclides in all the realizations; thus, the probability axis represents the frac-

ture of releasing containers. Because the YMIM source term does not return the time of

container failure, these initial release times are estimates (they are actually the beginning

of the WEEPTSA time step when releases first occur). All of the time-related distributions

presented in this chapter are estimates.
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Figure 15-11. Distribution of containers that have aqueous releases of radionuclides over a

1,000,000-year period (57 kW/acre, vertical emplacement).
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The initial-release-time distribution is trimodal, and the modes correspond to the ex-

pansion of the dryout zone, the contraction of the dryout zone, and the changes in flow

patterns associated with climate changes. Approximately 20% of the container,_ that release

radionuclides begin releasing them within 100 years. These releases are entirely from juve-

nile failures and occur during the expansion of the dryout zone when rapidly changing flow

patterns occasionally and briefly contact these previously failed containers. Approximately

50% of the releasing containers experience releases during the contraction of the dryout

zone. During this time period corrosion failures take place. Also during this time, flow

patterns are changing, but not as rapidly as during the dryout expansionwthus, the large

spread in initial release times. Approximately 30% of the releasing containers do not begin

releasing until tens of thousands of years into the future. These containers are primarily

juvenile failures that have not been contacted by weeps before (in the average case, only a

few containers ever release). Most of these containers are contacted during wet climates.

Of interest is the number of containers that suffer corrosion failures and the lifetimes

of these containers. Figure 15-13 presents the distribution of containers that fail by cor-

rosion: 25% of the time no corrosion failures occur; most of the time only one container

fails by corrosion. At the extreme case, however, almost 500 containers fail by corrosion.

Comparing Figure 15-11 with Figure 15-13, we see that juvenile failures play a large part

in determining aqueous releases from the repository in the most probable cases. The dis-

tribution of juvenile failures, which is determined by input parameters to the YMIM source

term, is shown in Figure 15-14. Indeed, in the average case, only one third of the aqueously

releasing containers are corrosion failures, a,_ shown in Figure 15-15. But in the worst case,

performance is dominated by corrosion failures.

Because a container is only occasional]ly contacted by a weep, there are two ways to

consider container lifetime: (1) the time between emplacement and failure, and (2) the

accumulated time that a container is contacted by a weep before failure. Figure 15-16

presents the distribution of estimated times from emplacement to when corrosion-induced

failures occur. (The times are estimates because the YMIM model used in the probabilitic

calculations only indicated the time step when containers failed and not the exact time of

failure.) The failures typically occur before 1.000 years, but the distribution extends from a

minimum of 370 years to a maximum of 36(}00 years. The distribution of estimated times

that containers have been contacted by weeps before they fail by corrosion is shown in

Figure 15-17. Most corrosion-failed containers were contacted for less than 400 years before

failure.

By far the vast majority of corrosion failures coincide with the rewetting of the repos-

itory after the passing of the thermal pulse. When the containers are between 70 ° and
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Figure 15-17. Distribution of the durations that weeps contact containers before

corrosion-induced failure occurs (57 kW/acre, vertical emplacement).

100°C and contacted by water, corrosion proceeds rapidly. In general, only a few containers

are contacted by weeps during this time period; however, in some cases, especially when an

early climate change occurs, a large number of containers can be contacted (Figure 15-13). Of

course, whether or not containers can be contacted by weeps during the collapse of the boiling

isotherm is open to debate; an "extended-dry" period could allow containers to fall to much

lower temperatures before they are rewetted (see discussion in Section 15.5.3). However, an

extended-dry concept was not modeled because it is inconsistent with a basic premise of the

weeps model--decoupling of the matrix and fractures does not allow the "enhanced matrix

imbibition" of the rewetting water that is proposed to account for the extended-dry period.

The duration of aqueous releases of radionuclides from containers is shown in Fig-

ure 15-18. This distribution also corresponds to the durations that corrosion-failed contain-

ers are contacted by weeps. The release durations of juvenile failures are not included in the

figure. The distribution is bimodal: the short-duration mode reflects releases caused by the

relatively short-duration weeps produced during the thermal pulse; the long-duration mode

reflects contact by long-duration weeps created by a climate change. The modes contain

approximately the same number of releasing containers.

The first performance measure considered is the the regulatory standard for a high-

level radioactive waste repository that formerly applied to Yucca Mountain, as promulgated
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Figure 15-18. Distribution of the total durations that weeps contact containers (57

kW/acre, vertical emplacement). Juvenile-failed containers are not included
in the figure.

by the EPA in 40 CFR Part 191. The conditional complementary cumulative distribution

functions (CCDFs) based on this standard are shown in Figure 15-19. The CCDFs are

conditional for a number of reasons: one reason is that the CCDFs only represent aqueous

releases and not all possible releases; another reason is that the CCDFs are based on only

a single conceptual model of flow.

The CCDFs show the cumulative releases of radionuclides as normalized by the release

limits given in 40 CFR Part 191; e.g., the release limits for most actinides is 0.1 Curies per

metric ton of heavy metal (Ci/MTHM). The EPA standard is based only on the releases for

the first 10,000 years. The curves labeled "10,000 years" and "TSPA-91" directly address the

EPA standard. The other two curves show predictions for releases as if the EPA standard

applied to cumulative releases over longer times; they are provided for information only.

Considering only the 10,000-year and the TSPA-91 cu1-ces, it is apparent that the re-

leases predicted by TSPA-91 are similar to those predicted by TSPA-93, with both TPSAs

showing releases an order of magnitude or more below the EPA limit. In general, however,

the TSPA-93 prediction shows greater releases for the most likely cases, while TSPA-91

shows greater releases for the extreme cases. The median value of the EPA sum for TSPA-

91 is approximately 5 × 10 -5, while for TSPA-93 it is approximately 10 -3. At a probability of
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Figure 15-19. Conditional CCDFs of cumulative aqueous releases to the accessible
environment, normalized by the EPA limits (57 kW/acre, vertical

emplacement). Cross-hatching denotes area of noncompliance with the EPA
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0.001, TSPA-91 has an EPA sum of near 1, while TSPA-93 has a sum of around 0.2. These

two discrepancies can be both explained primarily by the different number of weeps gener-

ated in the two TSPAs. TSPA-91 used a very broad distribution of aperture sizes, plus only

one aperture size was used for all the weeps in a given realization. Thus, TSPA-91 gener-

ated some realizations with only a few hundred weeps, which produced very minor releases,

and some realizations with millions of weeps, which contacted almost all the containers and

produced the extreme values shown in the plot. TSPA-93, on the other hand, generated only

a few thousand weeps (during the initial dry climate) every realization. The small variance

in the number of weeps is caused somewhat paradoxically by allowing varied weep sizes in

every realization. Varied weep sizes allow some big weeps every realization; the big weeps

take a disproportional share of the flow, and hence, deny creation of large numbers of small

weeps.

The spread in a CCDF can be taken for the amount of uncertainty in the results.

The reduction in spread from TSPA-91 to TSPA-93 suggests that, by using less uncertain

weep properties, overall uncertainty can be reduced. In this case, however, the overriding

uncertainty is whether the model represents reality.
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Although the number of weeps is the most important factor explaining the differences

between TSPA-91 and TSPA-93, several other factors play a role. The groundwater-flux

distributions used in the two TSPAs are different but, for the dry climate at least, only by a

factor of 2; however, because the number of weeps varies linearly with the groundwater flux,

flux is not the dominant parameter in the weeps model that it is in the composite-porosity

model. Also, in the most probable cases, TSPA-93 predicts releases from both juvenile-

failed and corrosion-failed containers. Juvenile failures were not included in TSPA-91. In

TSPA-93, low releases can be dominated by juvenile failures, which are a relatively constant

contributor to releases. Therefore, these releases can be expected to be higher than those

predicted by TSPA-91.

Figure 15-19 also shows that approximately 10% of the TSPA-93 realizations result in

no releases. All of the TSPA-91 realizations showed releases because the source was handled

as a continuum; i.e., what was essentially a fraction of a container could be contacted by

a weep. After a million years, only about 1% of the TSPA-93 realizations resulted in no

releases.

The CCDFs at 100,000 and 1,000,000 years indicate that releases do not increase sig-

nificantly at these longer times. The 100,000-year curve shows approximately a factor of

2 increase in releases over the 10,000-year curve. The 1,000,000-year curve shows only a

slight increase over the 100,000-year curve. In other words, the weeps model predicts that

most of the damage to the repository occurs within the first 10,000 years.

The radionuclides that contribute to the 10,000-year EPA sum for this TSPA are shown

in Figure 15-20. The major contributor when releases are low--the most likely releases--

is 99Tc, followed by 129I. These radionuclides transport without sorbing to tuff and they

were by far the dominant radionuclides in the releases predicted by TSPA-91. The major

contributor when releases are high is 237Np, followed by 234U. Neptunium releases are

significant because of the high solubility assigned in TSPA-93 (Chapter 9).

Neptunium and uranium adsorb poorly to tuff, but more strongly than 99Tc and 129I. In

the extreme cases, more 234U and 237Np are being released from the EBS than 99Tc and 129I.

Large amounts of water are contacting the containers, and dissolution is being controlled

by availability rather than solubility. Plutonium is one of the most abundant radionuclides

in the source, but 239pu releases at the accessible environment are insignificant--the 239pu

curve is not in evidence on the plot--because 239pu is being significantly retarded in the

saturated zone.

Figure 15-21 shows cumulative releases from the EBS, as normalized by the EPA

limits, even though the EPA standard only applies at the accessible environment. This plot
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Figure 15-20. Conditional CCDFs of cumulative aqueous releases to the accessible
environment, at 10,000 years, normalized by the EPA limits, for specified
radionuclides and their combination (57 kW/acre, vertical emplacement).

Cross-hatching denotes area of noncompliance with the EPA standard.

indicates the impact of the natural barrier system on mitigating releases from the EBS. For

the weeps model, natural-barrier-system mitigation is limited to the saturated zone.

Figure 15-21 indicates that releases from the EBS are below the EPA limit in all but the

most extreme cases. Thus, the low probability of being contacted by a weep offers substantial

protection for the repository. The figure also indicates that almost all of the releases from

the EBS occur within the first 10,000 years. In the next million years, only a few more

containers contribute to releases, and the main effect is that the 10% of' realizations that

produce no releases is reduced to 1%.

Comparison of Figures 15-19 and 15-21 shows that the saturated zone reduces releases

by about two orders of magnitude. Figure 15-22 shows why this reduction occurs. The major

contributor to releases from the EBS is 239pu--by two orders ot' magnitude. As mentioned,

239pu is being retained in the saturated zone by adsorption. Releases of 237Np and 234U are

greater than shown in Figure 15-20 for two reasons: (1) they are sorbed somewhat in the

saturated zone; and (2) the approximately thousand-year travel time in the saturated zone

has kept some of their mass from the accessible environment at 10,000 years. Releases of

99Tc and 129I are slightly greater than shown in Figure 15-20 because of the travel time.
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Figure 15-21. Conditional CCDFs of cumulative aqueous releases from the EBS,

normalized by the EPA limits (57 kW/acre, vertical emplacement).
Cross-hatching denotes area of noncompliance with the EPA standard, and

is included for informational purposes only, because the standard does not
apply to releases from the EBS.

Plutonium was included in the analysis for two reasons: (1) to see if releases of a highly

retarded radionuclide could be significant (if so, other highly retarded radionuclides should

be added to the analysis); and (2) to estimate the effect that significant colloid formation and

transport could have on the releases. Based on Figure 15-22, highly retarded radionuclides

need not be included in an EPA-sum calculation as long as colloid formation and transport

can be ruled out as significant. If colloids are important, they could have an important--

albeit low probability--effect on repository performance as predicted by the weeps model.

Colloid formation and transport are not considered in TSPA-93.

The other performance measure we consider is the the radiation dose to the maximally

exposed individual (hereafter called "dose"). As discussed in Chapter 2, and again in Chap-

ter 14, this measure has been offered by the NCRP and the ICRP as a means ofjudging the

hazards of radiation, and has been suggested as a replacement to the essentially population-

dose standard given in 40 CFR Part 191 (EPA, 1985). Regulatory dose limits have yet to be

suggested.

An explanation of the dose model used with both the composity-porosity model and

the weeps model is given in Section 14.2. Only whole-body doses to adults from drinking
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Figure 15-22. Conditional CCDFs of cumulative aqueous releases from the EBS, at 10,000
years, normalized by the EPA limits, for specified radionuclides and their
combination (57 kW/acre, vertical emplacement). Cross-hatching denotes
area of noncompliance with the EPA standard, and is included for
informational purposes only, because the standard does not apply to releases
from the EBS.

water are considered. Caveats concerning the dose calculation are stated in Section 14.6;

these caveats also apply to the weeps-model dose calculation. The dose calculations made

by Pacific Northwest Laboratory for TSPA-91 are not directly comparable to the TSPA-93

dose calculations and are omitted from this discussion.

The conditional CCDFs for drinking-water dose are presented in Figure 15-23. The

dose is the peak dose that occurs at any time up to the time given for each curve. The

median dose shown in the figure is between 2 and 4 mrem/yr; in the extreme cases, the dose

is up to 2000 mrem/yr (2 rem/yr). In contrast to the doses given for the composite-porosity

model in Chapter 14, the peak dose predicted by the weeps model does not increase much

after 10,000 years, especially for the extreme cases. In approximately 10% of the realizations

before 100,000 years, there is no dose. This finding is consistent with the cumulative-releases

plot (Figure 15-19). Also, the weeps model predicts substantially lower doses overall than

the composite-porosity model.

The doses shown in Figure 15-23 appear to be higher than would be expected given the

relatively low cumulative releases shown in Figure 15-19. The EPA standard for cumulative
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Figure 15-23. Conditional CCDFs of peak radiation doses from drinking water to a

maximally exposed individual (57 kW/acre, vertical emplacement).

releases was based on a population dose; hence, the magnitude of an individual dose does not

necessarily indicate the number of health effects expected from the accompanying population

dose. As discussed in Chapter 14, individual dose is basically a function of release rate of

radionuclides from the repository and diiution of these radionuclides in the environment.

Release rate can be poorly related to cumulative releases, especially when there are spikes

in the releases, e.g., when a number of containers fail--perhaps coincidentally--at the same

time. Dilution in the groundwaters of the Yucca Mountain vicinity is an unknown, and we

have input a distribution with a wide variance for the saturated-zone transport area (the

cross-sectional area of the flow path through the saturated zone), to reflect this uncertainty.

Also, when examining these doses it should be remembered that, at this point in the TSPA

process, the models are extremely simple and incorporate a number of what we believe to

be conservative assumptions.

Figure 15-24 presents the radionuclides that contribute to the dose. The most impor-

tant radionuclide, responsible for approximately an order of magnitude greater dose than

the other radionuclides, is 237Np. Neptunium is significant because (1) it will have a large

inventory in a repository, (2) under oxidizing conditions it is relatively soluble (Section 9.2),

(3) it has a long half-life (2.6 million years), (4) it is relatively unretarded during transport

and, (5) like most actinides, it has a high dose conversion factor. The dose conversion factor
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Figure 15-24. Conditional CCDFs of peak radiation doses from drinking water to a
maximally exposed individual, for specified radionuclides and their
combination (57 kW/acre, vertical emplacement).

transforms radiation exposure (in our ease, given the mass ingested) to dose. Neptunium's

dose conversion factor is high because it is retained in the body, thus exposing it to radiation,

for a long period of time. The other radionuclides shown in Figure 15-24 are deficient in

one or more of these areas, and contribute less to the total dose. Note that 239pu is a minor

contributor because of its high retardation during transport; the saturated zone delays 239pu

long enough for most of it to decay away before it reaches the assumed well location at the

accessible environment.

The times at which the peak doses (Figure 15-23) occur are presented in Figure 15-25.

As suggested by the proximity of the curves in Figure 15-23, many of the peak doses occur

before 10,000 years. Examination of Figure 15-25 shows that 40% of the realizations produce

the peak dose before 10,000 years; 60% of the realizations produce the peak dose before

20,000 years; and 80% of the realizations produce the peak dose before 100,000 years. At

1,000,000 years, approximately 99% of the realizations have produced a peak dose, indicating

that only about 1% of the realizations have not yet reached their peak dose during the time

period of the simulations.

The bimodal nature of the curve in Figure 15-25 suggests that most of the maximum

doses are the result of releases during the contraction of the dryout zone. The second mode
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Table 15-4. Weeps-model mean releases and doses in relation to total.

Normalized Cumulative Release

104 years 105 years 106 years
i

2Z7Np (55.2%) 234U (50.5%) 23au (45.7%)
234U (28.2%) 237Np (41.1%) 237Np (45.0%)
99Tc (12.1%) 99Tc (4.9%) 99Tc (4.1%)
129I (2.8%) 79Se (1.2%) 239pu (1.8%)

231pa (1.0%) 129I (1.1%) 129I (1.2%)
2Slpa (1.0%) 231pa (1.2%)

79Se (1.0%)

Peak Individual Dose

104 years 105 years 106 years
i ill i i ii i i

23VNp (94.7%) 237Np (97.0%) 237Np (97.1%)
231pa (6.0%) 231pa (6.4%) 231pa (6.5%)
234U (3.8%) 23au (4.5%) 234U (4.6%)
99Tc (2.1%) 99Tc (2.0%) 99Tc (1.9%)
129I (1.0%) 129I (1.0%)

could be from releases occuring when previously failed containers are contacted by weeps

during subsequent climate changes. Figure 15-26 presents a scatter plot of the peak dose

and the time at which it occurs. In the figure, each square is the result of a realization.

The figure indicates that greater peak doses tend to occur at earlier times. These earlier

times correspond to when the dryout zone is contracting (plus the thousand-year travel time

through the saturated zone). During the contraction of the dryout zone, weep-flow is fo-

cused into unprotected parts of the repository, containers are more likely to be contacted by

weeps, and containers are warm and more subject to corrosion. At these earlier times, these

containers also have an inventory that is generally more radioactive, because as time pro-

gresses radioactive decay tends to eventually produce stable isotopes. Thus, in most cases,

these early failures produce the greatest doses. Late-time peak doses are less likely to be

realized. They occur primarily in realizations where containers fail during the contraction of

the dryout, but the failed containers are not contacted by weeps of sufficient size or duration

to produce large doses; then at a climate change, these failed containers are recontacted by

larger, more durable weeps resulting in greater releases and the peak doses.

Table 15-4 summarizes the contribution of the individual radionuclides to the perfor-

mance measures for the 57-kW/acre repository with vertically emplaced containers. 234U

and 237Np dominate the EPA releases. (Cumulative 14C gaseous releases are approximately

the same magnitude as 234U and 237Np--see below.) 237Np alone dominates the doses. The

dose columns add up to more than 100% because the peak doses for different nuclides oc-
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cur at different times (the peak nuclide dose divided by peak total dose is listed, not the

contribution of the nuclide to the peak total dose).

15.5.1.3 Gaseous releases

Only z4C was considered for gaseous releases in both TSPA-91 and TSPA-93. Calcula-

tions of releases were restricted to 10,000 years in both TSPAs, because 14C decays relatively

rapidly--its half-life is 5,730 years--and only about 30% of the initial inventory remains at

10,000 years. Individual dose from gaseous releases is expected to be inconsequential given

the large dilution offered by the atmosphere (Park and Pflum, 1990; Van Konynenburg,

1991), and therefore individual dose was not calculated for 14C. The weeps model was used

to calculate the interaction of groundwater with the EBS, and thus supply the source term

for the gaseous-release model described in Chapter 12.

The distribution of containers contacted by weeps during the 10,000-year calculational

period is presented in Figure 15-27. The figure shows fewer contacted containers than

Figure 15-10 shows for the aqueous-release calculations because the aqueous releases were

calculated over a million-year period. Somewhat surprisingly, although the time period

was decreased by a factor of 100, the number of containers contacted by weeps typically
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Figure 15-27. Distribution of containers contacted by weeps over a 10,000-year period (57
kW/acre, vertical emplacement).
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Figure 15-28. Distribution of containers that have gaseous releases of radionuclides over a
10,000,year period (57 kW/acre, vertical emplacement).

only decreased by a factor of 2 to 4. The implication is that the thermal perturbation is

responsible for a significant number of weep/container contacts.

Figure 15-28 presents the distribution of containers that release 14C. Compared with

Figure 15-11, approximately 100 times as many containers release gaseous radionuclides as

aqueous radionuclides. The discrepancy is due to juvenile failures, which are more important

to gaseous releases than to aqueous releases because the containers release 14C immediately

upon failure and do not require contact by a weep. The distribution of juvenile failures is

shown in Figure 15-14, and it is the same distribution as used in the weeps aqueous-release

calculations.

The distribution of times at which containers start gaseous releases is presented in

Figure 15-29. The distribution shows the predominant contribution--over 95%--of juvenile

failures to the calculations. The initial time step for the calculation was 0.25 years, and

thus the releases begin'at this time. The releases that occur at later times emanate from

corrosion-failed containers. In the worst case, approximately as many corrosion-induced

failures occur as juvenile failures (see below).

Figure 15-30 presents the number of containers that suffer corrosion failures over the

10,000-year calculational period. The distribution is similar to that shown in Figure 15-13
i

for the aqueous-release calculations, execpt for a few extreme cases (which could have been
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Figure 15-29. Distribution of initial times at which containers have gaseous releases of
radionuclides (57 kW/acre, vertical emplacement).
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Figure 15-30. Distribution of containers that experience corrosion-induced failure over a

10,000-year period (57 kW/acre, ve_ica] emplacement).

15-39



•r.-, I0 o ___ ' I145_
................ . . . . _xk I/i'ill

-. _. i I Iii I
" " - \ I / #II /

. iiiiii
" "'' I/I/II

i I Ii i st

"- I"-. 7///-/
o. I ". y/l/
• \ .•_ lO-1 ", Y////

/ ' 9"////__ ", i i iii I
_" /I/i//

/iiiii
E , IIIiii

/IIIII
, III//I

0 t ' " I II I I I
• Illi i /
• llill I

1o-2 ...... \ ,,. V/i//
IIIii I

c t, ,,, y,//i/"I ', II///i

E , i i
t III I

(I) 127] EPA limit \_i ',.,,, IIIIIIIIII i I
TSPA-1993 \ IIIIII, IIIii I

E TSPA-1991 / ', _/_/',///,_,,0 -3 -7......... ,,,,,,,, , ,, ................ _, "
0 10 ..................................................

108 107 106 105 104 103 102 101 100 101 102

EPA sum

Figure 15-31. Conditional CCDFs of cumulative gaseous releases to the accessible
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vertical emplacement). Cross-hatching denotes area of noncompliance with
the EPA standard.

caused simply by random selection). The similarity in the distributions is another indication

that, given the source term used in this TSPA, corrosion only occurs in concert with the

collapse of the thermal pulse. The distributions of corrosion-failure times (absolute corrosion-

failure times), times of weep contact before failure (relative corrosion-failure times), and

duration of weep contact are similar to those presented for the aqueous-release calculations--

Figures 15-16, 15-17, and 15-18, respectively--with the major difference being the trunction

of times at 10,000 years.

The conditional CCDF for cumulative gaseous releases, as normalized to the EPA lim-

its, is shown in Figure 15-31. The figure shows results from both TSPA-91 and TSPA-93.

The curves exhibit the same general shape as the curves for aqueous releases given in

Figure 15-19, and the similarity in shape follows because the same mechanisms apply; al-

though, for TSPA-93, juvenile failures are more important for gaseous releases than for

aqueous releases. For TSPA-91, releases were primarily a function of the number of con-

tainers contacted by weeps which, because of the wide variation allowed in weep aperture,

ranged from less than one container up to all the containers in the repository. The number

of container failures varied from a fraction of one container (an artifact of the modeling) up
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to several thousand containers. This wide variation in failed containers is reflected in the

spread of the TSPA-91 curve. For TSPA-93, releases are a function of the number of juve-

nile failures and the number of containers contacted by weeps during the contraction of the

dryout zone when they are susceptible to corrosion failure. The sum of juvenile failures and

corrosion-induced failures vary from 36 to 366; thus, the TSPA-93 curve shows les_: spread

than the TSPA-91 curve. As with TSPA-91, transport times are of secondary importance

because they are very short (Section 14.6.2).

In both TSPA-91 and TSPA-93, the weeps model predicts fewer releases of 14C than

are predicted by the composite-porosity model. The reason is because we assume that, in the

weeps model, failures (other than juvenile failures) only occur when containers are contacted

by weeps. The composite-porosity model allows any container in contact with moisture to fail.

This assumption is more realistic for the containers that are vertically emplaced in boreholes,

where the air gap between the rock wall and the container could keep a substantial number

of containers dry. If we relax this assumption in the weeps model, and allow corrosion of

containers in a moist environment whether or not contacted by weeps, then the weeps-model

gaseous releases might approach those predicted by the composite-porosity model.

15.5.1.4 Combined aqueous and gaseous releases

The conditional CCDF for combined cumulative aqueous and gaseous releases at 10,000

years, as normalized to the EPA limits, is shown in Figure 15-32. The figure also allows

comparison of the magnitude of the aqueous and gaseous releases. With the parameter dis-

tributions selected for TSPA-93, the weeps model produces cumulative aqueous and gaseous

releases that are of similar magnitude. (Individual dose calculations were not performed for

gaseous releases, and therefore no combination of doses is offered.)

For the most likely cases--those expected 90% of the time--gaseous releases are the

major contributor to total releases. As mentioned in the previous subsection, gaseous re-

leases at these magnitudes are primarily a function of the number of juvenile failures. For

the cases where the most releases occur, aqueous releases dominate. These cases are ex-

pected 10% of the time. In these extreme cases, corrosion-induced failures can approach and

even outnumber juvenile failures.

15.5.2 Comparison of the four repository cases

In this section, the four different repository cases considered in this TSPA are compared

with each other based on their general behavior as predicted by the weeps model, as well as

their performance with respect to EPA and possible dose criteria.
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15.5.2.1 Aqueous releases

The weeps model predicts that different repository designs lead to different numbers

of containers being contacted by weeps. Figure 15-33 presents the cumulative probability

distributions of the numbers of containers contacted by weeps (compare this figure with

Figure 15-10). The probability axis in the plot corresponds to the fraction of realizations

that a given number of contacts occur.

Examination of the median values in the figure (those with a probability of 50%) shows

that the l l4-kW/acre, vertical-emplacement case has about 1100 more containers contacted

by weeps than does the 57-kW/acre, vertical-emplacement case--approximately twice as

many contacts. The l l4-kW/acre, in-drift-emplacement case has about 1300 more contain-

ers contacted by weeps than does the 57-kW/acre, in-drift-emplacement case--approximately

a factor of 1.5 more contacts. Comparing the different emplacements, the figure shows that

the in-drift-emplacement cases have more than a factor of 2 more contacts than the cor-

responding vertical-emplacement cases. For the 57-kW/acre repositories, the difference is

about 1500 containers. For the ll4-kW/acre repositories, the difference is about 1800 con-
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Figure 15-33. Comparison of the distributions of containers contacted by weeps over a

1,000,000-year period, for the four repository cases.

tainers; although, at the upper extreme of the distributions, the vertical-emplacement case

has substantially more containers contacted by weeps than does the in-drift emplacement.

In general, Figure 15-33 illustrates two points. First, a greater number of the larger,

in-drift containers is contacted by weeps than the number of the smaller, vertically emplaced

containers. The reason is that the larger containers lying on their sides offer a greater cross-

sectional area to weeps--i.e., they are easier to hit. Second, the 57-kW/acre cases result

in fewer containers contacted by weeps than the corresponding ll4-kW/acre cases. Here, °

the reason is that the hotter repository displaces more water than the cooler repository,

creating more weeps. Increasing the number of weeps increases the probability of contacting

a container. Also, as modeled, the hotter repositories shed the displaced water into a smaller

area of the repository at the times when the dryout volumes are largest. Concentrating weeps

in a smaller area increases the chance of hitting containers in that area; although, this effect

is important only when few containers are contacted.

As is shown in the preceeding section, with the YMIM source model, very few containers

contacted by weeps ever release radionuclides. The number of containers that are predicted

to have aqueous releases of radionuclides is presented in Figure 15-34. The probability

axis in the plot corresponds to the fraction of realizations that a given number of containers

eventually release radionuclides to the groundwater. Releasing containers that were juvenile
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failures (and were eventually contacted by weeps) and those that failed by corrosion are both

included in the figure.

Examination of the median values in this figure shows that the 114-kW/acre, vertical-

emplacement case has 9 containers contacted by weeps, while the 57-kW/acre, vertical-

emplacement case has 5. The differences are relatively linear--at the upper extreme it still

approaches a factor of 2. The in-drift-emplacement cases show a similar pattern of weep con- i

tact. Comparing the different emplacements, the figure shows that the in-drift-emplacement

cases have only a few more contacts than the corresponding vertical-emplacement cases,

although the upper extreme values show more divergence. The in-drift containers hold ap-

proximately 4 times the waste that the vertically-emplaced containers hold. Thus, a factor of

2 increase in releasing containers is effectively a factor of 8 increase in releases of mass. The

figure also shows the same general pattern seen in Figure 15-33: the number of releasing

containers is greater with larger containers and in a hotter repository.

Figure 15-35 presents the initial release times for failed containers. Release times for

both corrosion-failed containers and juvenile failures are included in the figure. The data

in the figure are every initial release time for every releasing container for all realizations;

thus, the probability axis corresponds to the fraction of releasing containers. As mentioned

in the previous section, all time-related distributions are estimates based on the WEEPTSA

time step during which releases occur.

The release times in Figure 15-35 exhibit the trimodal distributions seen in Fig-

ure 15-12. Early-time releases are caused primarily during expansion of the dryout zone

which sheds water onto juvenile failures. Releases commencing between several hundred

and several thousand years are primarily the" end result of containers failed by corrosion

during the collapse of the dryout zone. Most of the releases begin at these intermediate

times for all four repository cases. The late-time releases are caused by changing flow pat-

terns from changing climates contacting juvenile failures. As is to be expected, the in-drift

emplacements show fewer early-time and late-time initial releases because they are modeled

with fewer juvenile failures.

To compare the four repository cases according to the initial release times, the time pe-

riods must be examined separately. At early times, the differences are insignificant because

releases begin from all four repository cases within a few decades of eachother. (Actually,

the containers are all above boiling temperature, there should probably be no releases at

all, but the YMIM source term does not screen out these instances.) At intermediate times,

the cooler repositories begin releasing waste sooner than the hotter repositories, because

the dryout zone collapses faster and water contacts the containers sooner. Also during this

interval, the thin-wall, SCP containers tend to fail before the multipurpose containers. At
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late times, the juvenile failures of the cooler and less robust containers have more releases,

primarily because fewer of them failed at earier times.

Isolating the container failures that occur because of corrosion provides a more accu-

rate view of container lifetime. Figure 15-36 presents the distributions of the number of

corrosion-induced failures for all realizations, and thus the probability axis corresponds to

the fraction of realizations. At the lower extreme, all cases have realizations where there

are no corrosion-induced failures: for the 57-kW/acre cases, over 25% of the realizations

have no corrosion failures; for the ll4-kW/acre cases, about 15% of the time there are no

corrosion failures. At tile medians of the distributions, only a few containers experience

corrosion-induced failure, although a pattern is developing that carries through to the upper

extreme. The vertically emplaced containers undergo fewer corrosion-induced failures than

the in-drift containers, and the cooler repository has few corrosion-induced failures than the

hotter repository. The reasons are the same as those given in the discussion of Figure 15-34:

bigger containers present a larger target for weeps; and hotter repositories move more water

creating more weeps. The upper extremes of the failure distributions are very similar to the

upper extremes of the containers-releasing distributions, indicating that in the worst case

most failures are caused by corrosion.

The times at which containers undergo corrosion-induced failures are presented in

Figure 15-37; these times correspond to the container lifetimes. The figure shows that con-

tainers in a 114-kW/acre repository can generally be expected to last longer than containers

in a 57-kW/acre repository (although not in the extreme cases--see below). At the median

values, the difference in lifetimes between the hotter repositories and the cooler repositories

is over 3000 years. The longer lifetimes occur because the thermal load protects more of the

hotter repositories for longer periods of time. The figure also shows a performace advan-

tage of the multipurpose containers: at the median values, the larger containers last almost

1000 years longer than smaller SCP-type containers. However, these increased lifetimes are

caused by the additional heat generated within the larger containers and not by the extra

steel overpack (s_e below).

The weeps model predicts that virtually all corrosion-failed containers fail within

10,000 years. Although not apparent in Figure 15-37, the times of the last corrosion-induced

failures is of interest. For the vertically emplaced containers, the last failures are at 36,000

years for the 57-kW/acre case, and at 33,000 years for the ll4-kW/acre case; for the in-drift

containers, the last failures are at 820,000 years for the 57-kW/acre case, and at 590,000

years for the ll4-kW/acre case. These containers underwent significant corrosion while

warm, but not enough to fail; when they cooled, corrosion rates were very low, but they

experienced enough corrosion to cause the final breach.
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For containers that fail by corrosion, the amount of time that they are contacted by

weeps before failure offers a more accurate picture of the time scale of the corrosion pro-

cess. Figure 15-38 presents the estimated time of water contact before corrosion failure for

containers from the four repository cases. For containers that fail by corrosion, approxi-

mately 20% undergo extremely rapid corrosion. These containers have been sampled with

high corrosion rates and they are contacted by weeps when they are at high temperatures.

Approximately 5% of the corrosion-failed containers undergo relatively slow corrosion; these

containers are contacted by weeps when they are at sub-optimal temperatures for corrosion.

Most of the water-contact times, however, are close to the median times. For the 57-kW/acre

repository with vertically emplaced containers, the median water-contact time before failure

is about 400 years; for the other repositories, the median times are near 1100 years. These

containers are contacted at high temperatures, but they have been selected with average

corrosion rates.

Figure 15-38 shows that the larger, multipurpose containers offer an increased lifetime

that averages 700 years, but only for the cooler repositories. In the hotter repositories, the

multipurpose containers last only as long as the thin-wall, SCP-type containers. Actually,

in both 57-kW/acre and l l4-kW/acre repositories, dry oxidation significantly corrodes the

mild steel overpack of the multipurpose containers while the containers are above boiling.

The difference in container lifetime in the cooler repository is primarily due to differences

in the duration of the dryout zone (see Figure 10-11) and the higher surface temperature

of the multi-pupose container, which delays aqueous corrosion when containers are outside

the dryout zone (see Figures 10-17 and 10-19). In the hotter repository, the dryout zone

collapses at approximately the same time, independent of container type (see Figure 10-

10), and aqueous corrosion begins at the same time on the thin-wall, SCP-type container

and the inner liner of the multipurpose container. Thus, with the YMIM source model,

the weeps model predicts effectively no performance advantage from the overpack of more

robust, multipurpose container (although even thicker overpacks could afford a performace

advantage, see Section 14.7).

The amount of time that containers are contacted by weeps offers an estimate of how

long waste is being released from these containers. Figure 15-39 shows the total time of

water contact for containers from the four repository cases. In general, the distributions

are bimodal, with the short-duration mode caused by contact with the more transient weeps

formed during the contraction of the dryout zone, and the long-duration mode caused by

contact with weeps formed at a climate change (see discussion of Figure 15-18 in Section

15.5.1.2). In general, the vertically emplaced containers, with their smaller cross-section, are

contacted for shorter durations than the larger cross-section, in-drift containers. The in-drift
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Figure 15-40. Comparison of the conditional CCDFs of cumulative aqueous releases to the
accessible environment, at 10,000 years, normalized by the EPA limits, for

the four repository cases. Cross-hatching denotes area of noncompliance
with the EPA standard.

containers have proportionally fewer short-duration contacts, primarily because many of the

containers contacted at short-duration are also contacted by the longer-duration weeps. The

picture is more complicated when the different repository thermal loads are compared (for the

vertically emplaced containers, the hotter repository typically has longer contact durations;

for the in-drift containers, the hotter repository typically has shorter contact durations), but

the differences in duration are relatively insignificant.

The cumulative aqueous releases to the accessible environment, normalized to the EPA

limits, are presented for the four cases in Figure 15-40. Releases are calculated over a

10,000-year period. All four cases are below the EPA limit. Further, none of the cases is

drastically different. Releases for the four cases are within an order of magnitude of each

other, except when releases are very low. The ll4-kW/acre repositories both always have

some releases, while 10% of the 57-kW/acre repositories have no releases. The ll4-kW/acre

repositories produce large dryout zones--in fact, their dryout zones completely encompass

the repositories for a time. Near the outside boundaries of the dryout zones, a large amount

of water is being displaced and diverted--focusedEinto a small fringe of the repository. In
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every realization some releases result from failed containers, either juvenile or corrosion-

induced, that are contacted by weeps at the edges of these repositories.

Examination of Figure 15-40 reveals a trend in the results. In general, the in-drift

containers produce greater releases than the vertically emplaced containers. A secondary

effect is that the ll4-kW/acre thermal load produces greater releases than the 57-kW/acre

thermal load.

The in-drift containers present a substantially larger target for weeps. As alluded

to in Section 15.4, the area of contact for a weep with a multipurpose, in-drift container

averages over 11 m 2, while the area of contact for a weep with a thin-walled, vertically

emplaced container averages about 0.75 m2. Thus, the in-drift containers present a cross-

section approximately 15 times larger than that of vertically emplaced containers. However,

approximately 4 of the vertically emplaced containers are required to hold as much waste as

1 in-drii_ container. Therefore, in a repository designed for multipurpose, in-drift containers,

waste is about 5 times more likely to be contacted by weeps than in a repository designed for

thin-wall, vertically emplaced containers. The releases shown in Figure ].5-40 are typically

between 4 and 10 times higher for the larger containers. Releases can be greater than

a factor of 4 for two reasons: (1) the in-dri_._ containers are specified to have only half

the fraction of juvenile failures as the vertically-emplaced containers, but this number of

failures translates into 2 times as much waste potentially being exposed to weeps, and (2)

in the extreme cases, when juvenile failures are inconsequential to the results, only a few

realizations are involved, and random chance carl lead to presented differences.

The somewhat poorer performance of the hot repositories is caused by greater displace-

ment and focusing of water by their larger dryout zones. This effect is mitigated, but not

completely abated, by the generally longer container lifetimes provided by the protection of

the larger dryout zones.

The cumulative aqueous releases from the EBS, normalized to the EPA limits, are

presented for the four cases in Figure 15-41. The difference between these curves and those

shown in Figure 15-40 suggests that a large amount of 239pu released from the EBS is

subsequently trapped before it reaches the accessible environment. The adsorption of 239pu

in the saturated zone is a deciding factor for meeting the EPA standard, especially for the

in-drift containers.

The radiation dose to a maximally exposed individual, as predicted by the weeps model,

is presented in Figure 15-42. The curves represent the peak dose that is realized within

a million-year period. The median values shown range from approximately 4 mrem/yr

for the 57-kW/acre repository with vertical containers, to approximately 80 mrendyr for

the ll4-kW/acre repository with in-drift containers. At the extreme values of the distri-
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Figure 15-41. Comparison of the conditional CCDFs of cumulative aqueous releases from
the EBS, at 10,000 years, normalized by the EPA limits, for the four

repository cases. Cross-hatching is offered for informational purposes only.

butions, the 57-kW/acre repository with vertical containers produces a dose that exceeds

2,000 mrem/yr, while the dose for the 114-kW/acre repository with in-drift containers exceeds

80,000 mrem/yr. These predicted doses are high, although not as high as those predicted

with the composite-porosity model, and are probably overestimates of releases and doses,

because of assumptions that we believe to be generally conservative.

The same pattern implied in the plot of cumulative releases at 10,000 years (Fig-

ure 15-40) is implied here. Large cross-section containers produce greater doses than those

with small cross-sections because they are more likely to be contacted by weeps. Reposito-

ries with greater thermal loads, and hence greater perturbation of the groundwater flow,

produce greater doses than repositories with lower thermal loads, because more weeps are

generated and focused on a smaller area of the repository.

Figure 15-43 shows the times when the peak doses occur. The median times range

from approximately 10,000 years for the l l4-kW/acre repository with vertical containers

to approximately 20,000 years for the 57-kW/acre repository with in-drift containers. The

difference in times is not especially significant, given that somewhat greater magnitude

doses are predicted for the latter of these cases. The fact that the thin-wall containers do

not last as long as the multipurpose containers is compensated for by the fact that they
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are less likely to be contacted by weeps. Also, the waste in the in-drift containers takes

longer to leach, which can delay the peak dose. Of some interest is that less than 1% of all

realizations have not reached the peak dose at a million years.

15.5.2.2 Gaseous releases

With respect to gaseous releases, the comparison of performance of the four repository

cases is resticted to the EPA standard. As discussed in Chapter 2 and Section 14.6.2, indi-

vidual dose from gaseous releases is expected to be inconsequential given the large dilution

offered by the atmosphere, and dose was not calculated for 14C. Thus, the weeps-model

calculations were limited to a 10,000-year period.

Only 14C was considered for gaseous releases. In TSPA-93, the weeps model is primar-

ily used to determine the interaction of groundwater with the EBS. The source term YMIM

(Chapter 13 and Section 14.5.3) is used to determine container failures and the releases of

14C from the EBS. The gaseous-transport model that is described in Chapter 12 is used to

determine releases at the ground surface (the accessible environment).

The distribution of containers contacted by weeps during the 10,000-year calculational

period is presented in Figure 15-44. Fewer containers are contacted than for the aqueous-

release calculations because of the shorter time period. In general, the cooler repositories

suffer fewer container/weep contacts than the hotter repositories because the cooler repos-

itories create less perturbation in the flow field. The repositories with vertically emplaced

containers suffer fewer contacts than the repositories with in-drift containers because the

vertically emplaced containers present a smaller target for the weeps. As shown in the fig-

ure, the 114 kW-acre repository with in-drift containers is an exception approximately 25%

of the time. The fewer number of containers and the longer duration of the hot-repository

dryout zone combine to limit the total number of container/weep contacts.

Figure 15-45 presents the distribution of containers that release gaseous 14C. Con-

tainers with gaseous releases far out number those with aqueous releases (Figure 15-34)

because juvenile failures begin gaseous releases immediately and do not require contact

by a weep. The distributions shown in the figure follow closely the juvenile-failure distri-

butions assigned as input. Only between 0.05% and 0.25% of the 8489 in-drift containers

are specified as juvenile failures (the median is 13); between 0.1% and 0.5% of the 35,580

vertically emplaced containers are juvenile failures (the median is 107). The multipurpose,

in-drift containers carry approximately 4 times the mass of the thin-wall, SCP-type con-

tainers: thus, in terms of mass, a median value of 104 metric tons of waste is immediately

exposed in in-drift containers that are juvenile failures, and a median value of 214 metric

tons is immediately exposed in vertically emplaced containers.
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The times of initial releases are presented in Figure 15-46. For the 57-kW/acre reposi-

tory with vertically emplaced containers, 96% of the releasing containers are juvenile failures

with immediate releases, and virtually all the other 4% of releasing containers begin releas-

ing within 1500 years. For the l l4-kW/acre repository with vertically emplaced containers,

94% of the releasing containers are juvenile failures, and virtually all the other releasing

containers begin releasing within 6000 years. For the 57-kW/acre repository with in-drift

containers, 64% of the releasing containers are juvenile failures, and virtually all the other

releasing containers begin releasing within 3000 years. For the ll4-kW/acre repository with

in-drift containers, 36% of the releasing containers are juvenile failures, and the other 64%

of releasing containers begin releasing at times between 2,000 and 10,000 years.

Corrosion-induced failures are generally an insignificant part of the releasing vertically

emplaced containers, as shown in Figure 15-47. The number of corrosion failures exceeds

the median number of juvenile failures only about 1% of the time. However, for in-drift

containers, corrosion failures rival juvenile failures, and in the ll4-kW/acre case, can far

outnumber juvenile failures. (Separate calculations were performed for gaseous and aqueous

releases; by chance, the gaseous-release calculations produced a larger corrosion-failure re-

alization than did the aqueous-release calculations.) The times of corrosion-induced failures

are virtually identical for the gaseous-release and the aqueous-release calculations (although

the times are truncated slightly because of the reduction in time periods), and therefore a

plot of the corrosion-failure times is not offered.

Based on the number of failures and how the failures are distributed in time, the multi-

purpose containers and the hotter repositories could offer a performance advantage, at least

in terms of average behavior. Figure 15-48 presents the cumulative gaseous releases of 14C

over 10,000 years, as normalized by the EPA limits, for the four repository cases. The four

repositories produce cumulative releases below the limits set in the EPA standard. Also, the

weeps model predicts less gaseous releases than does the composite-porosity model (compare

with Figure 14-29).

Figure 15-48 does not confirm the expected performance advantage of the hotter repos-

itories and larger containers. Rather, Figure 15-48 is similar to Figure 15-40, and tends

to confirm that large containers are predicted by the weeps model to lead to more releases.

As a secondary effect, high thermal loads are generally predicted to cause greater releases.

When releases are predicted to be lowna sizeable percentage of the timenthe expected

performance advantage is found. However, the in-drift containers suffer a disproportion-

ate number of corrosion-induced failures, especially in terms of waste mass that is exposed.

Also, the hotter repositories tend to produce shorter travel times for gases. Thus, despite the

fact that fewer of the large in-drift containers fail (primarily because of the juvenile-failure
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Figure 15-48. Comparison of the conditional CCDFs of cumulative gaseous releases to the
accessible environment, at 10,000 years, normalized by the EPA limits, for -
the four repository cases. Cross-hatching denotes area of noncompliance
with the EPA standard.

distributions assumed as input), and generally the ones that fail by corrosion fail at later

times, the performance advantage is not realized.

15.5.2.3 Combined aqueous and gaseous releases

Figure 15-49 presents the combined cumulative aqueous and gaseous releases to the

accessible environment, normalized to the EPA limits. (The dose calculations involved only

drinking water doses, and thus no combination of aqueous and gaseous doses is offered.)

Releases are calculated over a 10,000-year period.

As with the results shown in Figure 15-32, gaseous releases are most important most of

the time (i.e., for most of the realizations); however, at the extremes of the CCDFs, aqueous

releases dominate. In any event, all four cases are below the EPA limits. The same general

pattern shown in all of the performance calculations is shown here: large containers result

in more releases than small containers, and secondarily, a 114-kW/acre repository results in

more releases than a 57-kW/acre repository.
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by the EPA limits, for the four repository cases. Cross-hatching denotes area
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15.5.3 Thermal modeling sensitivities

Deterministic thermal calculations, essentially one for each of the four repository cases,

were used as the basis of the hydrothermal model in this TSPA (Chapter 10). Although

heat conduction is a well-understood phenomenon, and heat-conduction effects could be ex-

pected to dominate the hydrothermal regime within Yucca Mountain, there are still many

uncertainties in predicting the future performance of a repository in this environment. Un-

certainties exist in several areas, including in our description of the mountain (e.g., bulk

permeabilities, heterogeneities in thermal conductivities), in our neglecting of various pos-

sible hydrothermal effects, (e.g., extended dry, and bouyant water vapor being pumped from

the water table to above the repository), and in our foretelling of future infiltration and

percolation rates.

One additional series of TSPA calculations was performed to estimate the sensitivity of

weeps-model predictions to the parameters used in the hydrothermal model. The calculations

were the same as the calculations reported above, except that £he dry-fraction and dryout-

volume curves used as parameters to the hydrothermal model were changed. Rather than

using the curves defined by E. E. Ryder and coworkers, the curves used were those produced
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by T. A. Buscheck of Lawrence Livermore National Laboratory (Chapter 10). The Ryder

curves are based on calculations that considered only thermal conduction, but from discrete

containers. The Buscheck curves are based on calculations that included hydrothermal

effects, but with a smeared heat source. The major difference in the two sets of curves

is that the Ryder curves show the dryout zone collapsing at the center of the repository at

around 5000 years; the Buscheck curves show the dryout zone existing for slightly over 9000

years. (As discussed in Chapter 24, Eaton examined dryout extent and duration and shows

that they are also a strong function of fracture size.) The same container-wall and fuel-rod

temperatures were used in the additional TSPA calculations.

Figure 15-50 presents the cumulative aqueous releases to the accessible environment

over 10,000 years, as normalized by the EPA limits, for the four repository cases, using

Buscheck's results. Figure 15-50 should be contrasted with Figure 15-40. The major differ-

ence between the two figures is not in the extreme releases, but rather in the lowest releases.

In Figure 15-40, up to 10% of the realizations have no releases. In Figure 15-50, between

10% and 20% of the realizations have no releases.
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We do not show the results of the dose calculations performed with the Buscheck curves

because they are virtually identical to the results shown in Figure 15-42. A 4000-year in-

crease in thermal-pulse duration has little effect on doses because 4000 years is a small

fraction of a million-year calculation and because the reposi'.ory rewets while it is still rel-

atively hot. To noticeably impact releases, the containers must remain dry until they are

below the temperature at which they are susceptible to corrosion.

The results shown in Figure 15-50 offer insight into what could occur if the extended-dry

concept were modeled. In some realizations, parts of a repository could still be inundated

with water and high releases could result. However, in the most probable realizations,

all or almost all of the repository would be protected by flow until long after the thermal

pulse dissipates and repository temperatures fall to near ambient. In this situation, few

or no corrosion-induced failures would occur because the containers would be below the

temperature where they are susceptible to corrosion. Therefore, there would be few or no

releases of radionuclides. We suspect that this result would also hold for doses.

Thus, extended-dry conditions could have a significant impact on repository perfor-

mance. We excluded the extended-dry concept from consideration in TSPA-93 because it is

supported only by the composite-porosity model, and the assumptions behind this model are

known to be physically inaccurate in describing rapidly changing flows (Peters and Klavetter,

1988). Physical models that describe hydrothermal phenomena must be improved.

In concluding this section, we examine hydrothermal effects to determine whether the

thermal pulse of a repository can dominate the natural groundwater flow at Yucca Mountain,

and thus to determine whether the creation of a significant thermal perturbation can add

confidence to performance predictions. One way to determine this dominance is by examining

the magnitude of the water displaced by the thermal pulse compared to percolation values

associated with Yucca Mountain. Based on expansion of the dryout volume used in our

hydrothermal model, we can estimate a displaced water flux as follows:

AV 0
qd -- .... , (15.4)

At Arep

where qd is the displaced water flux, A V/At is the change in dryout volume with respect to

time, 0 is the moisture content of the tuff being dried, and Arev is the area of the repository.

From Figure 10-13, the dryout volume expands for approximately 800 yr, with a change in

volume of approximately 5.7 x 108 m3; thus, A V/At for a ll4-kW/acre repository averages

to approximately 7 x 105 m3/yr. The moisture content of TSw is estimated as 0.065 and the

area of a hot repository is about 2.33 × 106 m2. Therefore, an estimate of the flux from water

displaced by a thermal pulse is 7 × 105 x 0.065 / 2.33 × 106 _ 0.02 m/yr, or about 20 mm/yr.

This value compares well with estimates of wet-climate infiltration given in Chapter 8. It
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follows that, from a performance perspective, thermal effects cannot be expected to dominate

potential hydrologic effects with any degree of confidence.

15.5.4 Parameter sensitivities

As in the sensitivity analysis for the parameters associated with the composite-porosity

model (Section 14.6.3), rank linear regression is used to determine which weeps-model pa-

rameters most strongly influence the repository-performance measures. Table 15-5 presents

results of rank linear regression for 10,000-yr cumulative aqueous releases for the four

repository cases being considered in this TSPA.

As discussed in Section 14.6.3, the A R2 value is a measure of the relative importance

of a parameter. All parameters with A R2 > 0.01 are listed in the tables in this section. R2

is a measure of goodness of fit of the linear regression, and R2 near 1 indicates a good fit,

meaning that the variation in releases is well accounted for by the parameters used in the

regression model. In this case, R2 ranges between 0.60 and 0.66 (listed on the line labeled

"Total"), which are all relatively poor fits.

The results shown in Table 15-5 require interpretation. Generally, the parameter to

which the EPA performance measure is shown most sensitive is the 100°C pitting increment.

This parameter is one of two that determines the corrosion rate for the corrosion-resistant

thin-wall container and the inner liner for the multipurpose containermessentially it de-

scribes the container lifetime. As has been shown, the calculated container lifetimes ap-

proach the same time span as the performance measure--10,000 years--and therefore, this

sensitivity is expected. However, as is shown in the comparison of the four repository cases

(Section 15.5.2.1), the hotter repositories have the longest container lifetimes but also the

Table 15-5. Parameters important to weeps-model aqueous EPA releases.

57 kW/acre 114 kW/acre 57 kW/acre 114 kW/acre
Vertical Vertical In-Drift In-Drift

No. Variable Units A R 2 AR 2 A R 2 A R 2
-- - _ lillll__ __

1 100°C pitting increment mm 0.26 0.06 0.32 0.22
2 Initial flow-episode factor -- 0.13 0.29 0.12 0.13
3 Np K_ for SZ m3/kg 0.10 0.17 0.08 0.14
4 U/Q for SZ m3/kg 0.04 0.04 0.02 0.02
5 Initial "dry" percolation flux ndyr 0.03 0.01 0.04 0.05
6 Mean weep aperture m 0.02 0.03 0.02 0.01
7 SZ water velocity ndyr 0.01 0.02 0.01 0.01
8 Juvenile thilures -- 0.01 0.02 0.01 0.01
9 Time of first climate change yr <0.01 <0.01 <0.01 0.01
10 Np solubility kg/m _ <0.01 0.01 <0.01 <0.01

Total 0.60 0.66 0.61 0.60
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greatest releases. This parameter is important, primarily when considered within a single

repository-design context.

Next most important parameter is the flow-episode factor for the present climate. The

flow-episode factor determines how often and for what length of time weeps flow. A basic

assumption behind the weeps model is that a finite amount of water infiltrates Yucca Moun-

tain; if this water is confined to weeps, then short episodic pulses would require more weeps

than long pulses in order to handle a given amount of infiltration. Thus, the episode factor is

a measure of the number of weeps. Other parameters also reflect the number of weeps gen-

erated during a calculation: the percolation flux, the mean weep aperture, and parameters

associated with the hydrothermal perturbation--dryout fraction and dryout volume (these

do not appear in Table 15-5 because they were not handled probabilistically). Considering

both sensitivity to the results of a single repository design and different repository designs,

the calculations are probably most sensitive to the number of weeps, hence, the combination

of these parameters. The relative insignificance of the timing of the first climate change is

probably due more to the rare occurrence of a climate change during the period when the

containers are susceptible to corrosion, than to any resistance of the repository to increased

flow.

The sorption coefficients (lids) for neptunium and uranium appear as important pa-

rameters because they slow the transport of these elements to the accessible environment

enough to cause different releases for different realizations. We know that the Kd for pluto-

nium is also important, but it does not appear on the list because virtually no Pu reaches the

accessible environment in the calculations. If the Kd distribution for Pu should include lower

values, of if colloid formation and transport is important for Pu (something not modeled in

this TSPA), then a significant amount of Pu could possibly reach the accessible enviromnent.

Another parameter that does not appear in the table, but one that we know is impor-

tant, is the solubility of neptunium. The solubilities for Np used in TSPA-93 are generally

5 orders of magnitude greater than those used in TSPA-91 (Sections 9.2 and 14.5.3). In

TSPA-93, Np is the major radionuclide being released; in TSPA-91, Np releases were rela-

tively insignificant.

In Table 15-6, we present results of rank linear regression for drinking-water doses

caused by aqueous releases, from all four repository cases being considered in this TSPA.

The R2 for the regression models range from 0.74 to 0.81--all reasonable fits.

Generally, the parameter to which drinking water doses are most sensitive is the satu-

rated zone transport area--effectively the amount of dilution afforded by the saturated zone.

More dilution implies reduced concentration of radionuclides in the drinking water. In the

calculations, this parameter was described with a log-uniform distribution ranging over two
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Table 15-6. Parameters important to weeps-model aqueous peak doses.

57 kW/acre 114 kW/acre 57 kW/acre 114 kW/acre
Vertical Vertical In-Drift In-Drift

No. Variable Units A R 2 A R 2 A R 2 A R 2
|11

1 SZ transport area m2 0.41 0.48 0.41 0.41
2 Np K_ for SZ m3/kg 0.12 0.15 0.13 0.12
3 100°C pitting increment mm 0.10 0.04 0.00 0.12
4 Initial flow-episode factor -- 0.06 0.09 0.03 0.04
6 Mean weep aperture m 0.03 0.02 0.03 0.02
7 Initial "dry" percolation flux m/yr 0.01 0.01 0.02 0.03
8 Juvenile failures -- 0.01 0.01 0.01 <0.01

9 70°C pitting increment mm <0.01 <0.01 0.12 <0.01

Total 0.74 0.81 0.74 0.76

orders of magnitude. The nonlinear distribution and the obvious connection with dose is

responsible for the importance of this parameter.

The next most important parameter is the Kd for Np. Theoretically, this parameter

should have no influence on doses because it cannot cause retardation of Np in the satu-

rated zone on time scales approaching the half-life of Np. It is possible that Np can be

retarded in varying degrees so that its appearance does or does not coincide with the prompt

release fraction of other radionucides (Tc and I). Probably, however, the appearance of this

parameter in the list is an indication that no other parameters are dominant.

The list is completed with the parameters that define container corrosion, the param-

eters that define the number of weeps, and the parameter defining the number of juvenile

failures. As mentioned above, we suspect that the the parameters defining the number of

weeps have a synergistic effect, and that the number of weeps is a significant parameter.

Climate-change parameters are not indicated as significant for two reasons. Primarily, it

is very rare for a climate change to occur during the period when the containers are sus-

ceptible to corrosion. Secondarily, climate-change parameters do not vary enough from one

realization to the next to produce much variance in the results.

Results of rank linear regression for 10,000-yr cumulative gaseous EPA releases are

given in Table 15-7 for the four repository cases. The R 2 for the regression models ranges

from 0.58 to 0.77, or from a poor fit to a reasonable fit.

For gaseous releases, the container design has an impact on which parameters are

most important. Considering the thin-wall, SCP-type container, the two most important

parameters are the number of juvenile failures and the bulk permeability of the TSw unit.

The importance of juvenile failures to gaseous releases should be obvious from the discussion

in Section 15.5.1.3. The bulk permeability of TSw determines to a large extent the travel
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Table 15-7. Parameters important to weeps-model gaseous EPA releases.

57 kW/acre 114 kW/acre 57 kW/acre 114 kW/acre
Vertical Vertical In-Drift In-Drift

No. Variable Units A R 2 A R 2 A R 2 A R 2
i

1 Juvenile failures m 0.24 0.25 0.04 0.03

2 TSw bulk permeability m2 0.23 0.22 0.08 0.16
3 Initial flow-episode factor -- 0.09 0.18 0.19 0.09
4 100°C pitting increment mm 0.09 0.03 0.32 0.22
5 Retardation multiplication factor -- 0.04 0.04 0.01 0.02
6 Mean weep aperture m 0.02 0.03 0.03 0.02
7 Initial "dry" percolation flux m/yr 0.02 0.01 0.03 0.04
9 Time of first climate change yr <0.01 <0.01 <0.01 0.01

Total 0.73 0.77 0.61 0.58

time of carbon dioxide from the repository to the surface. Lengthening the travel time

allows 14C to decay, plus extends the release of some of the mass to beyond the 10,000-year

regulatory period. Parameters that determine the number of weeps again appear in the list,

as does the corrosion-rate factor for the container.

Considering the multipurpose container, the most important parameter is the 100°C

pitting increment--essentially the inner-container lifetime. As discussed in Section 15.5.2,

the multipurpose container holds more waste and generates a surface temperature above

100°C longer than the thin-wall container, thus more of the repository performance is shifted

to this barrier. The other parameters of importance are the same as those discussed for the

thin-wall containers; however, the degree of importance varies with the repository ther-

mal load. In general, the parameters describing the number of weeps and the retardation-

multiplication factor could be underrated in the list.

15.5.5 Assumptions and limitations

Weeps-model predictions are dependent on the assumptions that form the bases for the

weeps flow model, the hydrothermal model, the source-term model (YMIM), the transport

models, and the dose model. This subsection contains a brief discussion of some of the major

assumptions that could limit applicability of the weeps-model results. These assumptions

must be analyzed in the future.

The primary caveat to the weeps-model results is that the weeps model has not been

validated; i.e., it is unknown whether or not the weeps model represents reality. Perched

water has only been observed infrequently at Yucca Mountain and its presence might not

indicate widespread weep flow. Even if weeps are an important flow mechanism at Yucca
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Mountain, the weeps model could be improperly parameterized. Gauthier et al. (1992) dis-

cuss in detail assumptions behind and limitations to the weeps flow model.

Application of the weeps model to total-system calculations requires an additional set of

assumptions. For TSPA-93, we assume that the thermal pulse does not produce an extended-

dry period. Diversion of water around the dryout zone and rapid rewetting of the dryout

zone are major assumptions that have not been tested.

Also we have assumed in this TSPA that, when a weep contacts a container, all the

waste is available for dissolution and transport. Indeed, for the large containers, only a

fraction of the waste might be contacted by running water, and thus releases could be lower

than indicated. It is also assumed that when a container is not contacted by a weep, no

aqueous corrosion occurs, although moisture in the backfill could allow aqueous corrosion.

(Vertically emplaced containers are designed with an air gap between the container and

the borehole wall, and would probably not be susceptible to aqueous corrosion by unflowing

water unless rubble bridges the gap.) Further, we only consider vertical flow in this weeps

model; flow from different angles would see different cross-sectional areas of the different

containers.

The in-drift containers are surrounded by backfill. The backfill is assumed to be crushed

welded tuff, compacted to approximately 40% void space. Thus, the backfill should have the

consistency of a gravel. A major assumption presently used in the weeps model is that the

backfill does not interfere with weep flow. Further, it is assumed that increased fracturing

caused by construction of the drifts and the redistribution of stress in the vicinity of the

drifts does not interfere with weep flow. That is, axial fractures are assumed to not divert

water from the drift, s, and radial fractures are assumed to not concentrate water toward the

drifts. (The assumption that increased fracturing does not influence weep flow also holds

for the vertically emplaced containers.) Engineering measures to divert flow could also be

designed into the EBS, but no such measures were considered in TSPA-93.

The source-term model, YMIM, contains a number of simplifications and omissions

that are germane to performance. For instance, steam corrosion and the consequences of

liquid water contacting container walls over 100c'C are two factors that are not considered.

And the Arrhenius relationship that is used to determine the temperature dependence of

corrosion might be inaccurate when determining corrosion failures at nominal temperatures

over million-year time spans. No credit is taken for the fuel cladding in TSPA-93, but it

could form a significant barrier to the release of radionuclides from containers, especially if

the fuel assemblies are not allowed to reach temperatures that would degrade the cladding.

No credit is taken for any galvanic protection that might occur with the dissimilar metals

that might be used in the multipurpose container.
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Formation and transport of colloids are not considered in TSPA-93, and could signifi-

cantly alter the results. Retardation of radionuclides by the iron oxides that would remain

from corroded containers is not considered. Indeed, no credit is taken for transport time

through the unsaturated zone. Diffusion of radionuclides from the fractures into the rock

matrix could impact the cumulative releases over 10,000 years; whether predictions of peak

individual doses could be significantly changed is not certain. The possibility of fast paths

through the saturated zone, potentially combined with weak matrix diffusion, is not inves-

tigated in TSPA-93.

15.6 Conclusions/recommendations

Using the YMIM source term, the weeps model predicts that a repository at Yucca

Mountain is subject to degradation primarily during the decay of the thermal pulse. During

the buildup of the thermal pulse, containers are too hot to experience corrosion, even though

a large amount of water is being displaced by the expanding dryout zone and subsequently

being shed onto unprotected parts of the repository. But as the thermal pulse decays and

container temperatures drop, two conditions conspire to cause container failures and poten-

tially high release rates. First, when container walls are between 70 '_and 100°C, they are

predicted to be extremely susceptible to corrosion. Second, although the contracting dryout

zone is no longer displacing water, the presence of the dryout zone is still enough to focus--

concentrate--infiltrating water onto unprotected, and at this time, cooling but warm parts

of the repository.

In the typical weeps-model realization, only a few containers corrode to failure during

the life of a repository--less than the number assumed to be juvenile failures. But in the ex-

treme cases, especially when an early climate change provides a large amount of infiltrating

water, hundreds of containers fail by corrosion. And because containers are contacted by wa-

ter when they fail by corrosion, dissolution and release of radionuclides begins immediately.

The result is often a temporarily high release rate. The cumulative releases as measured by

the EPA standard are predicted by the weeps model to be inconsequential; however, the high

release rate, although brief, combines with the low environmental dilution to potentially re-

sult in high radiation doses to exposed individuals. At late time, after approximately 20,000

years, the containers have cooled enough to be relatively impervious to corrosion. Releases

after this time are caused by changing flow patterns that contact or recontact previously

failed containers. Because a failed container being contacted by a weep is a relatively rare

event, releases are low. After the degradation incurred during the thermal disruption, the

repository remains largely intact.
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General conclusions drawn from the results of the weeps model in TSPA-93 are as

follows.

1) Container type. The weeps model predicts that the greater the cross-sectional area that

a container presents to a weep, the greater the probability of interaction. Weeps are

discrete, localized features; containers are localized objects. Performance is improved

when there is no contact. Vertical containers offer a smaller target than in-drift con-

tainers (assuming vertical flow), by approximately a factor of 15, or a factor of 4 if the

amount of mass is included in the ratio. Thus, a weep is 4 times as likely to contact

a given mass of spent fuel if it is contained in a multipurpose, in-drift container as

opposed to an SCP-type, vertically emplaced container. And the difference in perfor-

mance can be up to an order of magnitude when measured by either the EPA standard

or the possible dose standard. Whether or not an order of magnitude is significant

remains to be seen, but this conclusion still holds. Also, the YMIM source model in the

weeps model predicts that a multipurpose container offers a performance advantage

over a thin-wall container only in a 57-kW/acre repository--and then only because of

the higher surface temperature of the larger container, not because of the additional

steel overpack. In both the 57-kW/acre and the ll4-kW/acre repositories, dry oxidation

consumes virtually the entire mild steel overpack of the multipurpose containers before

weep contact occurs.

2) Thermal load. The weeps model predicts that higher thermal loads result in more dis-

placed (vaporized) water that causes more weeps. More weeps contact more containers,

causing more failures (when the containers are between 70 ° and 100°C), resulting in

more releases. This effect is of secondary importance to the container cross-section.

Performance deteriorates only by about a factor of 2 with the higher thermal load,

again when measured by either the EPA standard or a dose standard. Considera-

tion of steam corrosion, which should affect a l l4-kW/acre repository more than a

57-kW/acre repository, could make this performance difference more significant. If the

extended-dry concept is correct, the l l4-kW/acre repostory could perform much better

than the 57-kW/acre repository because it would keep water away from the containers

during the critcal corrosion period.

3) Regulatory compliance. The weeps model predicts that cumulative releases from a

repository at Yucca Mountain should be relatively low, even in the extreme cases.

This prediction holds true for gaseous and aqueous releases, for 57-kW/acre and 114-

kW/acre repositories, for thin-wall, SCP-type, vertically emplaced containers and large,

multipurpose, in-drift-emplaced containers. However, the low cumulative releases can
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contain brief periods of high release rates, and high release rates combined with rela-

tively low dilution in the environment can cause high individual doses. While not as

high as those predicted by the composite-porosity model, the doses predicted by the

weeps model are still notable. All four repository cases considered in this TSPA result

in doses above background: the 57-kW/acre repository with vertical containers exceeds

doses from background approximately 1% of the time; and the l l4-kW/acre repository

with in-drift containers exceeds background doses approximately 20% of the time. De-

spite the unsophisticated dose model and the caveats associated with the weeps model,

a major conclusion of this TSPA is that the factors associated with high dose should be

addressed in the characterization of the site and the design of a repository.

In the following subsections, we offer recommendations concerning site characterization

and repository design considering only what is important to the results of the weeps model.

Chapters 19 and 20 present recommendations taken with a broader perspective.

15.6.1 Site characterization

Concerning weep flow, site characterization should be directed in two efforts. First, it

must be determined when (temporally) and where (spatially) weeps are a valid flow mecha-

nism.

• Determine whether weep flow is a valid flow mechanism at Yucca Mountain. We sus-

pect that this validation can be accomplished in one of three ways. (1) The preferable

method is direct observationmtake measurements of weeps encountered in drillholes

and the Exploratory Studies Facility. Unfortunately, finding weeps might prove prob-

lematic given the present climate. (2) A proxy method is to investigate the geologic

record for the signature of previous weep flow. For example, examine fracture coatings

for evidence of precipitates left by flowing water. It would be useful to keep a record of

such observations and attempt a population study to determine the likelihood of weep

flow. Although not as convincing as direct observation, this method has the advantage

that it could provide information on paleoclimates and rates of percolation (see below).

(3) Finally, the least preferable method is to perform field tests to track the movements

of large amounts of water. This method might be impractical at Yucca Mountain.

• Determine what conditions support (or obviate) weep flow. Examine how much water

is necessary to cause weep flow. Determine how matrix imbibition is curtailedmby

fracture coatings, by the presence of parallel fractures forming a capillary barrier,

or by episodic flow where the timescale is short enough to make matrix imbibition
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insignificant. Some of this work can be performed in the laboratory, but preferably

should be done in the field in order to have confidence in the results.

Second, if weep flow is found to be a valid flow mechanism at some time and loca-

tion within Yucca Mountain, site characterization should be directed to measure properties

(weeps-model parameters) related to high individual doses. The weeps model predicts that

individual dose is the most important aspect of repository performance. The most important

properties are those associated with parameters to which the dose results are most sensitive

(Section 15.5.4).

• Characterize SZ transport area. The saturated zone must be defined in terms of mix-

ing volume (i.e., dilution factor), dispersivity, and matrix diffusion (i.e., the degree of

matrix/fracture coupling). These measurements are in addition to the characterization

required to calibrate saturated-zone flow models (Chapter 11). Although difficult, we

also need to determine whether these properties change when the water table rises.

• Measure bulk permeability. In this TSPA we used fracture properties as a surro-

gate for weep properties. In the long run, knowledge of weep properties is essential

(see next item); however, because there will always be uncertainty in flow paths, we

must have data on the fracture network. The methodology we developed to determine

fracture-flow properties (Chapter 7) relies heavily on bulk permeability. Only a few

bulk-permeability data are presently available for the unsaturated zone and more are

needed. (Bulk permeability is also important to gas flow and hydrothermal problems.)

• Characterize weeps. Determine population statistics for weeps, including size (i.e.,

amount of water flow), location, orientation (dip and strike), and short-term flow peri-

ods (episode factor), long-term flow periods (flow patterns), and overall percolation rate.

The obstacle here is that these data are needed for future weeps. We believe that a rea-

sonable strategy is to extrapolate from present and previously flowing weeps (although

studies of both past and future climates must continue in order to reasonably apply

paleoflow data.) We recommend that a study be immediately initiated involving the

isotopic analysis and dating of fracture coatings and other groundwater precipitates.

This study would probably have to be supplemented with chemical and geochemical

studies to achieve what is needed for performance assessment--basically a temporal

and spatial map of weep flow at Yucca Mountain.

• Better characterize the source term. Container corrosion rates are an important pa-

rameter to the weeps-model results and they must be better specified. However, the

weeps-model results also suggest that several factors not explicity considered could also
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be very important to the performance of a repository at Yucca Mountain. (1) Signifi-

cant colloid formation and transport could allow large amounts of plutonium to reach

the accessible environment. Plutonium is the major element predicted by the weeps

model to be released from the EBS. (2) Hydrothermal effects, especially shedding

and the rewetting behavior of the mountain, are poorly understood but could impact

performance significantly. Large-scale heater tests should be performed to examine

hydrothermal processes. These heater tests should be performed at percolation rates

suspected for future climates (e.g., the tests should be performed in a location similar

to Rainier Mesa). (3) Steam corrosion could significantly degrade containers, at a rate

that some suggest could be similar to the rate of aqueous corrosion. Steam-corrosion

processes and rates must be studied. (4) Near-field chemistry, especially at elevated

temperatures, could impact flow patterns, container lifetime, waste dissolution, etc.

Thermally induced geochemical alterations to the matrix and fractures should be an-

ticipated and investigated. Grout and concrete being planned for use in repository

construction must be considered as a significant perturbation to the geochemistry of

the mountain.

15.6.2 Repository design

Recommendations to repository design are contingent on two factors. First is the valid-

ity of the weeps flow mechanism. Second is other Project requirements, such as cost. In this

TSPA, the four repository designs that are analyzed varied little in terms of performance.

In general, design elements related to reduced container area and lower thermal loads pro-

duced the lowest releases. However, the differences might not prove significant, i.e., with

the EPA standard, all four repositories perform well, while with a possible dose standard, all

are questionable (although some are more questionable than others). Therefore, we offer the

following recommendations with the caveat that other requirements might override them.

• Minimize target cross section, i.e., design containers and emplace them such that they

offer a minimum area of contact for weeps. (This recommendation also follows from

human-intrusion results, Chapter 16.)

• If rapid rewetting occurs after the thermal pulse, the containers can be wet when still

warm and susceptible to corrosion. In this case, design a low-thermal-load repository.

If steam corrosion is found to be significant, then design a low-thermal-load repository.

• For multipurpose containers, a 10-cm mild-steel overpack adds nothing to performance;

either specify a significantly thicker overpack or no overpack.
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• Investigate possible methods for suppressing dissolution of neptunium over long periods

of time, e.g., maintaining a local reducing environment.
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Chapter 16
Human Intrusion

(Barnard, Skinner)

The analysis of human intrusion is based on the scenario that as a result of drilling

into the potential Yucca Mountain repository, radionuclides are entrained in the drilling

fluid and carried to the surface. The analysis assumes that at various times in the future,

drillholes are bored into Yucca Mountain. If a drill bit intersects a waste package, it is as-

sumed that it can break the container open and transport the contents directly to the sur-

face in the circulating drilling mud. If the drill passes near a container that has previously

corroded, then the drilling operation can bring to the surface rock cuttings contaminated

with radioactivity.

The drilling operation is assumed to be trying to reach the carbonate formations be-

neath the potential repository. The analysis assumes that present-day drilling technology

is used (i.e., a rotary drill bit, liquid drilling fluid to lubricate the bit and carry away cut-

tings, and well-bore casing to stabilize the drillhole), as stated in guidelines given in 40

CFR Part 191 (EPA, 1985). Fragments of waste or contaminated rock cuttings are carried

to the surface in the circulating drilling mud. They will accumulate in the drilling-mud pit

at the drill site at the surface.

The analysis assumes that at randomly selected times after closure of the repository,

drilling operations occur above the repository. The probability that a drilling operation in-

tersects waste is another random function: if the function has a value equal to the probabil-

ity of hitting a container, a direct hit is assumed to occur; if the function has a value equal

to the probability of hitting only contaminated rock, a near miss occurs. Otherwise, there is

no hit. Both the direct-hit and near-miss probabilities are proportional to the areas of the

targets--the container, or the amount of contaminated rock. Finally, if a direct hit occurs, a

random amount of waste (ranging from 0% to 100% of the contents of the waste package) is

assumed to be brought to the surface. The amount of radioactivity released therefore is de-

pendent upon the activity of the radionuclide inventory (which is dependent upon the time

of occurrence of the hit), whether it was a direct hit or near miss, and the amount of waste

brought to the surface.

For TSPA-93, the calculations have been made more sophisticated than previously,

and the data more realistically describe the repository inventory. Cumulative releases are

now estimated not only for 10,000 years, but also for 1,000,000 years into the future. It

should be noted that estimates of human behavior and technological capabilities so far in

the future are highly speculative. Consequently, there is even greater uncertainty in the
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interpretation of the human-intrusion results than there are for those of the aqueous and

gaseous analyses.

16.1 Parameterdefinition
The factors needed to perform an analysis are the number of boreholes expected to be

drilled into the repository, the probability of a drill bit intersecting a container, the amount

and type of waste that can be carried to the surface ("exhumed") by the drilling, the amount

of waste that can be brought to the surface by near misses, and several additional parame-

ters related to the determination of these factors. For a repository containing radionuclides

from several different sources (e.g., spent fuel and vitrified high-level waste--HLW), the

probability of releasing radionuclides from a specific source is dependent upon the probabil-

ity of a drill bit intersecting a container and the probability that the released radionuclides

are from that source. Using this concept of separate sources, the human-intrusion analyses

have been enhanced to account for different inventories of the waste packages (e.g., spent

fuel from pressurized water reactors--PWRs and boiling water reactors--BWRs, and

HLW), different package sizes, and different inventories available for near-miss releases.

16.1.1 Probability of hitting a container

The probability of a drill bit intersecting a container is proportional to the "enhanced

area" of the drill and the container(i.e., the maximum area obtainable from the dimensions

of the drill and the container). The four thermal loading and emplacement cases that are

analyzed in TSPA-93 differ from TSPA-91 because of different container sizes, spacings,

and numbers. Thus, there are different probabilities of hits for each case. The formula for

Phit, the probability that a drill will hit any package in the repository is

Ph,, N'f(dl) N2f(d2)= + +... (16.1)

where the Ni are the numbers of packages for the ith type of waste, ARepos is the area of

the repository, and the f(d i) are the enhanced areas of intersection of the drill bit and the

packages for each type of waste. For borehole emplacement of cylindrical packages, fldi) is

the horizontal projection of the area of the drill and the ith type of container:

z(r e_, + rD,i_ , (16.2)

while tbr horizontal in-drift emplacement of packages with rectangular cross sections, flcli)

is the horizontal projection of the area of the drill and the cross section of the ith type of

container:
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+ao,,,, +do,,,,). (16.a)
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For this analysis, the enhanced area has been redefined slightly to specify that the

inside dimensions of the container be used to determine the waste-package projected area.

Since the in-drift container is assumed to have a 10-cm-thick wall, this change results in a

more realistic estimate of Phit. The inside diameter of the thin-walled vertically emplaced

container is also used for consistency. The diameter of the drill is 0.61 m, as in TSPA-91.

The probability that a certain type of waste is exhumed can be represented in several

ways. If all the containers are identical, then the probabilities can be expressed by the frac-

tional amounts of the different inventories. If the containers are of different sizes, or con-

tain different amounts or types of waste, then the probabilities can be proportional to the

number of each type of package. For this analysis, the numbers of packages are used to de-

termine inventory fractions. Table 16-1 lists the values of Ph/t and the fractions of the

repository represented by the various container types.

Table 16-1. Drilling analysis probabilities and parameters.

ARepos Repository-

Package Type Container Dimension(s) a (km 2) Npkg b Phit b Fraction
i iii II ii iiii_

Borehole_ 57 kW/acre 4.61 (45_079) (0.0128)
Hybrid Package 0.69 m I.D. 28,057 0.0081 0.610

BWR-Fuel Package 0.69 m I.D. 1,215 0.0004 0.026
PWR-Fuel Package 0.64 m I.D. 2,750 0.0008 0.060

HLW Package 0.61 m I.D. 13,957 0.0035 0.304

Borehole, 114 kW/acre 3.14 (45,979) (0.0186)
Hybrid Package 0.69 m I.D. 28,057 0.0118 0.610

BWR-Fuel Package 0.69 m I.D. 1,215 0.0005 0.026
PWR-Fuel Package 0.64 m I.D. 2,750 0.0011 0.060

HLW Package 0.61 m I.D. 13,957 0.0052 0.304

In-Drift_ 57 kW/acre 4.63 (11,130) (0.0283)
BWR-Fuel Package 1.52 m I.D. x 4.91 m L. 3,109 0.0079 0.279
PWR-Fuel Package 1.52 m I.D. x 4.91 m L. 4,531 0.0115 0.407

HLW Package 1.52 m I.D. x 4.91 m L. 3,490 0.0089 0.314

In-Drift_ 114 kW/acre 2.33 (11_130) (0.0562)
BWR-Fuel Package 1.52 m I.D. x 4.91 ra L. 3,109 0.0157 0.279
PWR-Fuel Package 1.52 m I.D. x 4.91 m L. 4,531 0.0229 0.407

HLW Package 1.52 m I.D. x 4.91 m L. 3,490 0.0176 0.314

a I.D. = inside diameter; L = length.
b Totals given in parentheses.
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16.1.2 Analysis parameters

The number ofboreholesexpectedtobe drilledatYucca Mountain isbased on the

guidancegivenbytheEPA in40CFR Part191.The EPA providesguidelinesforthemax-

imum number ofdrillholesatrepositorieslocatedinsedimentaryand non-sedimentarygeo-

logicformations.For non-sedimentarylocationssuchasYuccaMountain,3 boreholesper

squarekilometerareassumed tobe drilledover10,000years.The number ofboreholes

drilledintotherepositoryover10,000yearsthereforeisdependentupon thesizeofthe

repository.ThesevaluesarelistudinTable16-2.

Table16-2.Repository-relatedparametersfordrillinganalyses.

Maximum Numberof
Repositor_ Boreholes/

EmplacementConfiguration Area(kinz) !0,000Years
Borehole,57kW/acre 4.61 14
Borehole,114kW/acre 3.14 10
In-Drift, 57 kW/acre 4.63 14

In-Drift t 114 kW/acre 2.33 7

The amount of waste available to be exhumed is expressed as a fraction of the entire

inventory of the repository. The containers for the two emplacement configurations all con-

tain different amounts of waste. They are listed in Table 16-3. For this analysis we assume

the borehole vitrified-waste canisters each contain the equivalent of 0.5 metric tons of

heavy-metal waste (MTHM). The in-drift packages holding vitrified HLW are overpacks

containing four HLW canisters.

The near-miss component of the drilling analyses is based on the same diffusive pro-

cesses as in TSPA-91. Waste packages emplaced in the drift are considered an instanta-

neous source for the purpose of calculating the diffusion of contaminants into the rock sur-

rounding the containers. For this problem, the fractional concentration C, at a point x at

time t is given by

C(x,t)/C 0 = Y4zDt e-x2/4Dt, (16.4)

where CO is the initial concentration, and D is the diffusion constant. The same value is

used for D as was used in TSPA-91:3.65x10 4 m2/yr. The area defined by the 10-3 concen-

tration surrounding the waste package is used in the calculation of the near-miss probabil-

ity.

Initially, the probability is given by a circular area surrounding the container. For

sufficiently large times, equation 16.4 predicts that even for large values of the distance, x,

the fractional concentration C(x,t) approaches CO. However, the diffusional concentration
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in the direction between containers in a drift would eventually be influenced by the adja-

cent waste packages. To account for this, the circular near-miss area is modified to become

an ellipse with the minor axis equal to the container half-spacing. The container-spacing

values are dependent upon the emplacement configuration. For all but the ll4-kW/acre,

borehole configuration, the HLW canisters or overpacks can be interspersed among the

spent-fuel packages without changing the repository area or heat load. In these cases, the

spacings between HLW canisters and spent-fuel packages are different than the spent-fuel

package emplacement pitch. We assume that the HLW canisters are located halfway be-

tween the spent-fuel packages, so the spacing to the nearest neighbor is half of the distance

between the spent-fuel packages minus the radii of the waste-package and HLW canister.

For the case where HLW must be segregated, the additional area necessary to accommo-

date the canisters is based on the same emplacement pitch as for spent fuel. The 13,957

HLW canisters require 31,906 m of linear emplacement drifts; for 25.4-m drift spacing, this

is 0.81 km 2, or 200 acres. Table 16-3 summarizes the source-term parameters for the

drilling analyses.

Table 16-3. Source-term parameters for drilling analyses.

Emplacement Container Container Container
Configuration] Capacity Inventory Near-Miss Spacing Lifetime
Package Type (MTHM) Fraction ....... Fract-i°n (m) (years)

Borehole_ 57 kW/acre 475 - 5,000
Hybrid Package 2.0 2.86x10 6 1.15x10 6 5.6

BWR-Fuel Package 1.7 2.43x1045 8.01x10 _ 5.6
PWR-Fuel Package 1.7 2.43x 106 1.08x 106 5.6

HLW Package 0.5 7.14x10 _ 3.43x10 _ 2.5

Borehole_ 114 kW/acre 2_450- 7,500
Hybrid Package 2.0 2.86x1045 1.15x104_ 2.3

BWR-Fuel Package 1.7 2.43x10 6 8.01x10 4} 2.3
PWR-Fuel Package 1.7 2.43x10 6 1.08x10 6 2.3

HLW Package 0.5 7.14x10 _ 3.43x10 _ 2.3 a

In-Drift_ 57 kW/acre 950 - 10,000
BWR-Fuel Package 7.0 1.00xl0 4 3.30x10 6 17.0
PWR-Fuel Package 9.0 1.29x10 _t 5.70x10 6 27.5

HLW Package 2.0 2.86x10 6 1.37x10 6 9.1 b

In-Drift_ 114 kW/acre 8,050 - 8,000
BWR-Fuel Package 7.0 1.00xl0 _ 3.30x10 6 8.5
PWR-Fuel Package 9.0 1.29x10 _" 5.70x10 6 13.7

HLW Package 2.0 2.86x10 6 1.37x 106 4.4 c

a HLW is segregated; additional area is necessary, based on spacing for spent-fuel
packages.

b Based on weighted-average emplacement pitch for PWR and BWR packages.
c Assumes HLW is located between adjacent PWR packages only.
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The radionuclides available to diffuse from the waste packages into the surrounding

rock are assumed to be composed of the mobile species in the inventory. The near-miss

fraction values listed in Table 16-3 are expressed as fractions of the inventory-fraction en-

tries. The percentage of mobile species in the entire inventory is in the range of 33% to

48%. In TSPA-91, the near-niiss fraction was limited to 129I and 99Tc, which have high

solubility and low far-field retardation. For this TSPA analysis, other elements that have

high solubilities but not necessarily low retardations have been added. They are Cs, Se, C,

and C1.

Container lifetimes are another factor in the near-miss calculations. During the times

that the containers are intact, there is no diffusion. Details of the container lifetime calcu-

lations are given in Section 16.2.

16.1.2.1 High-level waste parameters

Since HLW canisters in an in-drift overpack are essentially self-contained, the amount

of waste exhumed would be dependent upon the number of canisters ruptured by the drill.

Four canisters can be fit into each overpack with the following cross sections (Figure 16-1).

In either configuration, a drill bit of the diameter that is used in the baseline calcula-

t._ons (i.e., 0.61 m) striking the overpack from above could pass through 1, 2, 3, or 4 of the

canisters. Thus, the amount of waste that can be exhumed from this package is modeled as

a uniform random variable with a range of 0% to 100% of the contents of the overpack.

Because there is a HLW canister inside the in-drift container, there is a third steel wall

surrounding the waste. This is assumed to increase the time before the containers degen-

erate enough to permit the escape of radionuclides, implying a longer period before the

HLW can contaminate the surrounding rock. Because HLW containers are not modeled by

YMIM, the lifetime for HLW in-drift packages is assumed to be 15,000 to 20,000 years.

16.1.3 Measurements of performance

The previous TSPA measured releases against the EPA standards set forth in 40 CFR

Part 191, despite _he standards having been adjudged to be inapplicable to Yucca

Mountain. For this analysis, we continue to use the concepts of release limits (i.e., the EPA

limits) and exclusion of short-lived radionuclides from contribution to the releases, but we

do not limit releases to 10,000 years. This can produce inconsistencies, however, since the

EPA limits are specified for 10,000-year periods, and releases that are inconsequential over

10,000 years can be quite substantial over 1,000,000 years.

For the human-intrusion analyses, simulations have been run for 10,000-year periods.

To estimate _he cumulative releases for 1,000,000 years, it is necessary to calculate the re-

leases for all the 10,000-year periods in this time. Running the 100 simulations necessary
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to account for every 10,000-year time period is impractical, so about a dozen runs have been

made at different starting times from 0 years to 999,990 years. Because not every 10,000-

year period in the 1,000,000-year range has been modeled, releases are interpolated for

those time periods not done. The simulations and the interpolated estimates have been

combined to give a cumulative normalized release over the 1,000,000-year period. The re-

leases are normalized to EPA limits for the various radionuclides.

Drill

Figure 16-1. Possible orientations of drill and in-drift HLW containers.

16.2 Waste-container lifetime studies

The time that a waste container remains intact is important for determining the

amount of contamination that a near-miss drilling incident can exhume. Radionuclide re-

lease from waste packages is considered to start when the walls of the waste containers fail.

Using the stand-alone version of YMIM, container failure times for the four analysis cases
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have been calculated. These analyses are limited to a determination of the times at which

containers would fail as a result of the corrosion processes modeled in YMIM. Only a lim-

ited number of parameters have been varied to do these studies.

16.2.1 Analysis setup

The factors that affect container lifetime the most are the temperatures to which the

container is exposed, the near-field hydrology, and the corrosion rates of the container-wall

materials. The other factors used by YMIM, as discussed in Section 13.2, mostly affect the

release of radionuclides. The lifetime studies investigate two temperature conditions for

each of the four analysis cases and three or four near-field hydrology conditions.

16.2.1.1 Temperature profiles

As is discussed in Chapter 10, the repository-driven hydrothermal effects may produce

hotter, dryer areas at the center of the repository and c_oler, wetter areas at the periphery.

Time-temperature profiles are generated at the surface of containers representing both

"hot" and "cold" conditions for each analysis case. Figures 10-16 through 10-19 show the

profiles for the four analysis cases. Cold conditions differ from hot conditions by the extent

that repository edge effects can reduce rock temperatures, and thus influence the container

surface temperature.

The 100°C-temperature value is indicated on each graph. The time at which the tem-

perature decreases below 100°C is an important factor in the YMIM model. These times

range from -350 years at the repository edge for the borehole, 57-kW/acre, conditions to

-5000 years for the in-drift, ll4-kW/acre, center condition.

The temperature profiles assume that the repository remains open and is ventilated

for the first 75 years. At that time, the drifts are backfilled and the repository is closed.

The rapid temperature increase for the two in-drift cases reflects the reduction in cooling

when ventilation is removed and the reduced conductivity of the backfill material.

As is discussed in the next sections, the time period during which the containers cool

from 100°C *,o-70°C is critical to the corrosion mechanism. Table 16-4 lists the times at

which these temperatures are reached for the four analysis cases,

As would be expected, the 57-kW/acre cases cool to 100°C faster than the ll4-kW/acre

cases, and edge locations cool faster than center locations. The duration that the containers

are between 100°C and 70°C is primarily dependent upon the thermal power density and

less on the emplacement configurations.
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Table 16-4. Times to cool to 100°C and 70°C for various analysis cases.

Edge of Repository Center of Repository
Time to Cool to Time to Cool to

Temperature: (years) Tem_perature:_(years)
Configuration 100°C 70°C Duration 100°C 70°C Duration

Bo----_ehole,57 kW/acre I 350 11200 850 1,4'00 2,700 1,'300

Borehoie, 114 kW/acrel 2,300 4,000 1,700 5,000 9,000 4,000

In-drift, 57 kW/acre 820 1,700 880 1,940 3,200 1,260

In-drift, 114 kW/acre 2,900 5,200 2,300 ....._ 5,400 9,700 4,300

16.2.1.2 Near-field hydrology

Near-field hydrology conditions are modeled in a standardized fashion for the con-

tainer lifetime studies. Only the container-wetting component of the near-field hydrologic

conditions is varied in the studies, since it is this factor that controls the water contact (and

thus the corrosion).

A temperature profile and the associated container-wetting values are shown in

Figure 16-2. The figure shows a portion of the temperature curve for the 57-kW/acre, in-

drift case• The critical temperatures are from ~100°C to -70 °C.
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Figure 16-2. Standardized container-wetting conditions used for lifetime studies (time
scale shown for 114-kW/acre thermal loading).
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For these analyses, it is assumed that the containers would remain completely dry

until the temperature dropped toward 100°C. Starting at temperatures of-110°C, water

could reach the containers for approximately 1% of the year. Such a process is consistent

with some analyses of water penetration through hot rock, although YMIM does not model

aqueous corrosion at temperatures above 100°C. From 100°C to ~70°C, the maximum cor-

rosion is assumed to occur. Generalized aqueous corrosion has a maximum rate at 80°C,

while localized pitting corrosion has an Arrhenius dependence on temperature. In the time

period for the temperature to drop from 100°C to 70°C, the fraction of the year that water

could contact the container is varied. The baseline assumption is that the container would

be wet for 50% of the year. For the hot, dry conditions, wetting fractions of 10% and 5% of

the year are also modeled. For cold, wet conditions, wetting fractions of 100% and 20% are

used. For later time periods, it is assumed that the containers would be wet for 50% of the

year. The extent of corrosion is assumed to be directly proportional to the amount of water

present at the containers.

16.2.1.3 Corrosion rates

The air-oxidation rates given in Section 13.2.4.1 are used for the nickel alloy and the

carbon steel. As Figure 16-3 shows, the oxidation rate for Alloy 825 near 100°C implies

that it would take ~10 12 years to consume the container wall. Even at the highest temper-

atures experienced by the containers (~500°C), oxidation of nickel alloy is not a factor. At

100°C, the 100-ram-thick carbon-steel wall would require -].0 5 years to oxidize through.

However, the oxidation rate is -1 mndyr at 400°C; the 100-ram-thick outer container wall

could oxidize in 100 years at that temperature. As Figures 10-16 and 10-17 show, the con-

tainer may remain above that temperature for ~100 years for the in-drift cases.

The generalized aqueous corrosion parameters given in Section 13.2.4.1 are also used.

This process applies to the carbon steel only. General aqueous corrosion has a maximum

rate of 0.38 mm/yr at 80°C, so the 100-ram wall could corrode away in ~260 years at this

temperature.

For the container lifetime studies, the Median Growth-Rate conditions described in

Section 13.2.4.1 for pitting corrosion of the Alloy 825 are used. These conditions predict a

mean pit growth rate of 0.1 mm/yr, and a 95th-percentile growth rate of 1.0 mm/yr at

100°C. The corrosion-resistant high-nickel alloy would have a lifetime of between 10 and

100 years at this temperature.

16.2.2 Lifetime predictions

The stand-alone YMIM code models the probability of failure of a single container un-

der the conditions provided as inputs. The results can also be interpreted as the failure dis-
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tribution of a number of containers all exposed to identical conditions. By combining the

failure distributions for containers exposed to different conditions (such as the different

temperatures and wetting fractions discussed above), a container failure distribution for all

the containers in the repository can be generated.

lx103 L ,. ° "

L - • Carbon steel ° . °0o
O

1xl O .P
-••,. Alloy 825 ° °

_1::: _ o o o ° ° ° ° J

_ lx10.5

g
N

1x10 qo

lx10 -15

10 100 1000 2000

Temperature (°C)

Figure 16-3. Air-oxidation rates for alloy 825 and carbon steel.

16.2.2.1 Waste-package failures for specific conditions

Using the parameters discussed in Section 13.2, the YMIM model predicts that when

sufficient water is present, the container will corrode in a few hundred years. This applies

to both the single-wall borehole package and the double-wall in-drift package. Figure 16-4

illustrates the failure-rate profile for a borehole package at the edge of the repository ex-

posed to 50% yearly wetting.

As is shown in Table 16-4, the container temperature drops to 100°C at -350 years af-

ter emplacement for the edge locations. This corresponds closely with the onset of failure

shown in Figure 16-4. It takes -1,200 years before the temperature reaches 70°C. During

the time from 350 to 1,200 years, 50% container wetting is a sufficiently large fraction of

the year that the container corrodes in ~200 years.

The failure profile for the double-walled, in-drift container is similar when sufficient

water is present. Figure 16-5 shows the failure of a single container for the l l4-kW/acre,
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center case. From Table 16-4, we see that the temperature drops to 100°C at ~5,600 years.

The container fails over the period from 5,550 to 5,800 yearsmapproximately the same 250-

year length of time as for the borehole container.
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Figure 16-4. Container failure profile for 50% container wetting conditions (borehole, 57-
kW/acre, edge of repository).

If water is present for less time, the container lifetime is extended considerably.

Figure 16-6 shows the failure profile when water is present only 20% of the year during the

time the container is in the temperature range from 100°C to 70°C. In this case, package

corrosion can take tens of thousands of years. The peak failure rate in Figure 16-6 is about

3 orders of magnitude lower than those shown in Figures 16-4 or 16-5.

16.2.2.2 Distributions of container lifetimes for the four analysis cases

For any analysis case, one would expect both hot and cold conditions and a range of

container wetting durations. The range of container lifetimes for that case can be approxi-

mated by the combining the lifetimes of the specific conditions modeled. Figures 16-7

through 16-10 show the ranges of lifetimes that are calculated for the four cases. In these

figures, the failure rates for specific conditions have been integrated and normalized to
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Figure 16-5. Container failure profile for 50% container wetting conditions (in-drift, 114
kW/acre, center of repository).
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Figure 16-6. Container failure profile for 20% container wetting conditions (borehole, 57
kW/acre, edge of repository).
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100% of containers in the repository. Thus, each curve in Figures 16-7 through 16-10 as-

sumes every container is exposed to the same conditions.

As Figure 16-7 shows, all the containers that are exposed to 100% wetting under cold

conditions fail over the period from 475 to 550 years. As the amount of time that the con-

tainers are exposed to water decreases, the onset of failures is later and the time necessary

for the containers to fail increases. For hot conditions at the center of the repository, the

wetter conditions again produce rapid failures and the dryer conditions are again more dis-

tributed. For the human-intrusion calculations, the range of container lifetimes for the 57-

kW/acre, borehole emplacement case is taken to be from the onset of the earliest failure to

the time when approximately 85% of the containers have failed under the longest failure

scenario, and is from 475 to 5,000 years, as indicated by the solid lines in Figure 16-7.
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Figure 16-7. Range of container failures for 57-kW/acre, borehole case.

Figure 16-8 shows the range of container lifetimes for the 114-kW/acre, vertical em-

placement case. The range (indicated by the solid lines in the figure) is -2,450 to 7,500

years. Note that there are more wetting conditions plotted for the ll4-kW/acre case be-

cause, at lower wetting conditions for the 57-kW/acre case, no failures are predicted. In

Figures 16-6 through 16-10, the lowest water conditions shown are those for which there

are significant (i.e., greater than 5%) failures.
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Figure 16-8. Range of container failures for 114-kW/acre, borehole case.

For the in-drift cases, the results are similar. For the lower power-density case, the

containers fail over a period of-950 to 10,000 years (Figure 16-9). For the ll4-kW/acre

case, failures occur from -3,050 years to -8,000 years (Figure 16-10).

Figure 16-10 also shows an example of the effects of having limited water available for

corrosion. Very few containers fail within 10,000 years for the cold, 10% wet conditions.

This is because during the critical time while the temperature is between 100°C and 70°C,

there is insufficient water to cause complete corrosion. Below 70°C, the corrosion rates de-

crease sufficiently that the containers can last for a long time.

The range of failure times for human intrusion is taken to be from the earliest onset of

failure to the latest complete failure (i.e., conditions that produce less than complete fail-

ure in 10,000 years have not been considered). For all four analysis cases, the ranges of
failure times are at least 4,000 years. The values are listed in Table 16-5.

Table 16-5. Range of container failure times.

Start ofEarliest End of Latest
Confi_uration Failure (_,ears) Failure (,years) Range (years)

Borehole, 57 kW/acre 475 5,000 4,525
Borehole, 114 kW/acre 2,450 7,500 5,050

In-Drift, 57 kW/acre 950 10,000 9,050
In-Drift, 114 kW/acre 3,050 8,000 4,950
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Figure 16-9. Range of container failures for 57-kW/acre, in-drift case.
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Figure 16-10. Range of container failures for ll4-kW/acre, in-drift case.
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16.3 Release results

The baseline human-intrusion analysis consists of calculations to model the radionu-

clide releases over several 10,000-year periods (with starting times from 0 years through

999,990 years) for the four analysis cases: 57 kW/acre repository thermal loading, borehole

emplacement; 114 kW/acre, borehole; 57 kW/acre, i._-drift emplacement; and 114 kW/acre,
in-drift.

Each simulation models 20,000 realizations of a 10,000-year time period. During the

10,000-year period, the number of boreholes listed in Table 16-2 are drilled intc the reposi-

tory. This results in some direct hits, some near misses, and some complete misses, each

with characteristic releases. Accumulating the 20,000 outcomes produces a histogram of

releases. Figure 16-11 is an example histogram, showing the distribution of releases from

direct hits and near misses.
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Figure 16-11. Nonlinear entropy fit to histogram of releases.

To calculate the cumulative 1,000,000-year releases, it is necessary to sum the re-

leases for every 10,000-year sub-period in the 1,000,000-year time span. Since not all sub-

periods have been simulated, the releases for the missing periods are estimated. For each

analysis that has been run, the peaks of the release histograms are fitted by a nonlinear en-

tropy fit (described in Schenker et al., 1994) to get the mean values, standard deviations,
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and areas under the peaks. Figure 16-11 shows an example of the fit to the histogram

peaks.

From the fits to the histograms that have been run at various starting times, a spline-fit in-

terpolation is made for each peak for the time periods that have not been analyzed. Figure

16-12 shows an example of the data and the interpolations. Note that although the loga-

rithms of the releases are interpolated, Figure 16-12 shows the actual releases. To estimate

the c _mulative releases in time periods that have not been analyzed (for example, from

ll0,000years throughl90,000 years), the interpolated releases from each peak are summed

and used as a multiplicative factor for the nearest release value that has been run (e.g.,

100,000 years for the example given above). Table 16-6 gives means and the interpolation

scale factors for the three peaks for the four analysis cases. The weighted-average scale

factor is weighted by the peak areas calculated by the entropy fit.
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Figure 16-12. Mean values of release peaks for times to 1,000,000 years (in-drift,
114-kW/acre case).
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Table 16-6. Scaling factors for 1,000,000-year releases.

Interpo- Interpo- Interpo-
Spent- lation Spent- lation HLW lation Weighted

Time Fuel Direct Scale Fuel Near Scale Near Scale Scale
Period Hits Factor Misses Factor Misses Factor Factor

Borehole Emplacement, 57 kW/acre
0 9.84x 10-2 1.60x10 "3 1.39x10 6

10,000 4.86x10"2 1.07x10 "3 1.18x10 6
20,000 3.63x10"2 7.47x10 -4 9.44x10 _
30,000 2.53x10"2 5.52x10 -4 7.09x10 _
40,000 1.41x10"2 3.96x10"4 6.41x10 _
50,000 1.49x10 2 3.21x10-4 5.80x10 _
60,000- 3.36 3.60 4.64 3.83
90,000

100,000 5.13x10"3 1.52x10-4 4.81x10 _
110,000- 6.89 7.85 9.48 8. l
190,000
200,000 2.87x10 "3 1.00xl0 -4 4.5 lxl0 _
210,000- 9.12 9.51 9.76 9.53
290,000
300,000 2.29x10 "3 8.96x10"5 4.16x10 _
310,000- 17.11 16.36 16.68 16.53
490,0O0
500,000 1.58x10"3 5.48x106 2.70x10 _
510,000- 14.39 15.87 16.14 15.77
690,000
700,000 8.08x10 -4 3.41x10 6 1.73x10 _
710,000- 19.85 17.12 17.10 17.48
890,000
900,000 7.07x10 "4 2.40x10 6 1.21x10 _
910,000- 7.42 8.29 8.29 8.18
980,000
990,000 4.84x10-4 2.06x10 6 1.04x10 _

Borehole Emplacement, 114 kW/acre
0 7.76x 10-2 1.26x10 "3 1.17x10 6

10,000 4.20x10"2 9.76x10 -4 1.02x10 6
20,000 2.62x10 "2 6.18x10-4 8.07x10 _
30,000 1.86x10"2 4.72x10 -4 6.43x10 _
40,000 1.44x10 "2 3.78x10-4 5.74x10 _
50,000 1.07x10"2 2.90x10"4 5.18x10"6
60,000- 3.44 3.58 4.53 3.81
90,000

100,000 4.28x10 "3 1.34x 10-4 4.19x10"6

110,000- 7.55 7.79 9.59 8.24
190,000
200,000 2.76x10 "3 8.62x10_5 3.89x10"6

210,000- 9.36 8.92 9.03 9.00
290,000
300,000 2.3 lxl0 "3 6.57x1045 2.98x 10-6

310,000- 15.51 15.50 15.62 15.53
490,000
500,000 1.30x10"3 3.73x10 _ 1.77x10-6
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Table 16-6. Scaling factors for 1,000,000-year releases (continued).

Interpo- Interpo- Interpo-
Spent- lation Spent- lation HLW lation Weighted

Time Fuel Direct Scale Fuel Near Scale Near Scale Scale
Period Hits Factor Misses Factor Misses Factor Factor

ii

510,000- 17.17 15.63 15.94 15.91
690,000
700,000 1.12x10 _3 2.30x10 _ 1.10xl0 •
710,000- 23.98 18.21 17.09 18.71
890,000
900,000 1.06x1043 1.74x10 _ 7.72x 10-7
910,000- 6.06 7.84 8.30 7.75
980,00O
990,000 4.74x10 4 1.34x10 _ 6.65x 10-7

In-Drift Emplacement, 57 kW/acre
0 3.59x10-1 9.48x10 _3 2.44x 10-4

10,000 2.66x10"1 1.14x10"2 6.36x10 _
20,000 1.64x10"1 7.96x10 _3 8.98x10 _
30,000 1.14x10"l 5.35x 10 _3 9.65x 10_
40,000 8.04x10-2 4.26x10 _3 8.30x 10_
50,000 6.05x10"2 3.40x10-3 7.24x10 -5
60,000- 3.41 3.75 4.44 3.83
90,000

100,000 2.54x10 -2 1.69x10_3 5.91x10-5

110,000- ! 7.62 7.79 9.76 8.17
190,000
200,000 1.59x 10-2 1.13x10 _3 5.63x10 -5
210,000- 9.54 9.59 9.84 9.63
290,000
300,000 1.44x10"2 1.02x10 _3 5.39x10 -5
310,000- 17.05 16.93 17.67 17.11
490,000
500,000 9.78x10 _3 6.81x10 "4 3.90x10-5
510,000- 16.87 16.24 16.15 16.35
690,000
700,000 6.89x10 _3 4.36x10"4 2.48x10 -5
710,000- 17.18 16.80 17.07 16.94
890,000
900,000 4.82x10 _3 3.03x10 -4 1.70x 10-5
910,000- 8.29 8.52 8.11 8.38
980,000
990,000 4.16x10 _3 2.74x10 -4 1.4lxl0 -5

In-Drift Emplacement, 114 kW/acre
0 3.16x10"l 7.28x 10 _3 2.65x10 -4

10,000 2.18x10 -1 3.64x 10 _3 4.76x10 _
20,000 1.50x 10-1 2.12x10 _3 2.75x10 _
30,000 9.73x10-2 1.54x10 _3 2.32x10 _
40,000 5.42x10 2 1.10xl0 _3 1.79x10 _

50,000 5.31x10"2 9.43x10"4 1.57x10 -5
60,000- 3.53 3.65 4.27 3.75
90,000

100,000 2.31x10 "2 4.52x10-4 1.22x10-5
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Table 16-6. Scaling factors for 1,000,000-year releases (continued).

Interpo- Interpo- Interpo-
Spent- lation Spent- lation HLW lation Weighted

Time Fuel Direct Scale Fuel Near Scale Near Scale Scale
Period Hits Factor Misses Factor Misses Factor Factor

i

110,000- 7.59 8.02 10.17 8.41
190,000
200,000 1.44x10 2 3.18x10 4 1.26xi0_5
210,000- 9.01 9.53 9.78 9.47
290,000
300,000 1.14x10 "2 2.84x10 4 1.18x10-5
310,000- 17.09 17.74 17.87 17.62
490,000
500,000 8.30x10 <2 2.14x10 4 8.90x 10-6
510,000- 17.06 16.40 16.24 16.51
690,000
700,000 5.84x10-3 1.38x10 4 5.63x10-6
710,000- 17.33 16.98 17.00 17.06
890,000
900,000 4.23x10.3 9.65x10 _ 3.96x10-6
910,000- 8.38 8.35 8.37 8.36
980,000

990,000 3.72x10-3 8.42x10 4 3.46x10 -6

16.3.1 Results for borehole-emplacement, 57-kW/acre case

The releases for the 57-kW/acre, borehole case include contributions from both direct

hits and near misses. Dfi'ect-hit releases fall into two major groups--those from the spent

fuel, and those from the HLW. Releases fro,n spent fuel vary slightly depending on

whether the drill strikes a hybrid, PWR, or BWR container. Direct hits on HLW canisters

have the same magnitude of releases as the near misses for spent-fuel wastes. Figure 16-13

shows a histogram with the contributions to releases (for the first 10,000 years) of the

source-term components.

Figure 16-14 shows several CCDFs for releases occurring after various start-time pe-

riods for the 57-kW/acre, borehole case. The analysis for the 10,000-year starting time

shows the largest releases are about an order of magnitude lower than for the analysis with

a 0-year starting time. For start times later than 50,000 years, the releases at similar

probabilities on the CCDF plots are at least one order of magnitude below the 0-year case.

Consequently, contributions to cumulative releases are controlled by the releases occurring

during approximately the first 50,000 years.
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Figure 16-I3. Contributions to releases from components of source term for 57-kW/acre
borehole case.

The "structure" shown in a CCDF curve can be related to a histogram. Sloping sec-

tions of the CCDF (e.g., A, B, or C in Figure 16-14) correspond to releases (i.e., peaks in

Figure 16-13). The steepness of the CCDF slope indicates the narrowness of the histogram

peak. The flat sections of a CCDF curve indicate values of the EPA sum for which there are

no releases. Section A of the CCDF in Figure 16-14 corresponds to the direct-hit releases

from spent fuel; section B of the CCDF corresponds to spent-fuel near misses (and HLW di-

rect hits), while section C is the HLW near misses.

Figure 16-15 shows the estimates for the conditional CCDF for releases over 1,000,000

years for the 57-kW/acre, borehole case. Shown for comparison is the CCDF for the releases

during the first 10,000-year period. Note that the maximum releases over 1,000,000 years

do not increase appreciably from those of the first 10,000-year analysis. This is because to

get a large maximum release requires a combination of events--multiple direct hits, hits

occurring early in the life of the repository when the radioactivity is high, and exhumation

of most of the contents of the waste packages. The first and third of these conditions are

random, so the maximum releases are effectively controlled by the starting times.
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Figure 16-14. Conditional CCDFs for 10,000-year cumulative releases after various
starting times for 57-kW/acre borehole case.
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The releases shown in the 1,000,000-year CCDF of about 10-2 of the EPA sum are

from both direct hits on HLW and spent-fuel near misses; those around 4x10 -4 are from

near misses on HLW. Near misses contribute proportionally more to the 1,000,000-year re-

leases because the contamination of rock surrounding the waste package increases with

time. The EPA limits have been included in the plot as a reference, however they do not

apply for releases beyond 10,000 years.

The 57-kW/acre, borehole case is most closely co,nparable to the TSPA-91 analysis.

Figure 16-16 compares the CCDF for the TSPA-91 with that for the first 10,000-year period

of the current analysis. The maximum releases are quite similar, but the contributions

from the several components of the source give the TSPA-93 CCDF more structure.

Because of the multiple sources in TSPA-93, the range of direct-hit releases is broader than

for TSPA-91. Because the TSPA-91 analysis only used a single value for waste-package

lifetime (the factor that controls the time that diffusion of radionuclides into the surround-

ing rock starts), those near-miss releases were fairly tightly bunched; the current analysis

assumes that waste-package failures can occur over a 4,500-year period, thus greatly in-

creasing the variability of the amount of diffusion that can occur. Consequently, the near

misses are not so pronounced on the current CCDF.
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Figure 16-16. Comparison of CCDFs for similar TSPA-91 and TSPA-93 analyses.
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16.3.2 Results for borehole-emplacement, 114-kW/acre case

Releases for the ll4-kW/acre, borehole case over 10,000 years (Figure 16-17) are quite

similar to those for the 57-kW/acre, borehole case (also shown in the figure). The greater

probability of a hit per drilling operation (i.e., 0.0186 vs. 0.0128) is offset by the fewer holes

drilled (i.e., 10 vs. 14) because of the smaller repository area in tim ll4-kW/acre case. As

Figure 16-17 shows, the maximum releases are ahnost the same, and the curve shapes are

quite similar. The near-miss releases from spent fuel (occurring for the range of EPA sums

from 10-3 to about 10 -2) are lower for the ll4-kW/acre case than for the 57-kW/acre case be-

cause the container lifetime is considerably longer for the former. Consequently, there is

less time for the contamination to accumulate in the surrounding rock. Figure 16-18 shows

the 1,000,000-year cumulative CCDF and the first 10,000-year run for comparison. As with

the 57-kW/acre case, the peak releases do not increase as much for the 1,000,000-year esti-

mate as do the lesser releases.
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Figure 16-17. Conditional CCDF for releases for 114-kW/acre, borehole case.
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Figure 16-18. Conditional CCDF for cumulative releases over 1,000,000 years for 114-
kW/acre, borehole case.

16.3.3 Results for in-drift-emplacement cases

Figure 16-19 shows the histogram of releases for in-drift waste-package emplacement

for the 0-year starting time run. It has been assumed for these analyses that the lifetime of

the HLW containers is greater than 10,000 years because their construction consists of the

two steel layers of the container described previously, plus the steel HLW canister. There

are therefore no HLW near misses for the first 10,000-year simulation.

Figure 16-20 shows the CCDFs for the two in-drift cases for the 0-year starting time.

Both have maximum releases several times higher than the borehole, 57-kW/acre case (also

shown in the figure). The maximum for the ll4-kW/acre, in-drift case is about three times

larger than that for the 57-kW/acre, borehole case, because of the larger amount of waste in

the container available to be exhumed.
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Figure 16-19. Contributions to releases from components of source term for 114-kW/acre
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Figure 16-20. Conditional CCDF for 10,000-year releases for the two in-drift cases.
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The CCDFs for the in-drift cases show that about 70% to 80% of the time there are

zero releases (the CCDFs have a maximum probability of occurrence at the 10_s release

level of about 20% to 30%, therefore 70% to 80% of the time releases are effectively zero).

The lifetimes of the in-drift container range from 1,000 to 10,000 years for the 57-kW/acre

case and from 3,000 to 8,000 years for the ll4-kW/acre case. We would therefore not expect

many near misses during the first 10,000 year period from any source--spent fuel or HLW.

The extrapolations to 1,000,000-year releases for the in-drift emplacement cases are

shown in Figure 16-21 for 57 kW/acre and Figure 16-22 for 114 kW/acre. In both cases, the

1,000,000-year releases exceed the EPA limits set for 10,000-year performance. Whereas

the borehole cases have shown an increase in releases of less than an order of magnitude at

the 0.1 probability level and above, for the in-drift cases the increases are at least an order

of magnitude greater at these probabilities. The primary factor in the increase is the con-

tributions from near misses. These are not important during the first 10,000-year period

because the containers are largely intact. As with the borehole cases, after a million years,

there is a 100% probability that there will be surface releases due to human intrusion of at

least 10-4 of the EPA sum.
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Figure 16-21. Conditional CCDFs for cumulative releases over 1,000,000 years for 57
kW/acre, in-drift case.
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Figure 16-22. Conditional CCDF for cumulative releases over 1,000,000 years for 114
kW/acre, in-drift case.

16.4 Sensitivity studies

16.4.1 Amount of waste released by a drilling hit

There is conceptual uncertainty regarding how much waste would be exlmmed in a

drilling incident. For the borehole-configuration containers and canisters, we assume that

the amount of waste that can be brought up is a random value uniformly distributed from

0% to 100% of the waste in the package. The drill bit and the container have approximately

the same diameters, so a direct hit on a waste package could grind up its entire contents.

For the in-drift spent-fuel packages, we also assume a uniform distribution for the amount

of waste that can be exhumed for the four baseline analyses. However, a non-uniform dis-

tribution may be more realistic because of the large amount of waste in the package. If the

drill intersects the waste package along a diameter, it cuts a hole representing approxi-

mately 5% of the waste-package volume. After the drill passes through the waste package,

there is much less waste entrainment caused by the flowing drilling mud. If we assume

that the mean amount of waste that can be exhumed is 5%, and the standard deviation of
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that number is 13% (arrived at by assuming that the diameter of the hole through the

waste is about 50% larger than the drill diameter), then we can describe the probability dis-

tributicn with a beta function. Figure 16-23 illustrates a beta-function distribution based

on the parameters given above.

0.0

0.0 0.2 0.4 0.6 0.8 1.0

Fraction of waste released

Figure 16-23. Alternative distribution of waste released from in-drift waste package.

The distribution shows that there is an -90% chance that the fraction of waste re-

leased is less than 10%. Comparing this case with the baseline case run for the first 10,000

years shows that maximum releases are about 2 orders of magnitude smaller (Figure 16-

24). Furthermore, the range Jf direct-hit releases is smaller than for the baseline. The

1,000,000-year estimates show a similar difference (Figure 16-25), with the maximum re-

leases being two orders of magnitude lower and the HLW releases about one order of mag-

nitude smaller. As would be expected, the near-miss component does not differ between the

two studies.

16.4.2 Size of drill bit

For both TSPA-91 and TSPA-93, the drill-bit diameter has been fixed at 0.61 m (24

inches). This size drill is one of the largest sizes that is used in oil production. Generally,

exploration drilling is done with bits ranging from 6.5 in. (0.16 m) to 8.5 in. (0.21 m) in di-
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Figure 16-24. Comparison of 10,000-year CCDFs for two assumptions for distributions of
waste-package releases.
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Figure 16-25. Comparison of 1,000,000-year CCDFs for two assumptions for
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ameter. A parameter-variation study has been done to determine whether using a 0.21-m

drill size makes a significant difference in the surface releases.

The drill size is a factor in the probability of the drill hitting a waste package. For a

0.21-m drill, the probabilities of hitting a waste package (Phit):for the four analysis cases

are given in Table 16-7. Drill size also influences the amount of c,ontaminated rock that can

be exhumed in near-miss incidents. Near-miss releases are a function of the area of the

drill and the area of the contaminated zone (the latter being a time-dependent function of

diffusion). The difference in areas for the two drill diameters is approximately a factor of 8.

Table 16-7. Probabilities of hits for 0.21-m drill-

bit diameter.

Emplacement Configuration Phit
Borehole, 57 kW/acre 0.0060

Borehole, 114 kW/acre 0.0088
In-Drift, 57 kW/acre 0.0213
In-Drift r 114 kW/acre 0.0524

For the borehole cases, the probabilities of a hit are about half those of the baseline

case (Table 16-1), since the probability varies as the square of the drill diameter. For the

in-driftcases, the probabilities are about 75% of the baseline. Figure 16-26 shows the re-

leases for the two drill-bit sizes for the borehole, 57-kW/acre cases. There is approximately

a one order-of-magnitude reduction in the releases from the near-miss component

(indicated by the arrow on the figure), because of the smaller amount of contaminated rock

that is intercepted by the smaller drill.

The releases for the in-drift cases are shown in Figure 16-27. As with the borehole

case, the largest change in releases occurs for the near misses. There is a very small differ-

ence for the direct hits, because the analysis assumes that if a waste package is hit, a ran-

dom amount of waste is exhumed, regardless of the size of the hole that is drilled into it.

In summary, assuming that the amount of waste that can be brought up from a con-

tainer is not a uniformly-distributed parameter, but can be described by a beta distribution

with a mean of -5% of the volume, then there is a marked reduction of the releases from

the in-drift packages. The choice of a smaller drill-bit diameter does not produce significant

changes in the maximum releases.

16.5 Discussion
This section summarizes the results of the lifetime studies that were needed to pa-

rameterize the near-miss releases, and of the total human-intrusion releases.
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Figure 16-26. Comparison of CCDFs for two drill-bit diameters (borehole, 57-kW/acre).
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16.5.1 Lifetime studies

Container lifetime (i.e., the time to failure of the contairmr) is an important factor in

determining the magnitude of releases from drilling near misses. The delay from the time

that the container reaches 100°C to onset of failure and the time that it takes to completely

fail are measures of the degradation resistance of the container. Table 16-8 lists the times

to onset of failure and the additional times to complete failure.

Table 16-8. Waste-package failure times for various analysis cases.

Edge of Repository Center of Repository
MoistConditions Dry Conditions Moist Conditions Dry Conditions
'rime to Time to Time to Time to Time to Time to Time to Time to
Onset Failure Onset Failure Onset Failure Onset Failure

Configuration (_'ears) (_,ears) (_ears) (_ears) (_ears) (_,ears) (_,ears) (_,ears)
Borehole, 57 kW/acre 125 75 650 >9000 200 200 900 >7700
Borehole, 114 kW/acre 150 75 1050 >6650 300 125 850 1650
In-Drift, 57 kW/acre 155 125 780 >8400 410 550 1460 >6600
In-Drift, 114 kW/acre 200 100 750 >6350 300 175 650 1950

Under "moist" conditions (i.e., the highest wetting conditions that are modeled), the

time to onset of failure is less than 200 years at the edge of the repository, and 200 to 400

years at the center of the repository. Under "dry" conditions, the time to onset of failure is

more than 600 years at both the edge and center. The times to complete failure are

strongly dependent upon the amount of moisture present. Under moist conditions, com-

plete failure ranges from 75 years for borehole packages at the edge of the repository to

several hundred years for other emplacement configurations. As Table 16-8 shows, the

dual-wall, in-drift containers do not have substantially greater degradation resistance than

the borehole containers.

As modeled by YMIM, failures start when the temperature drops below 100°C, and

proceed at rates dependent upon the amount of water present. The range of failure times is

not significantly greater for the double-walled in-drift containers than for the borehole con-

tainers. The container lifetimes are strongly dependent upon the assumed corrosion rates.

For these lifetime studies, a "median" corrosion rate is assumed for the Alloy 825 wall. If

the "low" rates are assumed (i.e., one order of magnitude lower than the median rates), con-

tainer lifetimes would increase greatly. As Figure 16-28 shows, there is no significant con-

tainer failure out to 1,000,000 years. (In order to get any failures predicted for times after

50,000 years, a 100% wetting fraction has been assumed for the critical time period from

100°C to 70°C.)

16-34



lx10 "6 _

._. - _ (Low inner-package

_ lx10 "8 - _ I localized corrosion rate, I

_' - _ I median general aqueous I
.o lx10.10 _ te-w/pittina )to --/

lx10 "12 -

0-14._._=lxl -

lx10-16-.=_

E

o lx10-18_0

ii

lx10-20 J _ I I,,,,I i i I I JLJll I J I I lal,I I J a J IJT'I

1O0 1,000 10,000 100,000 1,000,000

Time (years)

Figure 16-28. Container lifetime profile for low corrosion rate assumption (in-drift, 114-
kW/acre, center of repository).

In view of the relatively large contribution of near misses over time periods longer

than 10,000 years, container lifetime becomes an important issue. Significantly longer pe-

riods during which the containers are intact (such as would occur with the conditions illus-

trated in Figure 16-28), would reduce the releases over 1,000,000 years.

16.5.2 Drilling releases

Surface releases due to human-intrusion drilling do not exceed the EPA standards (if

these standards were applied to Yucca Mountain) for 10,000 years. As modeled in TSPA-

93, releases are not particularly sensitive to site characteristics, although they do depend

on some of the design choices, such as type of waste package used. The overall magnitude

of releases is quite dependent on the number of boreholes drilled into the repository over

10,000 years, as is illustrated by the sensitivity studies done for TSPA-91. The EPA guid-

ance on the number of boreholes drilled at the Yucca Mountain site does not consider possi-

ble increases in the drilling frequency due to exploitation of attractive minerals. There are

ongoing YMP activities to assess the potential for economically attractive minerals or other

geologic properties that could require modification of the drilling frequency.
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Results reported for 1,000,000 years should be considered highly suspect. Predicting

human behavior or technology even a few years in the future has not been successful in the

past, so there is little confidence that it will be accurate for the future. The assumption

that twentieth-century drilling techniques will continue to be used for 10,000 years is cer-

tainly unlikely, but it is specified in the EPA regulations for calculating human-intrusion

releases. It is even more unlikely that these techniques will be used for 1,000,000 years,

and regulatory specification of these techniques may be even harder to justify.
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Chapter 17
Magmatic Activity

(Barnard, Wilson, Skinner, Barr)

The performance of the potential Yucca Mountain repository under certain magmatic-

activity disruptive events has been evaluated in TSPA-93. This analysis is a continuation

of that done for TSPA-91 (Barnard et al., 1992). In the previous assessment, direct releases

from the repository subjected to magma-waste interactions was investigated. This analysis

looks at indirect releases due to the magma-waste interactions. Specifically, this analysis

treats the change to the aqueous-transport source term arising because of accelerated

waste-package degradation due to the heat and aggressive volatiles emitted from a mag-

matic intrusion near a waste package. The analysis assumes the waste package lifetime is

drastically shortened by the presence of the magmatic intrusion. Figure 17-1 illustrates the

scenario for the interaction. The magmatic-interaction scenarios are discussed in detail in

Barr et al. (1993).
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The TSPA-93 analysis is an attempt to bound the range of consequences of interac-

tions between magma and repository waste. TSPA-91 looked at direct surface releases due

to volcanism, while this analysis considers only indirect effects where there is no waste-

magma contact. Actual volcanic events would naturally be expected to have a range of in-

teractions-from entrainment of waste, to encapsulation of waste, to attack by volatiles. It

must be emphasized that this analysis is restricted to investigating the effects of heat and

aggressive volatiles only (i.e., no direct waste-magma contact). As will be seen in this

chapter, this requires several restrictive assumptions regarding the nature of the interac-

tions. Because of the low probability of occurrence for volcanism, the consequences are cal-

culated separately, and the probability of occurrence is then applied to produce the CCDF.

17.1 Probability estimates
The probability of occurrence used for TSPA-93 is calculated using the same formal-

ism as that used for the TSPA-91 analysis; a discussion of the factors in the probability cal-

culation is given in Section 7.3 of that document (Barnard et al., 1992). The overall proba-

bility of exceeding a given release value from a potential Yucca Mountain repository is

given by

P[E1E2E3] = P[EI]. P[E21E1]. P[E31E1E2] , (17.1)

where E 1 is the volcanic recurrence rate in the region of Yucca Mountain, E2 is the proba-

bility of eruption in the repository itself, and E 3 is the probability that the releases (i.e., the

consequences of the volcanism) exceed a given release value. In Crowe et al. (1992) are

given several estimates of the volcanic rccurrence rate published since the TSPA-91 work

was done. The values of E 1 range from 6.0xl0"7/yr to 2.8x10"5/yr, with the most geologi-

cally reasonable values clustered in the range lxl04_/yr to 6x10 4_/yr. The mean value of

this range is 4.0xl0_/yr. Crowe et al. do not report new values for the probability of an

event occurring in the repository. E2 was originally calculated using the assumption that

the repository area was 6 km 2. For these analyses, the repository areas are different (4.6

km 2 for the 57-kW/acre layouts and 2.3 km 2 for the ll4-kW/acre cases). Scaling the previ-

ous value of E 2 by the two areas gives the probability of occurrence for a magmatic intru-

sion over 10,000 years as 1.8x10 4 for the 57-kW/acre case and 1.0xl0 "4for the ll4-kW/acre

case. E 3 is given by the conditional CCDF produced by the analysis.

To extrapolate this probability to 1,000,000 years requires assumptions about whether

the 10,000-year rate of volcanism will be constant, increasing, decreasing, or chaotic over

the 1,000,000-year period. Crowe et al. (1992) argue that using a constant rate will not un-

derestimate the recurrence rate with acceptable assurance. With the assumption of a con-
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stant million-year rate, the probabilities for the two cases become 1.8x10 -2 and 1.0xl0 -2 for

57 kW/acre and 114 kW/acre, respectively, over this period. Table 17-1 lists the probabili-

ties that 0, 1, or 2 magmatic events will occur over the 10,000- and 1,000,000-year pe,'iods

using the 57 kW/acre probability of occurrence. From the table it can be seen that a Inag-

matic event is quite unlikely over both periods--there is an almost 100% probability of

having no events over 10,000 years; there is about a 98% chance of having no events over

1,000,000 years. The probabilities of having 1 event occur are in the range 10 -4 to 10 -2 for

the two time periods, and multiple magmatic events are even more unlikely. Therefore, it

will be assumed that the releases'for both 10,000 and 1,000,000 years are due to the occur-

rence of a single event.

Table 17-1. Probabilities of occurrence for

magmatic events (57-

kW/acre repository).

Number of 1,000,000
Events lOrOOOYears Years

0 9.998x10"1 9.8x10-1
1 2.4x10 "4 2.3x10 "2
2 2.9x10 -8 2.8x10 -4

17.2 Analysis setup
The analysis calculates the temperature in rock adjacent to a dike as a function of

dike temperature, dike thickness, distance into the rock, and time. Rather than simply as-

suming that all the waste packages "near" the dike are affected, this analysis attempts to

calculate time and distance bounds for the temperature effects. The temperature excursion

as calculated is superimposed onto the nominal-case waste package temperature profile

(discussed in Chapters 10 and 13) and the modified time-temperature curve is used by

YMIM to calculate waste-package lifetimes. In addition, the waste-package corrosion rates

are modified to account for the aggressive magmatic volatiles.

The previous TSPA analysis assumed that waste packages were homogeneously dis-

tributed throughout the repository area. The number of packages intersected by the dike

was simply a function of the dike length and width. For this analysis, the repository layout

has been incorporated, so the number of waste packages affected by an intrusion is a func-

tion of the number of drifts intersected.

Because this analysis specifically investigates waste-magma interactions where there

is no contact, dike widths are limited to be less than the spacing between waste packages.
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17.2.1 Calculation of temperature excursion

The temperature in rock adjacent to a dike has been calculated by an analytical for-

mula for heat conduction in a semi-infinite composite medium (Churchill, 1944). The

medium consists of a slab of half-thickness a with thermal conductivity and diffusivity val-

ues KA and kA, respectively. The balance of the medium has thermal conductivity and dif-

fusivity values EB and kB, respectively. Diffusivity is defined as

k = K/_ (17.2)
bCv '/p

where Pb is the bulk density and Cv is the specific heat of the material.

For the two-component medium, with the slab initially at temperature TA, and the

remainder at temperature TB, the time-dependent temperature for distances x > a is given

by equation 17.3. The slab is assumed to cool as time progresses. This is equivalent to as-

suming that the dike has intruded and begins cooling. If it were assumed that the magma

continued to flow along the path of the dike, a different analytical solution would be used.

K a k_ 1 )'A

T(x,t) = Ts + (T A - Ts)-_B .

2na_+x-a 2a(l+ n)+ (x-a)__ (17.3)

Erfc 2_8t -Erfc 2 k_at

where Erfc is the complementary error function, and YAand YB are given by

_'A - KA _B - KB_A and _'B = KA _B + KB k_A (17.4)' "

Because the value of the complementary error function goes to zero rapidly with in-

creasing arguments, the series converges rapidly. The formula predicts that the tempera-

ture excursion in the rock will be proportional to the difference between the dike tempera-

ture and the ambient rock temperature, and will decrease with increasing time or distance.

Figures 17-2 and 17-3 illustrate the behavior of the rock-temperature excursion for

two values of dike thickness, a. The probability distribution of dike widths used for the

TSPA-93 analysis is the same as that used for TSPA-91--a beta distribution with a mean of

1.5 m and a range of 0.01 m to 4.5 m (Figure 17-4). The temperature excursion shown in

Figure 17-2 assumes a dike half-width of 0.75 m; this illustrates the impact of a mean-
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thickness dike, while Figure 17-3 shows the effect of the thickest possible dike (half-width

of 2.25 m). In each case, the temperature immediately adjacent to the dike reaches ~700°C

(i.e., an increase of ~650°C over ambient rock temperature) after a few days. The tempera-

ture returns to ambient after -100 years• One of the most noticeable differences between

the two plots is the length of time that the temperature stays at the maximum close to the

dike. For the narrower dike, the peak temperature lasts for only about 0.01 year; for the

thicker dike, the temperature stays at the maximum for about one month.
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17.2.1.1 Thermal parameters

The values for thermal conductivity and diffusivity in this analysis were sampled from

the probability distributions discussed below. Values for dikes are not as well known as for

the tuff host rock, so a range of values found in the literature has been used for the former

(Clark, 1966; Mossop and Gafner, 1951). For tuff, values from the YMP Reference

Information Base (RIB) were used. Thermal conductivities for the dike and the host rock

are given in Table 17-2. The probability distributions are assumed to be uniform over the

ranges. A value of thermal conductivity was sampled, and the diffusivity then calculated

using independently sampled values of density and specific heat.

Table 17-2. Thermal properties of tuff and dike.

,Thermal Property' . Tuff D_e
Thermal Conductivity (cal/cm sec °C) 0.00410 - 0.00660 0.00281 - 0.00329

Bulk Density (g/cm3) 2.4 - 2.8 1.89 - 2.91.
Specific Heat (cm2/sec) 0.20 - 0.23 0.215 - 0.263

17.2.2 Dike-waste-package Interactions

The number of waste packages intersected by a dike depends on the location of the

dike in the repository and the size of the repository. The extent that the waste packages

are disturbed by the dike, and the amount of waste mobilized from them depends on the

proximity of the dike to the container.

17.2.2.1 Number of containers passed by a dlke

Both TSPA-91 and TSPA-93 analyses assume that dikes start at the southern bound-

ary of the repository and have the distribution of orientations as shown in Figure 17-5. For

a sampled dike orientation and length, the number of waste packages available to interact

with the dike is two times the number of drifts crossed by the dike. (The dike is assumed to

pass at the midpoint between waste packages in an emplacement drift.) Figure 17-6 shows

examples of dikes crossing emplacement drifts for a 57-kW/acre repository. The modifica-

tion to the nominal aqueous source terms can be calculated from the number of waste pack-

ages that the dike passes.

Given a periodic two-dimensional array of waste packages, there are actually a very limited

number of dike orientations for which a straight-line dike can pass through the array and

not intersect any containers. This reduction in the number of allowable dike orientations

and lengths can be expressed as a reduction in the probability that this scenario can occur.

Such a reduction in probability has not been calculated, so the CCDFs shown later in this

chapter may overestimate the probability of this scenario. It should be reiterated that this
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Figure 17-5. Distribution of dike orientations.

Figure 17-6. Examples of dikes crossing drifts for 57 kW/acre repository area.
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calculation estimates the maximum number of containers that are exposed to magmatic

volatiles only. The scenario is an end member of the range of interactions with the magma,

with direct transport being the other extreme. As such, it may represent a lower bound on

the range of releases from this class of magmatic interactions.

17.2.2.2 Temperatures at a container

The temperature excursions discussed in Section 17.2.1 can occur at any time in the

life of the repository. Therefore, the ambient rock temperature is dependent upon the

repository thermal history, as discussed in Chapter 10. Depending on when the intrusion

occurs, the ambient rock temperature may be above or below the boiling point of water.

Further, thermal effects on the waste package may differ depending on whether the con-

tainer is hot, or has cooled (and possibly already corroded). Figures 17-7 and 17-8 illustrate

two temperature excursions starting at randomly selected times superimposed on 57-

kW/acre and ll4-kW/acre temperature histories, respectively. Figure 17-9 compares the

temperature excursion at 1 m distant from a 1,200°C dike of 2.25-m half-width in rock that

is at 50°C and at 500°C. The temperature increases by ~400°C in the cooler rock, and only

increases by ~250°C in the hotter rock.
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Figure 17-7. Dike-induced temperature excursion for 57-kW/acre repository.
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Because the dike is assumed to pass at the midpoint of the spacing between waste

packages, the distances from dike to container are dependent upon the choice of dike thick-

ness. Table 17-3 lists the half-spacings between spent-fuel containers for the four analysis

cases (HLW containers are not considered in this model), the maximum half-widths of dikes

consistent with the waste-package spacing, and the ranges of distances from dike to waste

package. We assume a minimum distance of 0.01 m to assure that there is no waste-

magma contact. Close passage of the dike to the container does not necessarily mean that

the container is mechanically disturbed; other investigations show that the mineralogy of

the country rock adjacent to a dike is only perturbed thermally (i.e., not mechanically) by

the intrusion (Buchan et al., 1980). Therefore this analysis is restricted to those waste

packages that are not physically disturbed. Minimum dike width is also considered to be

0.01 m.

Table 17-3 shows that the dike can pass quite close to the borehole-emplaced waste

packages; from Figures 17-2 or 17-3, it can be seen that for separation distances less than

-5 m, the temperature rise is several hundred degrees. The only emplacement configura-

tion for which the effects of a passing dike are calculated to be minimal is the 57-kW/acre,

in-drift case.

Fuel-rod temperatures are assumed to experience the same temperature excursion as

the container (which in turn is the same as the surrounding rock). Because fuel rods are

hotter than the container, the temperature excursion should be less, as Figure 17-9 implies;

generally, the rod-container temperature difference is at about 20°C to 50°C, so assuming

they have the same temperature excursions is not a major inaccuracy.

Table 17-3. Container half-spacings and range of distances from dikes.

Waste -
Package Maximum

Half- Dike Half- Range of Dike-
Emplacement Configuration/ Spacing Width Container

Package Type (m) (m) Distances (m)i

Borehole, 57 kW/acre
All spent-fuel waste packages 2.8 2.25 0.55-2.79

Borehole, 114 kW/acre
All spent-fuel waste packages 1.4 1.39 0.01-1.39

In-Drift, 57 kW/acre
BWR-Fuel Package 8.5 2.25 6.25-8.49
PWR-Fuel Package 13.75 2.25 11.50-13.74

In-Drift, 114 kW/acre
BWR-Fuel Package 4.25 2.25 2.00-4.24
PWR-Fuel Package 6.85 2.25 4.60-6.84
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17.2.2.3 Effects of magma on waste package

The effects of a nearby magmatic intrusion are expected to include both thermal

degradation and attack by aggressive magmatic volatiles. Both the waste-package compo-

nents (container and cladding) and the waste itself will be affected.

While it is difficult to anticipate the actual amount of magmatic volatiles for a given

event, they can be qualitatively estimated for plausibility discussions. General values of

the weight percent of water and gases from basaltic systems (MacDonald, 1972) suggest the

range 0.5% to 1%. This translates to 10 to 25 kg of gas per cubic meter of dike. If the depth

of the dike from which magmatic gas is exsolved is the order of 100 m below the waste, then

a non-flowing dike of 2 m thickness supplies 2000 to 5000 kg per meter of dike length of

magmatic volatiles. For a flowing dike the estimate has to be adjusted to reflect the flow

rate. The dike tends to produce an adjacent, narrow fracture zone during emplacement. As

a first-order approximation it is reasonable to assume that gas flow is primarily along this

zone--a zone that reaches containers close to the dike but not their next nearest neighbors.

When the dike stops flowing it begins to cool. Almost all the magmatic volatiles that will

reach the waste after the dike has stopped flowing are produced during the solidification

periodm2 months or less for the size dikes being considered here. This limits the exposure

time of the waste to the time for solidification except for one, presumably less important,

mechanism. That mechanism for adding more magmatic volatiles is the case in which the

cooling dike produces a local hydrothermal system that leaches any residual volatiles from

the dike.

The waste container, made of Alloy 825 and/or mild steel, is subject to sulfidation by

the magmatic volatiles (Colp et al., 1976). Sulfidation rates are three to six orders of

magnitude greater than oxidation rates, and the metals form low-melting eutectics with

their sulfides (Douglass and Healey, 1979). These conditions cause catastrophic corrosion

of the iron-based materials. The Zircaloy reacts with the constituents of magma, such as

oxygen and aluminum. The result of these reactions is severe embrittlement (Douglass and

Healey, 1979).

Using the constituents of magmatic gas given in Gerlach (1980), 2,000 to 5,000 kg of

magmatic gas would contain enough sulfur to form about 50 to 150 kg of FeS. The SCP-

design thin-walled waste container is constructed from about 500 kg of iron, while the in-

drift container contains about 17,000 kg of iron. The amount of sulfur available would be

insufficient to completely convert all the iron to iron sulfides, but would probably cause lo-

calized degradation of the container wall, resulting in penetration of the container. For

modeling purposes, it is assumed that sulfidation occurs at a rate 4 orders of magnitude

faster than the oxidation rates discussed in Chapter 13. These processes are assumed to
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occur for any waste package in the vicinity of a dike, since the active agents are the mag-

matic volatiles. Table 17-4 adapts the rates of Table 13-3 for this analysis.

Table 17-4. Magma-induced sulfidation rates

used for TSPA-93.

Teml_erature (°C) Sulfidation Rate (mm/_,r)
Alloy 825

253 2.4x10 3
20 5.5x10 "13

Carbon Steel
540 1.0x105
25 6.35x10"2

These sulfidation rates are applied in the YMIM model during the time that a temperature

excursion occurs. During the remaining time of the temperature history of the container,

the oxidation conditions described in Section 13.2.4.1 apply.

UO2 has been shown to be soluble in basaltic melts at temperatures above 1,200°C

(Westrich, 1982). The solubility ranges from 20 wt.% at 1,200°C to 40 wt.% at 1,550°C. The

liquidus for the basalt used in the experiments by Westrich was ~1,250°C. Although

magma temperatures are assumed to be somewhat below the range studied by Westrich

(i.e., 1,100°C to 1,200°C), using the relationship observed for the higher temperatures pre-

dicts a UO2 solubility between 7 wt.% and 20 wt.%. Dissolution of UO2 is applicable to the

magma-encapsulation scenario.

Not much is known about the effects of magmatic volatiles on oxides, particularly

UO2. The oxides of which the spent fuel is composed are quite refractory. Thus, simply ex-

posing the spent fuel to high temperatures may not accelerate its degradation. Magmatic

volatiles consist of SO2, H2S, HC1, H2, CO2, CO, and other agents; further, the oxygen fu-

gacity is about 10 -9 bars (Gerlach, 1980). It would therefore be expected that the UO2

would oxidize rapidly to U308, and that sulfides and sulfates would form in the presence of

such volatiles. UO2 forms several oxide-sulfide and sulfate compounds (e.g., UOS, UO2S,

UO2e2US2, U(SO4)2,3enH2 O, UO2SO4enH20). The oxide-sulfide compounds can be

formed by H2S reacting with UO2 in the presence of carbon at temperatures of 600°C and

above. The uranyl sulfate, UO2SO 4, can be formed from U03 and SO3, or from UOS and

oxygen saturated with water vapor at temperatures typical of those produced by a nearby

dike (Brown and Wedemeyer, 1984).

The UOS compound is very slightly soluble in water, but is attacked by oxidizing com-

pounds. The uranium and uranyl sulfates are soluble in water (Brown and Wedemeyer,

1984). The more rapid oxidation of UO2 to U308 will accelerate the rupture of any Zircaloy
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cladding that has pinholes or other defects. These modifications to the spent fuel can be

represented in the YMIM model by an enhanced rate of oxidation, increased solubility lim-

its for the UO2, and greater fuel-rod volume change during the time that the temperature

excursion occurs. These effects have not yet been incorporated into the YMIM model.
I

17.2.2.4 Location of the magma-altered source

As a result of heating by the dike and interaction of magmatic volatiles with the

waste, the contaminants are effectively partitioned into two different sources, one source

distributed away from the container and another at the container. Contaminants with low

enough vaporization temperatures are cooked out of the corroded containers. These

volatiles plate out in the rock along fractures and preferential flow channels wherever the

temperature is cool enough. These contaminant volatiles, driven by dike and container

heat, form a partial halo away from the dike and container. The isotopes deposited are

those with low boiling temperatures (e.g., Cs). The total mass of such contaminants is ex-

pected to be quite small and will not be considered further here.

The second source is produced by interaction of waste with magmatic volatiles and

represents a much larger mass of potentially mobile contaminants than the first source m

possibly the entire contents. In this case, chemical reaction (i.e., sulfidation, oxidation and

hydration), occurs throughout the waste mass (spent fuel). The altered contaminants re-

main in the vicinity of the emplacement site but in much more soluble forms. They can be

mobilized from the emplacement hole and surrounding rock by condensing magmatic fluids,

or from the waste package and surrounding backfill by introduction of water from the flow

field (e.g., condensation-cap return).

17.2.2.5 Modeling of releases from magma-altered source

Cumulative releases and doses at the accessible environment resulting in aqueous

flow and transport of contaminants from the magma-altered source are modeled in the

same fashion as that described in Chapter 14. Only the composite-porosity model (i.e.,

TOSPAC) was used for calculating the aqueous releases. It is assumed that the same flow

and transport processes as those used for the nominal-flow analyses can be applied to a

magma-altered source used in the TOSPAC code.

The stochastic calculations of the number of drifts crossed by dikes (shown in Figure

17-6) predict that from 2 to 232 waste packages can be affected. All dikes are modeled to

start in the southern end of the repository; most trend north-northeast. The affected pack-

ages are modeled by assuming they all lie in the repository segment described by column 2

(see Figure 6-7 for column locations). All magma-affected packages are included in con-

tainer group 3 (see Section 14.4.2 for a discussion of container groups). TOSPAC simula-
i
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tions use independently calculated thermal spikes added to the normal thermal profiles,

with the time of the spike distributed uniformly between 100 and 1,000,000 years. During

the time of the spike, the sulfidation rate is increased. The borehole, 57-kW/acre and in-

drift, ll4-kW/acre cases are modeled. Three hundred release simulations for column 2 are

modeled for each analysis case. The column-2 results are used with the results calculated

in Chapter 14 for the other columns to calculate releases from the entire repository.

17.3 Results
The cumulative releases to the accessible environment from the interaction of one dike

with waste packages in the repository over 10,000, 100,000, and 1,000,000 years have been

calculated. Figure 17-10 shows the conditional CCDFs for magma-altered releases for the

borehole, 57 kW/acre case. (The CCDFs do not include the probability of occurrence of a

magmatic intrusion, so they are conditional on that factor.) The results are quite similar to

those for the undisturbed case (see Figure 14-25a). Because of the close similarity of re-

sults, the incremental releases due to the magmatic interaction are shown in Figure 17-11.

Note that the releases shown in Figure 17-11 do not represent the amount of release

caused by the intrusion event, but rather the difference between releases with the event

and releases without the event. Some of the normalized releases below 10 -4 are higher

than they should be, caused by round-off error in the subtraction of releases with and with-

out the intrusion event. Some realizations that should have zero difference have a small

non-zero difference because of the round-off error. In many cases, the radionuclides re-

leased by the intrusion event would have been released within 1,000,000 years anyway.

For a uniform random distribution of intrusion times over 1,000,000 years, we would

expect that approximately 1% of the events would occur in the first 10,000 years, and 10%

of the events would occur in the first 100,000 years. As Figure 17-11 shows, there are no

releases due to magmatism for 10,000 years greater than 10-8 of the EPA sum; in 100,000

years, the probability of releases greater than 10-8 is about 5%. For 1,000,000 years, the

probability of releases greater than about 10 -4 of the EPA sum is about 60%. This implies

that if the expected numbers of events do indeed occur, some of the releases from them are

less than 10-8 of the EPA sum. The reason that many releases are less than 10-8 is because

variations in the dike width (affecting extent of container degradation), dike orientation

(affecting number of waste packages influenced), and time of intrusion (affecting activity of

released waste) all can reduce the availability of contaminants to be transported.

Furthermore, there is considerable variability inherent in the aqueous flow and transport

calculations. If a dike intrudes and causes a container to fail, but percolation flux is low in
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that particular realization, then releases to the accessible environment will probably be low

despite the magmatic intrusion.

Table 17-5 gives the fractions of the undisturbed releases that the magma-altered re-

leases represent, for the maximum releases and at several probability levels. Releases from

volcanism in this scenario can be seen to represent very small fractions of the overall aque-

ous releases.

Table 17-5. Fractions of undisturbed releases at various probability levels (borehole, 57

kW/acre).

Fraction of Undisturbed Releases due to Volcanism
At 1% At 6% At 10% At 70%

Period (_,ears) At Maximum Probability, Probability, Probab!lit_, Probability,
100,000 5.1E-02 1.5E-02 1.1E-07 - -

1,000,000 2.5E-01 1.3E-01 3.7E-02 2.3E-02 7.1E-06

Figure 17-12 shows the incremental releases due to volcanism for the in-drift, 114-

kW/acre case (the cumulative releases including volcanism differ so little from the nominal

releases that the differences in the plots are indistinguishable). As noted for the borehole,

57-kW/acre case above, there are no releases greater than 10-8 of the EPA sum in 10,000

years. For this case, only about 15% of the waste packages have releases greater than 10 -8

at 1,000,000 years. Releases for both the 100,000-year and 1,000,000-year periods have

lower probabilities than the corresponding releases for the borehole, 57-kW/acre periods.

This arises primarily because the dike-container distances for the in-drift analysis case can

range from 2.0 m to 4.24 m, compared to a much smaller 0.55 m to 2.79 m for the other case

(see Table 17-3). The greater spacing for the in-drift waste packages results in the waste

package being exposed to lower temperatures and thus reduced degradation of the con-

tainer.

The fraction of undisturbed releases that the magma-altered releases represent for the

two time periods are given in Table 17-6. For the 1,000,000-year period, the maximum in-

cremental releases are a much larger fraction of the undisturbed releases (about 15%).

Table 17-6. Fractions of undisturbed releases at various probability levels (in-drift, 114

kW/acre).

Fraction of Undisturbed Releases due to Volcanism
At 1% At 5% At 10% At 40%

Period (_,ears) At Maximum Probability ,Probability, Probability, Probability,
100,000 3.2E-04 1.3E-04 4.3E-07 - -

1,000,000 1.0E-01 3.8E-02 7.4E-04 7.0E-05 1.3E-06
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Figure 17-12. Releases due to magmatic intrusion (in-drift, 114 kW/acre).

Figure 17-13 compares the indirect effects of volcanism modeled in TSPA-93 with the

direct releases investigated in TSPA-91. Only releases for 10,000 years are compared, since

this time period was used for TSPA-91 analyses. Because there are no significant 10,000-

year releases in the 1,000,000-year simulations described above, the simulations were re-

done for this comparison. Three hundred realizations were computed for a 10,000-year

time period, with time of magmatic intrusion distributed uniformly from 100 years to

10,000 years. The indirect effects can be seen to be much smaller (and less probable) than

direct effects, for the assumptions used.

Figures 17-14 and 17-15 show the CCDFs for the two analysis cases discussed above

with the probability of occurrence applied. The probabilities in Figures 17-11 and 17-12 are

multiplied by the probabilities of occurrence given in Section 17.1 to obtain Figures 17-14

and 17-15. For both cases, the consideration of the probability of occurrence moves the

CCDFs considerably away from the remanded EPA limits.
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Peak drinking-water doses, including the contribution from the magma-altered source,

are shown in Figure 17-16. Only doses from column 2 for the borehole, 57-kW/acre case are

compared. It can be seen that the altered source term makes very little change in the

doses.

17.4 Discussion

If a magma intruded a repository, it would be expected that the magma would interact

with the waste in a variety of ways--ranging from entrainment by flowing magma (modeled

in TSPA-91) to contact only by the volatiles (modeled here). The TSPA-93 results imply

that, for the scenarios modeled, the consequences of thermal effects and aggressive volatiles

from a magmatic intrusion that does not contact the waste are not great. Furthermore, the

restrictive assumptions necessary to model the scenario make its occurrence quite unlikely.
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There is not much difference in releases for the two cases analyzed. There are larger

effects for the borehole-emplacement case because the distances from the dike to the waste

packages are generally less. Releases would most likely be greater if the model included

the accelerated degradation of the fuel itself due to magmatic interactions.
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Chapters 18 through 20 summarize the results of the previous parts of the report, and

provide recommendations for future work, based on the simulation results, as well as in-

sights gained during the completion ofrSPA-93.

Chapter 18 contains a discussion of the results and the major conclusions drawn.

Chapter 19 contains recommendations for the site-characterization and design programs,

and some observations regarding possible impacts of regulation changes on performance as-

sessment. Chapter 20 contains a discussion of work that needs to be done to improve per-

formance-assessment models so that future TSPAs will be closer to the ultimate goal of a

determination of compliance of the potential repository with applicable regulations.



Chapter 18
Discussion and Conclusions

(Barnard, Wilson, Halsey, Gauthier)

18.1 Discussion of results

A summary of the results for the TSPA-93 scenarios analyzed follow--nominal aque-

ous and gaseous release based on the composite-porosity model; nominal releases from the

weeps model; releases from human intrusion; and aqueous releases resulting from mag-

matic activity.

18.1.1 Aqueous and gaseous releases based on composite-porosity model

This section summarizes the work described in Chapters 12 and 14. Cumulative

releases by aqueous transport to the accessible environment over 10,000 years are all quite

similar for the four emplacement/thermal-loading analysis cases: borehole emplacement, 57

kW/acre; borehole, 114 kW/acre; in-drift emplacement, 57 kW/acre; and in-drift, 57 kW/acre.

Furthermore, none of the releases exceed the EPA limits originally specified in 40 CFR Part

191 (EPA, 1985) for sites like Yucca Mountain.

The current estimates of aqueous releases are significantly' lower than those of TSPA-

91. The reduction is primarily due to the different assumptions regarding percolation flux.

In TSPA-91, the percolation flux was exponentially distributed with a mean of 1 mndyr. In

TSPA-93, most of the simulations started with "dry" conditions during the first 10,000

years, with an exponentially distributed flux of 0.5 mm/yr. This again illustrates the sensi-

tivity of the composite-porosity model to the groundwater percolation flux. Although the

difference in percolation flux is the major contributor to the difference in releases, another

factor is the difference in waste-package lifetimes; TSPA-93 uses explicit thermal-history

curves in place of the delays used in TSPA-91.

Gaseous releases were calculated for 10,000 years only, since the half-life of 14C is suf-

ficiently short that releases beyond that time would not be expected to be important. The

releases for the four analysis cases are again quite similar. As occurred in the TSPA-91

simulations, releases exceed the EPA limit. The TSPA-93 releases occurring with probabil-

ities less than about 50% are greater than those of TSPA-91. The larger releases are pri-

marily due to the faster 14CO 2 transport times calculated with the current gas-flow model.

The drinking-water dose estimates are again quite similar among the four analysis

cases. The differences among the cases are probably as insignificant as they were for cumu-

lative releases. The mean estimated peak doses for the four analysis cases exceed by 10 to

50 times the NCRP estimates for natural background doses to individuals in the United

States. The large doses arise primarily because of the limited amount of dilution of the re-
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leased radionuclides that occurs in the groundwater at Yucca Mountain. Despite the long

transport times predicted by the composite-porosity model for radionuclides to reach the ac-

cessible environment, high doses still occur at some point in the future.

Reduction of the dose estimates requires either a lower radionuclide release rate from

the source or greater dilution. Given the uncertainties in the model, neither option is fore-

closed. Because the saturated zone at Yucca Mountain is not well characterized, our esti-

mates of water available for dilution are uncertain; however, it is unlikely that a more fa-

vorable determination of the water available will be sufficient to reduce the dose estimates

significantly. A better understanding of the waste-package degradation processes and

transport in the near field will give us more confidence in the dose calculations.

The parameters to which the composite-porosity model is sensitive fall into a few cate-

gories. Of paramount importance is the unsaturated-zone percolation flux. This parameter

significantly affects aqueous doses and releases, and gaseous releases. The saturated-zone

transport area is quite important to dose calculations because of its effect on reducing con-

centration by dilution. Results are also sensitive to parameters related to releases from the

waste package, which include container wetting, near-field water flow, and corrosion rates.

These factors are especially important to dose estimates.

18.1.2 Aqueous and gaseous releases based on weeps model

This section summarizes the work described in Chapter 15. Cumulative aqueous re-

leases to the accessible environment from the weeps model over 10,000 years are well below

the EPA limits originally specified in 40 CFR Part 191, as in TSPA-91. In contrast to the

composite-porosity results, the results are sensitive to container type. In most cases, the in-

drift waste packages release about 10 times as much contaminants as do the vertical-bore-

hole-emplaced packages. This result occurs primarily because the weeps are discrete enti-

ties that have a probability of impinging on a waste package that is proportional to the size

of the container. The weeps model also predicts a sensitivity to thermal loading; higher

thermal loadings lead to greater releases, primarily because higher thermal loads perturb

the environment more and cause more weeps to be formed, especially aromLd the edges of

the repository. This sensitivity to thermal loading is much less pronounced than the sensi-

tivity to container size.

Gaseous releases over 10,000 years do not exceed the now-inapplicable EPA standard,

in contrast to the comparable results for the composite-porosity model. Gaseous releases

are much more narrowly distributed for TSPA-93, compared with TSPA-91, primarily be-

cause of the assumptions made about the failures and the release mechanism from the

waste packages. In the prior TSPA analysis, releases were strongly controlled by the num-
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ber of containers contacted by weeps, and by the assumption that once a container was con-

tacted, it rapidly degraded. The number of containers contacted had a wide range in TSPA-

91. This time, the assumptions about repository dryout and groundwater shedding, and the

mechanistic source-term model resulted in a different (smaller) number of waste packages
available to release 14C.

Although cumulative releases over 10,000 and 1,000,000 years do not exceed the old

EPA standard, the model predicts that release rates are relatively high at certain times.

This situation occurs if containers are contacted by water while their temperatures range

from 70°C to 100°C. The YMIM source-term model predicts that corrosion is rapid under

these conditions, resulting in a temporarily high release rate. Because of the limited

amount of water available to dilute the contaminants, relatively high dose rates (in some

cases above the NCRP estimates for natural background doses) are a consequence.

The weeps-model results are sensitive to several parameters; the parameters are dif-

ferent for different performance measures. For the EPA standard, the container lifetime,

the number of weeps, which is a function of the groundwater flux, the size of the weeps, and

how often they flow, and the retardation of the actinides in the saturated zone are most im-

portant for aqueous releases. For gaseous releases, the number of juvenile waste-package

failures and the bulk permeability of the host rock are most important. Dose results are

most sensitive to the amount of dilution in the saturated zone, container lifetime, and the

number of weeps.

18.1.3 Releases due to human Intrusion

This section summarizes the work described in Chapter 16. Results from the four

baseline analysis cases show that the EPA release limits are not exceeded in 10,000 years.

The CCDFs are quite similar to those produced for TSPA-91, although the TSPA-93 CCDFs

show releases from more components (i.e., direct hits on spent fuel, near misses, and high-

level waste) as a result of a more complex source term.

Because the drilling probability model has a linear relationship between the probabil-

ity of hitting a single container and the density of placement of containers in the repository,

there is very little difference between releases from a repository with 57-kW/acre thermal

load and one with ll4-kW/acre loading.

The baseline analyses assume that the amount of waste released from a breached

waste package is a uniform distribution ranging from 0 to 100%. With this assumption,

releases from the in-drift waste packages are 5 to 10 times greater than those from vertical-

borehole packages.
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Releases resulting from contaminated rock being brought to the surface by drilling

("near misses") are a larger contributor to releases in TSPA-93 than in TSPA-91, because

the near-miss component of the source term inventory is larger. The TSPA-93 near-miss

inventory included all the radionuclides likely to be easily mobilized from a degraded waste

package. The use of probability distributions for container lifetimes also produced differ-

ences in the near-miss releases.

Releases estimated over 1,000,000 years did exceed the 10,000-year EPA standards for

the in-drift waste packages. The highest releases for the 1,000,000-year simulations

(occurring with the lowest probabilities) did not increase significantly over those of the

10,000-year simulations; slightly lesser releases, with probabilities of occurrence in the

range 10% to 30% increased more than an order of magnitude between 10,000 and

1,000,000 years, and exceeded the EPA guidelines. Because of the significant uncertainties

associated with estimating human behavior and technology for 1,000,000 years, these re-

sults should be interpreted with caution.

If we assume that the most likely amount of waste released from an in-drift waste

package by a drilling hit is about 5% of the contents (based on the volume of waste cut out

of a waste package by a drill bit), releases from in-drift waste packages are about 2 orders

of magnitude lower. Consequently, the EPA standards are not exceeded for either the

10,000-year or 1,000,000-year simulations.

18.1.4 Releases due to magmatic activity

This section summarizes the work described in Chapter 17. Releases from magmatic

activity assumed that a limited region of the potential Yucca Mountain repository would

experience a dike intrusion. As a modeling assumption, the dike does not directly make

contact with the waste packages; instead they are subjected to a thermal excursion and at-

tack by aggressive volatiles. The containers exposed to the dike are assumed to degrade at

a rate 104 times greater than nominal oxidation rates. Aqueous releases from the entire

repository, using a source term modified by the effects of the dike on the affected waste

packages have been calculated. Because of the improbability of a magmatic event at the po-

tential repository, releases for each simulation were assumed to occur from a single dike for

the 1,000,000 years modeled.

The analyses only modeled accelerated degradation of the waste containers; other pro-

cesses, such as enhanced degradation of the fuel cladding, accelerated alteration of the

waste form, and increased solubility of the UO 2 fuel and the other components contained in

the fuel were not modeled. These latter factors may increase the releases from magmatic

interactions.
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Releases attributable to the alteration of the aqueous source term by the magmatic in-

trusion are not significant. When the probability of occurrence of magmatic activity is con-

sidered, this scenario does not cause any discernible increase in the overall total-system re-

leases. Over 10,000 years there were no increase in releases of as much as 10-8 of the EPA

sum. The increases in cumulative releases compared with the corresponding undisturbed

cases range from about 10 -2 over 100,000 years to 25% after 1,000,000 years. Releases from

the borehole, 57-kW/acre case were higher than those from the in-drift, ll4-kW/acre case,

because, on average, the closer distance between the intruding dike and the containers re-

sulted in greater attack by magmatic volatiles.

The scenario analyzed represents the opposite extreme in the range of magma-waste

interactions. TSPA-91 investigated direct contact; this analysis was restricted to only

thermal and volatile interactions. Actual magma-waste interactions would fall somewhere

between these two conditions.

18.1.5 Supporting analyses

18.1.5.1 Source term

Central to the TSPA-93 results is the inclusion of a mechanistic source-term model

(embodied in YMIM--see Chapter 13). This model predicts waste-package releases and

container lifetimeswfactors that are important to all the TSPA-93 analyses.

The source term incorporated a variety of new detailed models. Temperature depen-

dencies were included for container corrosion, waste-form degradation and water contact.

Including temperature allowed alternative thermal loadings to be considered. Because

many potentially important thermal effects were not incorporated, and because of the

simplifications made, the results should not be interpreted as a direct quantitative correla-

tion between thermal loading and repository performance. Rather, the contribution of

thermal effects relative to other mechanisms should be examined for indications of perfor-

mance sensitivity.

Mechanistic corrosion models were incorporated to begin evaluating which corrosion

modes are significant and under what conditions. These models supplant the TSPA-91

source-term model, whose container-failure distribution was entirely based on expert judg-

ment. The corrosion models are a first-step improvement; they are still limited in that sev-

eral modes are combined into one abstraction, and the rates and environmental dependen-

cies are primarily from expert judgment based on general corrosion experience rather than

tied directly to appropriate data. Compared to the arbitrary container failure distributions

used previously, these mechanistic models do not cause large changes in repository perfor-
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mance over 10,000 years. However, they do indicate the importance of water contact on the

waste package performance.

Water contact was modeled with both matrix flow and fracture flow, with total water

availability controlled by both infiltration processes and near-field hydrothermal processes.

There are a number of limitations on these models as they were used in this TSPA. The as-

sumption that resaturation is coincident with the boiling point isotherm eliminates the con-

cept of extended dryout of the host rock. Percolation diversion into the backfill was not

modeled, and water contact is independent of the volume of water present near the waste

package. Under these conditions, water contact is important to waste package perfor-

mance. Waste packages that remain dry, in general are not expected to fail.

The temperature dependence of corrosion and the modeling of corrosion solely by

aqueous processes points to the importance of the temperature at which aqueous processes L_
begin. Containers that are wet and hot corrode to tailure rapidly, containers that are cool

and wet corrode to failure very slowly. With the caveat that the temperature dependence

and the water contact are still preliminary and fairly simple, these results direct our atten-

tion to the coupled processes of temperature-dependent water contact. That is, the temper-

ature-dependent onset of aqueous processes may be more important to -ontainer lifetime

than the details of the corrosion mechanisms. The importance of such coupled processes

(temperature, water contact, corrosion) is an important observation from the results.

The YMIM container-lifetime studies predict a wide range of container-failure times,

strongly driven by the choices for corrosion and container-wetting parameters. Under cer-

tain conditions, the lifetime of the 0.95-cm corrosion-resistant-alloy wall for both styles of

container is only about 100 years. The ll4-kW/acre thermal loadings result in somewhat

longer container lifetimes, primarily because of the longer time for the container wall to

cool to 100°C, where aqueous-corrosion processes proceed rapidly. Compared with the ver-

tical-borehole containers, the double-walled in-drift containers have only marginally longer

lifetimes. In-drift waste packages reach much higher temperatures, where the air-oxida-

tion rate of the 10-cm-thick mild-steel overpack is sufficiently high to degrade it within

about 100 years. When these packages then cool to 100°C, the inner corrosion-resistant al-

loy wall is subjected to the same corrosion processes as is the vertical-borehole containers.

18.1.5.2 Thermal effects

This section summarizes the work described in Chapter 10. For TSPA-93, information

from thermal-design calculations was used to develop a conceptual hydrothermal model for

use by the aqueous- and gaseous-release analyses. The model assumes that the heat from

radioactive-waste decay will drive water from the surrounding rock away from the reposi-
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tory until the temperature is again low enough that the water can accumulate in the rock.

As a consequence of this process, a "dryout" zone and a "condensation" zone may form at the

repository. The extent that the repository dries out is dependent on, among other things,

the amount of heat available to drive the water. In addition to determining the dryout vol-
I

ume, the thermal effects described the thermal dependence of container corrosion and fuel-

matrix alteration.

Detailed thermal models were used to calculate the location of the boiling isotherm as

a function of time for the four analysis cases. Both an axisymmetric numerical model, that

accounted for the layered rock stratigraphy near the repository, and an analytical model,

that captured the details of repository layout, waste stream and emplacement mode, were

used.

Waste-package and fuel-rod temperatures were also calculated. Two representative

repository areas--"hot" (for waste packages surrounded by other hot packages) and "cold"

(for waste packages near the edge of the repository)--were modeled. By using the rock

temperatures near the container wall as an initial condition, fuel-rod temperatures consis-

tent with the thermal loading, waste-package emplacement configuration, and repository

area (hot or cold) were determined.

The hydrothermal conditions predicted by the detailed modeling were abstracted for

use in the TSPA analyses. Some of the most important abstractions for the analyses are:

(1) the dryout volume is assumed to coincide with the boiling isotherm, and the rock im-

mediately resaturates as the boiling front contracts (this obviates the "extended-dry" con-

cept); and (2) water displaced by the boiling isotherm condenses above the repository; it

may be diverted, and is therefore available to interact with waste packages unprotected by

the dryout zone.

18.1.5.3 Gaseous flow and transport

Using a coupled gas-flow/heat transfer model and a transient particle tracker, travel

times for 14CO2 flow from the potential Yucca Mountain repository to the surface were cal-

culated. Gas flow is assumed to be driven by repository heat, and varies with time, as the

waste decays. 14CO 2 is assumed to be retarded by exchange with bicarbonate in the pore

water.

Travel times for the CO2 particles range from as short as 200 years early in the life of

the repository to about 1800 years when the thermal gradient from the repository to the

surface is small. The results are sensitive to the choice of welded-tuff permeability. A de-

crease of a factor of 10 in the permeability increases the travel time by more than one order

of magnitude.
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18.1.5.4 Saturated zone

This section summarizes the work described in Chapter 11. The saturated zone in the

vicinity of the potential Yucca Mountain repository was modeled using a three-dimensional

representation. An area extending about 8 km on a side and including the Solitario Canyon

and Bow Ridge faults was modeled to a depth of 200 m below the water table.

Two alternative conceptual models for the flow system were developed--a non-diver-

sionary model and a diversionary one. To calibrate the models to existing saturated-zone

data required the inclusion of unobserved properties in two known geologic features at the

site. In addition, the area near one data point was adjusted by adding upwelling. A verti-

cal gradient is not observed at the well corresponding to this datum, but is observed else-

where. In the diversionary model, a drain to divert fluid from the upper aquifers down to

the lower aquifers was included. Such a structure is postulated for the Yucca Mountain

region. With either of these interpretations of the saturated zone, the computer models ad-

equately describe the observed data.

Transport calculations were done for contaminants introduced at various locations at

the water table below the repository. Concentrations at points 5 km from the sources at

various depths were calculated. Concentrations reached approximate steady state in about

2,000 to 5,000 years, but the concentrations varied considerably depending on the depth

and location of the measurement at the 5-km boundary. The considerable horizontal and

vertical structure to the contaminant plume implies that where the contaminants are in-

troduced makes a difference for travel time, mixing and dilution.

18.2 Comparison of results from the two flow models
As in TSPA-1991, two separate performance assessments were completed in this

TSPA, for different conceptual models of groundwater flow through the unsaturated zone at

Yucca Mountain. We considered this necessary since unsaturated-zone water flow at Yucca

Mountain is not well understood, and it is crucial to considerations of repository perfor-

mance, both in its effect on radionuclide transport time and in its effect on container corro-

sion and radionuclide releases from the waste packages. Assumptions and results are pre-

sented in detail in Chapters 14 and 15; in this section, we present a brief comparison of the

results of the two models and some discussion of the implications.

For 10,000-year normalized cumulative release to the accessible environment, as

specified in 40 CFR Part 191 (EPA, 1985), results are similar to those for TSPA-91--calcu-

lated aqueous releases are higher for the weeps model than for the composite-porosity

model, but calculated gaseous releases are lower for the weeps model than for the compos-

ite-porosity model. Comparison of the aqueous and gaseous releases predicted for both
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models for one of the repository cases--57-kW/acre thermal load with vertically emplaced

containers--is shown in Figures 18-1 and 18-2. Two effects are largely responsible for the

differences in the results for the two models (as explained in the TSPA-91 report). The dis-

tribution of water is quite different in the two models, resulting in many more wet or moist

containers in the composite-porosity model than in the weeps model. This, in turn, results

in many more container failures in the composite-porosity model and thus greater gaseous

releases. The aqueous releases from the EBS are also higher for the composite-porosity

model than for the weeps model, but aqueous transport times are much longer for the com-

posite-porosity model and the net result is lower releases to the accessible environment

within 10,000 years.
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Figure 18-1. CCDFs of normalized cumulative release over 10,000 years for nominal
aqueous releases (57-kW/acre, vertical-emplacement case).

The weeps/composite-porosity comparison depends somewhat on the repository con-

figuration. For example, the aqueous-release CCDFs for the ll4-kW/acre, in-drift case are

shown in Figure 18-3. For that case, the weeps aqueous-release CCDF is entirely to the

right of the composite-porosity CCDF, whereas for the 57-kW/acre, vertical case the com-

posite-porosity curve is higher only for probabilities below about 2%.
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A comparison of the peak individual drinking-water doses over a 1,000,000-year pe-

riod for the two models is shown in Figure 18-4 (for 57 kW/acre, vertical emplacement).

The calculated composite-porosity doses are significantly higher than the weeps doses. The

reason is the same as for higher 10,000-year gaseous releases: more containers fail and re-

lease their radionuclides in the composite-porosity calculations, and there is sufficient time

in a million years for the low-retardation nuclides to reach the accessible environment. The

distributions of peak-dose time for the 57-kW/acre, vertical-emplacement case are shown in

Figure 18-5. Note that the peak doses occur earlier for the weeps model because the unsat-

urated-zone transport time is assumed to be zero, whereas the unsaturated-zone transport

time is quite large for the composite-porosity model. For both models, the doses are domi-

nated by 237Np. The peak-dose times for the weeps model reflect the transport time

through the saturated zone of 237Np, while the peak-dose times for the composite-porosity

model include the same saturated-zone transport time plus a large unsaturated-zone trans-

port time. (Of course, the distribution of release times from the EBS affects the peak-dose

time as well.)
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Figure 18-4. CCDFs of peak individual drinking-water dose over 1,000,000 years for
nominal aqueous releases (57 kW/acre, vertical emplacement).
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Figure 18-5. Distribution of time of peak dose for nominal aqueous releases (57 kW/acre,
vertical emplacement).

18.3 Combination of CCDFs

In previous chapters of this report, releases of radioactivity to the accessible environ-

ment by several mechanisms are discussed. In this section we consider the combination of

those separate releases to obtain the distribution of total release. Combination of doses is

not considered. Dose rates are not additive as cumulative releases are, because location

and time of release enter in, whereas cumulative release is a simple sum over locations and

times. In addition, only drinking-water doses were calculated, so we have no dose informa-

tion on gaseous or direct releases.

Methods of combining CCDFs for different scenarios analyzed are discussed in

Chapter 8 of the TSPA-1991 report, and will not be repeated here. The relationship among

releases from different scenarios can be considered to fall into three categories: indepen-

dent, mutually exclusive, and correlated. The combination of aqueous and gaseous releases

(considered to be correlated) is described in Chapters 14 and 15 of this report. We describe

the combination of nominal-condition releases (nominal aqueous and gaseous releases) with

releases due to human intrusion and magmatic intrusion (Chapters 16 and 17) in the fol-

lowing paragraphs.
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We treat the nominal releases and direct releases as being independent (i.e., having

no effect on each other). This approximation is made to simplify the calculations--so that

we can make the calculations separately. It would be preferable if the near-miss drilling

releases and indirect volcanic releases were coupled to the nominal releases properly, and if

the direct and indirect volcanic releases were coupled properly, but those releases are

small; the coupling is expected to have little effect on the results. With the assumption of

independence, the correct way to combine the releases is called "probabilistic sum." In this

method, we perform a secondary Monte Carlo simulation in which partial EPA sums are

drawn from each of the distributions to be combined, and the partial EPA sums are added

to produce the combined EPA sum. Chapter 8 of the TSPA-1991 report discussed this in

detail.

The distribution of "total-system" releases formed by combining the partial releases, is

illustrated in Figures 18-6 and 18-7, for nominal releases calculated by the composite-

porosity model and the weeps model, respectively t:or 57 kW/acre, vertical emplacement).

The combination is for normalized cumulative release over 10,000 years, as specified in 40

CFR Part 191. The figures show that for the composite-porosity model, nominal releases

(mostly gaseous 14C releases) are much larger than drilling or volcanic releases, so the re-

sultant conditional CCDF curve is essentially the same as the nominal-condition curve

(which is essentially the same as the gaseous-release curve). For the weeps model, human-

intrusion releases are higher at low probabilities and nominal releases are higher at high

probabilities; nominal and human-intrusion releases are both much larger than volcanism

releases.

The curve for direct volcanism releases was taken from TSPA-1991 (Method 1); the

curve would be somewhat different if it were redone, because of the slightly different inven-

tory used for TSPA-1993 and because of the slightly different repository area used for

TSPA-1993. There is no curve for indirect-volcanism releases in Figure 18-7 because the

indirect-volcanism releases were only calculated for the composite-porosity model. Note

that the two volcanism scenario classes should be sharing the volcanism probability, since

the two scenario classes are mutually exclusive as defined. Because the probability is so

low and volcanism makes negligible contribution to the combination CCDF, we have not at-

tempted to define relative probabilities for the two volcanism scenario classes, but have

conservatively assigned the full volcanism probability to each.

The relative magnitudes of the releases vary among the different repository cases.

For the composite-porosity model, calculated nominal releases are always much greater

than calculated drilling releases. The weeps model produces greater variations, as shown

in Figure 18-8 for the ll4-kW/acre, in-drift-emplacement case. The probability of a mag-
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matic intrusion should be significantly lower for the smaller area of the 114-kW/acre cases

(see Chapter 17), but that lower probability is not reflected in the volcanism curve in Figure

18-8; it is taken directly from TSPA-1991, which assumed a larger repository area.
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Figure 18-8. Combined (nominal, human-intrusion, and volcanic) CCDFs (cumulative
releases for 10,000 years; ll4-kW/acre, in-drift emplacement, weeps model).

Gaseous releases were only calculated for 10,000 years, so, in generating Figures 18-9

and 18-10, the 10,000-year gaseous releases were added to 1,000,000-year aqueous releases

to obtain the nominal-condition releases. This approximation should be reasonable because

most gaseous 14C releases occur within the first 10,000 years (the half-life of 14C is only

5730 years). Note that at 1,000,000 years, the composite-porosity nominal-condition re-

leases are dominated by aqueous releases of 237Np rather than by gaseous releases of 14C.

We close this section by presenting the total system CCDFs for all four analysis cases

at 10,000 years in Figures 18-11 and 18-12. The corresponding TSPA-1991 curves are also

shown. Figure 18-11 shows very little variation among the four analysis cases for 10,000-

year composite-porosity releases. The releases are also very similar to those calculated for

TSPA-1991. Figure 18-12, for 10,000-year weeps releases, shows some dependence on

repository configuration. For both weeps nominal releases and human-intrusion releases,

the calculated releases are higher for the in-drift cases; thus, the same is true for their
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Figure 18-11. CCDFs of normalized cumulative release over 10,000 years. Composite-
porosity model used for UZ flow and transport.
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combination. The TSPA-1991 curve is rather different from any of the TSPA-1993 curves,

but the probability of higher releases is comparable to that shown by the new curves.

18.4 Conclusions from the TSPA-93 study
Gaseous releases are still the dominant component for nominal-condition composite-

porosity releases over 10,000 years. However, in 1,000,000 years there can be significant

releases from both gas and groundwater transport. Over 1,000,000 years, releases and

doses are less dependent on tile transport barriers provided by the geologic isolation of the

repository than they are on water-flow patterns through Yucca Mountain contacting the

source and on the release rate of radionuclides from the source.

Human-intrusion activities are not a major contributor to overall releases. Until a

better evaluation of future human activities can be made, these results should only be used

as relative indicators of repository design issues. Aqueous releases from interaction be-

tween the waste and a magmatic intrusion are also not significant. When the probability of

occurrence is considered, the contribution to total-system performance is even less impor-

tant.

Waste-package failure is dependent on the combination of temperature and water con-

tact. Based on the parameters used in the corrosion model, little differentiation can be

made between the waste-package designs, from the standpoint of corrosion resistance.

From the standpoint of the weeps aqueous-flow and human-intrusion performance, the

larger in-drift waste packages provide a larger "target area" for the respective interactions

(weeps or drilling impinging on the waste package).

The different effects of the alternative thermal-loading configurations were controlled

by the simplifications and limiting assumptions. The combination of thermal effects and

water contact dominated, and the result is that responses were largely the same for both

thermal loadings, and differed only by the timing of their occurrence. The performance ef-

fects of alternative thermal loadings may not be significant.

Inclusion of the results of a detailed 3-d model of the saturated zone near Yucca

Mountain represents a distinct improvement over prior TSPA analyses. The structure of

the breakthrough curves and the structure of the contaminant plumes, which vary

markedly with depth below the water table, imply that 3-D analyses give a much different

picture of flow (and transport) than would have been anticipated from past 2-D models.

Interpretation of the results of TSPA-93 must recognize some of the limitations:

• Excluding the barrier effects of the cladding from the source term may be overly conser-

vative; further, inclusion of the properties of cladding might discriminate among some of

the thermal profiles used in the analyses.
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• The geochemical conditions inside a waste package were not explicitly modeled; far-field

geochemical values were used because of the lack of more applicable numbers.

• Diffusive releases from the waste package were not included in the YMIM model; for

many near-field environmental conditions, this process may be important.

• Abstractions of the hydrothermal models may have prevented us from testing some im-

portant issues, such as potential improvements to repository performance that may be

gained by relying on repository heat release to produce an extensive and long-lived dry-

out zone surrounding the repository.

• Some waste-alteration mechanisms from volcanic processes were not included in the
source term.

• In view of the uncertainties in the calculations, the releases should not be used as dis-

criminators among the thermal/emplacement alternatives.

This iteration of the Yucca Mountain TSPA has produced a number of enhancements

of capabilities and models over TSPA-91:

• A mechanistic model to approximate waste-package degradation has been included.

Results are sensitive to the parameters of the model.

• Approximations for coupled thermal-hydrologic processes have been included. Both

aqueous and gaseous transport models include these coupled processes.

• A systematic database of stratigraphic and hydrologic rock properties has been estab-

lished; geostatistical realizations of one-dimensional stratigraphic rock-column represen-

tations are now available for use in analyses.

• Climate-change effects have been added to the flow and transport models.

• Drinking-water doses are now estimated.

• The saturated zone is abstracted from three-dimensional models.

• The radionuclide inventory reflects current assumptions regarding fuel burnup and de-

cay, and waste-receipt schedule; both spent-fuel and high-level waste have been included

in the inventory.
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Chapter 19
Recommendations

The need for additional data should be obvious from the preceding chapters. What is

not necessarily obvious is which data are most importantmwhat priorities should be given

to data collection. In this chapter we discuss recommendations for data gatherers, experi-

menters, and repository designers. We also present some observations concerning impacts

of possible regulation changes on performance assessment. In the next chapter we discuss

recommendations for future work on total-system performance assessment (including the

detailed modeling that feeds into it). The recommendations are based on our release results

and sensitivity studies; it is important to keep in mind that the results are preliminary.

Some of the recommendations are contingent upon which of our UZ flow models is used

or upon the nature of expected regulation changes (see Public Law 102-486, 1992); those

contingencies will be noted.

An initial comment on the site-characterization program is that, if the radioactive-

release standard changes to a standard based on individual dose rates over a time pe-

riod much longer than 10,000 years, significant changes in the priorities of the site-

characterization program may be needed. With releases regulated by 40 CFR Part 191

(EPA, 1985), the emphasis of the program has been on the natural barriers. Radionuclide

transport times greater than 10,000 years would enable the site to meet 40 CFR Pa:t 191.

With a regulation based on peak individual dose rates, there would have to be more emphasis

on radionuclide release rates. This does not mean that the natural barriers are unimpor-

tant, but they are important in different ways. Peak dose rates are basically affected by

two things--the source release rate and the amount of dilution aider release. The amount

of dilution is a property of the natural system that would have to be characterized, and the

natural system has important interactions with the engineered system to produce the ra-

dionuclide release rates. For example, the amount of water available for' container corrosion

and releases, the distribution of water among the containers, and the geochemistry of the

near field are all crucial to prediction of release rates. Radionuclide transport time is not

particularly important to a calculation of peak dose rate unless the transport time is greater

than the radionuclide half-life (two million years for 237Np). If the standard is changed to

an individual-dose standard but the regulated time period remains at 10,000 years, there

would be less impact on the site-characterization needs.
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19.1 Site data

Our recommendations regarding site-data needs come from our nominal-condition re-

sults (Chapters 14 and 15). The human-intrusion results (Chapter 16) are largely site-

independent and the volcanism results (Chapter 17) appear to be insignificant compared to

the others.

An important caveat in identifying parameters of importance is that the sensitivity

analyses we have performed are not comprehensive. Nonlinear systems can behave in com-

plicated, unexpected ways, and our sampling (300 or 1000 samples distributed throughout

the parameter space) could be too coarse to discover some types of behavior. Also, important

behaviors could be left out of our models. A simple example is the separate investigation of

the composite-porosity and weeps models. It is entirely possible that the Yucca Mountain

flow system could behave like the composite-porosity model under some conditions (perhaps

low infiltration) and like the weeps model under other conditions (perhaps high infiltration).

If this were the case, then the system parameters that control the switching between the

two flow regimes would be vitally important but we would not know that from our analysis.

Thus, it is important to gather data that could shed light on flow regimes at Yucca Mountain

(past and present), in addition to measuring parameter values for input into existing models.

The most important feature of our nominal-condition results is the substantial differ-

ence between the results of the two flow models, composite-porosity and weeps. Thus, we be-

lieve that the number one priority is to determine the model that best describes unsaturated-

zone flow at Yucca Mountain.

• Look for evidence of weeps (flowing fractures) at present and in the past.

• If weeps or paleoweeps are found, characterize their size (amount of water carried),

connectivity, orientation, and frequency and duration of flow. Isotopic dating of fracture

coatings and fillings would be very useful.

The largest 10,000-year releases in our calculations continue to be (as in TSPA-91)

gaseous releases of 14C for the composite-porosity model. Thus, with 40 CFR Part 191 as

the controlling regulation, it is important to characterize gas flow and 14C retardation better.

• Characterize gas flow and 14C retardation. More data are needed on the spatial distri-

bution of bulk permeability throughout Yucca Mountain, and on adsorption of carbon

dioxide to tuff. Rock layers with high moisture saturation should be investigated to

determine whether or not they block gas flow. Pore-gas-composition data are needed to

evaluate the degree of connectivity of the Topopah Spring welded unit with the atmo-

sphere. These recommendations are contingent upon the governing regulations. With

19-2



40 CFR Part 191 or a regulation based on population doses, 14C releases are impor-

tant; with a regulation based only on individual dose rates, 14C releases would not be

important. It should also be noted that improvements in EBS modeling, or additional

engineered features to retain 14C, could reduce the importance of 14C transport time.

• The usefulness of bulk-permeability measurements goes beyond their application to

14C transport time. Bulk permeability is useful in characterizing the fractures for

water flow, and it is potentially an important parameter to thermal modeling if advec-

tive heat transfer is significant (Ross et al., 1993; see also Chapter 24 of this report).

In addition to on-site measurements of large-scale gas permeability (for example, by

measurements of barometric-pressure fluctuation), pump tests at wells where Yucca

Mountain's unsaturated-zone units are in the saturated zone would be useful in estab-

lishing large-scale fracture permeability.

The most important quantity for composite-porosity-model aqueous releases is the per-

colation flux. Thus, we put it high on our priority list.

• Characterize percolation flux, both now and in the future. Characterization of future

climates is important, but the quantities usually studied--precipitation and surface

temperature--are only of interest to us insofar as they affect percolation. Variations

in water-table height caused by climate changes are also important. These recommen-

dations are most important if the composite-porosity model is correct. In the weeps

model and the composite-porosity gaseous-release model, percolation flux is important,

but less so.

The other quantity identified as high-priority is the amount of dilution in the saturated

zone.

• Characterize saturated-zone flow, and especially its dilution capability (horizontal and

vertical dispersion). This item is very important for calculations of individual dose

rate. For calculations of cumulative release, as in 40 CFR 191.13, or for calculations

of total population dose, saturated-zone characterization is less important.

• Two alternative models of the saturated zone were developed for this TSPA (see Chap-

ter 11). Calibration required introduction of reduced permeability for Solitario Canyon

fault and Drill Hole Wash fault for both models. The diversionary model required an

estimate of coupling between the tuff and carbonate aquifers as well. None of these

hydraulic properties is known. It is suggested, therefore, that priority be given to

acquisition of these properties.
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• We need to know the effect of climate changes on saturated-zone flow and dilution.

Information on ancient water-table heights and flow can be obtained by isotopic dating

and evidence of geochemical alteration. A systematic search for paleosprings in the

vicinity of Yucca Mountain should be undertaken.

• We need to understand the UZ/SZ coupling. At present it appears likely that recharge

at Yucca Mountain is negligible and the water-table height and flow volume are deter-

mined by processes at a distance rather than by processes local to Yucca Mountain. Is

the same true under wet-climate conditions, or would there be sufficient recharge at

Yucca Mountain to affect the local saturated zone?

Many simplifying assumptions were made for our models and, in many cases, their

effect on the results is unknown. Areas that may be important include

• colloid formation and transport,

• matrix/fracture coupling,

• • multidimensional flow effects, and

• persistence of flow paths through time.

To close out this section, we would like to emphasize the importance of the performance-

assessment data base (see Chapter 7). The data base should be maintained and, as new data

become available, they should be analyzed (not a simple task) and put into a form that is

usable for PA calculations. Some issues related to data completeness and analysis are:

• Additional drillholes (with associated measurement of hydrogeologic properties) are

needed, especially in the western and southern parts of the repository area.

• Research is needed on scaling of properties from the scale of measurement (usually

small core samples) to the scale appropriate for any given computation (typically mesh
blocks with dimensions of tens of meters).

• Additional information is needed on heterogeneity and spatial correlation for geosta-

tistical modeling of properties.

• Additional information is needed on cross-correlations among parameters.

• The rock-matrix saturated hydraulic conductivities reported for drillhole UE25a-1 (An-

derson, 1981) had a significant effect on our distributions of matrix saturated conduc-

tivity, which, in turn, had important effect on our results for percolation and container
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wetting in the composite-porosity model. The UE25a-1 conductivities should be exam-

ined to determine whether they are reasonable values, are unrepresentative of values

within the repository block, or are flawed in some way. In addition, alternative methods

for averaging the data (e.g., harmonic averaging) should be investigated to determine

whether outlying data are dominating the derived distributions unrealistically.

• Assumptions about backfill are important to our results, especially for the in-drift cases.

Thermal and hydrologic properties of crushed-tuff rubble (and any other proposed back-

fill material) should be characterized.

• Research is needed on hydraulic characterization of unsaturated fractures. For this

TSPA, we used a simple model based on bulk permeability, fracture frequency, and

fracture orientation. Additional data are needed on these quantities, but we also need

to know the appropriate model for fracture saturation, desaturation, and conductivity.

• Research is also needed on hydraulic characterization of the rock matrix. Is the van

Genuchten/Mualem model that we are currently using a good choice, or would another

model (such as a gamma-function model) be better?

• Characterization of fault-zone hydrogeologic properties is needed.

19.2 Waste-package data and near-field processes
Container wetting and corrosion and releases from waste packages are very important

to the aqueous- and gaseous-release results (and the near-miss human-intrusion results).

Many of the near-field processes are poorly understood and require testing so that we can

improve our models and parameter values.

Near-field interactions involve complex coupled processes. To develop reliable models

of such processes and the parameters that would go into the models, integrated testing is

needed in the following areas:

• waste-package water contact including host rock, backfill, and heated container mate-

rial under both saturated and unsaturated conditions;

• radionuclide transport out of a degraded container, through backfill, and into host rock;

• near-field coupled thermal-mechanical-hydrologic-chemical processes, including

-- formation and shedding of condensation caps,

- penetration of water into a "boiling" zone,
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- thermal, mechanical, and chemical alteration of flow properties, and

- rewetting after the thermal period; and

• interaction of"man-made" materials (especially grout, concrete, and steel) with natural

and engineered system components.

Heater tests should be performed under wetter conditions representative of possible future

climates (e.g., at Rainier Mesa) in addition to tests at Yucca Mountain itself.

A better understanding of container corrosion and waste-form alteration is needed. We

recommend further work in the following areas.

• Study container corrosion under realistic conditions. Temperature dependence and

the transition from non-aqueous (including steam) to aqueous processes need to be

understood better.

• Study the possible reduction of corrosion by galvanic effects.

• Study waste-package internal chemistry. In particular, determine solubilities and fuel-

alteration rates under realistic conditions.

• Study cladding degradation, particularly temperature-dependent processes.

19.3 Repo3itory and waste-package design

Recommendations for repository and waste-package design come from our human-

intrusion results in addition to the nominal-condition results. It is important to note that

there is no substantive difference in our results for the four repository cases studied; how-

ever, all four cases are highly idealized. There is up to an order of magnitude difference in

the results, but in comparison with 40 CFR 191.13, either all four cases are below the EPA

limits or all four cases exceed the EPA limits, deper.ding on the release mechanism. The

calculated peak dose rates are all relatively high.

• The SCP thermal goals should be re-examined to determine if they should be kept.

(Note that three of the four analysis cases considered exceed one or more of the thermal

goals.)

• The biggest difference in the performance measures for the repository cases is a result

of the difference in container "target size." Vertical container emplacement presents '

a smaller target for drilling or for vertical flowing fractures. Therefore, our results

suggest that vertical emplacement is preferable.
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• According to the models we used, there is no significant increase in container lifetime

provided by a 10-cm mild-steel outer container. However, the temperature dependence

of the corrosion processes is not well known and should be reviewed. Also, the possi-

bility of cathodic protection resulting from two walls of different metals has not been
examined.

• If possible, the repository system should be designed so that containers fail over a long

period of time, rather than all tending to fail near the same time. The assumptions

made for this study lead to predictions of large numbers of containers failing over a

relatively short period of time when temperatures fall below 100°C.

• Container emplacement should be designed to reduce moisture contact with contain-

ers--for example, by borehole emplacement. For in-drift emplacement, backfill could

possibly be engineered to control water contact.

• Projected internal waste-package temperatures should not be so high as to cause the

fuel-rod claddings to rupture. Even if we are not certain that the cladding will contain

radionuclides, it makes sense to promote its effectiveness. In our calculations, the ther-

mal insulation of the backfill causes a severe rise in waste-package temperatures for

the in-drift cases. Could the backfill be engineered to increase its thermal conductivity

(without unacceptable alteration of the near-field geochemistry)?

• If possible, the waste packages should be designed to maintain long-term local reducing

conditions (not for just a few hundred or thousand years).

19.4 Regulation

Based on our results and our experience in performance assessment, we have the fol-

lowing comments regarding impacts that regulatory changes could have on performance

assessment for radioactive-waste disposal.

• Calculations of radiation dose require more information than calculations of cumulative

release to the accessible environment. (1) For the latter, it is possible to neglect (i.e.,

not take credit for) the saturated zone, but for dose calculations saturated,zone flow

must be well characterized. (2) Depending on how a dose standard is written, char-

acterization of a much larger region may be needed. For 40 CFR Part 191, detailed

characterization is only needed for the "controlled area" (though for many purposes

a larger surrounding region must be considered). (3) Dose calculations may require

additional characterization of the biosphere in the vicinity of Yucca Mountain (and

biosphere characterization introduces additional uncertainty into the calculations).
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• The calculated peak dose rates for Yucca Mountain are high because of relatively little

dilution, but at the same time there is relatively low probability of someone being

exposed to those high doses because of the aridity. The whole issue of individual vs.

population doses enters at this point. Peak individual dose rates may be high while

population doses are low. (Keep in mind, though, that the dose calculations are very

preliminary, and the high individual doses calculated in this study could decrease

upon further examination.) A reasonable approach might be a dual standard, having

relatively high limits on individual dose rates coupled with limits on total population

dose (or some surrogate, such as the EPA sum) to ensure that the population as a whole

is protected.

• There are good reasons to consider time periods longer than 10,000 years in building

a safety case since (1) a large portion of the first 10,000 years is dominated by tran-

sient thermal conditions not representative of"normal" conditions, and (2) the greatest

environmental effects are often predicted to occur at times greater than 10,000 years.

However, there is a tremendous increase in uncertainty as the time period increases,

suggesting that quantitative calculations beyond 10,000 years should only be used as

indicators of long-term performance, not as compliance measures. Also, a much greater

effort is required to simulate longer time periods. Additional characterization work is

required and, for this study, using a one-million-year period rather than a 10,000-

year period increased the amount of computer time required for the composite-porosity

calculations by a factor of four to five.

• Several processes with significant impact on repository performance will always be

uncertain, and this fact should be reflected in the regulations. Specifically, future

climates and percolation rates will always be uncertain. The time of container failures

and the accompanying release pulses will always be uncertain, even if designed to fail

at a given time. Chance simultaneous failure of a number of containers can produce a

temporary spike in the release rate that results in high dose rates.

• Regulations should be written in a way that does not require predictions of future

human behavior or technology, since humans are unpredictable. Where information

about humans is necessary (such as population density or drilling rate, for example),

the information, or a method for determining it, should be specified in the regulation.
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Chapter 20
Future TSPA Work

Much work remains to be done on total-system performance assessment for Yucca

Mountain. Many potentially important features, processes, and events have yet to be in-

cluded in our models, and many model simplifications have not yet been evaluated to deter-

mine whether they cause us to underestimate releases.

_n Chapter 11 of the TSPA-91 report, we discussed some of the limitations of that study

and listed several areas where we wanted to improve our models and data. For TSPA-93,

we made improvements in some areas, but many of the issues listed in Chapter 11 are still

valid and are discussed either in this chapter or the previous one,

Following is a list of areas where more TSPA work is needed. We list improvements

that need to be made to our computer models and simplifications that need to be reconsidered.

Items related to data or design are listed in Chapter 19; here the discussion is limited to

models. (The distinction is between work that the performance-assessment group would do

vs. work that site-characterization or design groups would do.) We do not restrict the list to

discussion of "total-system" simplified models, but also discuss the detailed modeling work

that feeds into TSPA. The list is not exhaustive, but it does contain the areas that we think

are most important and areas that we think should be worked on next.

20.1 General

• We need to work toward an exhaustive set of scenarios and eventually perform the

calculations within one of the formal methods discussed in Chapter 8 of the TSPA-91

report. One potentially important scenario category that has not yet been considered

at all is seismic events (tectonism).

• We should maintain an ongoing effort to validate the abstractions used in the TSP:A.

• Parameter distributions and models should be updated as new information becomes
available.

• We need to include other exposure pathways in our dose calculations. In particular,

doses should be evaluated for human-intrusion scenarios.

• The effects of disturbing conditions such as volcanism, tectonism, and human intrusion

on nominal-flow conditions should be investigated.
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• Further study of the effects of heterogeneity is needed in all areas---effects on thermal

modeling, source-term modeling, flow modeling, and transport modeling.

20.2 Thermal modeling

• The effect of different waste-stream, repository-layout, and emplacement assumptions

on temperature and dryout should be investigated.

• The effect of different backfill assumptions should be investigated.

• A more consistent approach to predicting fuel-rod temperature is needed.

• A method of including uncertainty in the hydrothermal parameters is needed. (In this

TSPA, temperature, dryout fraction, and dryout volume were treated deterministically.)

• Additional detailed modeling and improved abstaction are needed for hydrothermal

effects:

- What is the effect of thermal-mechanical-hydrologic-chemical couplings?

- How does water penetrate into a "boiling" zone, and how far can it penetrate?

(How large must the "dryout" region around a container be for the container to be

"protected"?)

- What is the relationship between the location of the boiling isotherm and the loca-

tion of the dryout zone? In the "extended dry" concept, rewetting lags considerably

behind cooling; in this study, we assumed no lag.

20.3 Source term

• We must develop models for the coupled thermal, mechanical, hydrologic, and chemical

processes in the near field so that we can evaluate their effect on EBS releases and

near-field flow and transport.

• Detailed modeling of near-field water flow and container wetting should be done.

• The use of phenomenological corrosion models in this study is a big improvement over

past work, but additional improvements are needed:

- a model for steam corrosion,

- improved modeling of the transition from non-aqueous to aqueous processes,

- models for interaction of water with a hot waste package, and

-- inclusion of galvanic effects.
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In addition, the current corrosion models and input parameters should be reviewed for

appropriateness, particularly the temperature dependence.

• The evolution of container condition after initial failure should be investigated. The

waste container could be a barrier to transport of radionuclides out of a waste package

and a barrier to transport of water into a waste package. A simple way to include some

of the effects of the container would be to include transport through a layer of iron oxide

in the source model (iron oxides sorb most radionuclides strongly--see Section 9.3.1--so

such a layer could provide considerable retardation).

• Models for cladding degradation should be improved, particularly temperature-depen-

dent processes. Reduction of releases by inclusion of cladding should be studied.

• Modeling of fuel alteration sbould be improved, especially the temperature dependence.

• Additional chemical effects should be included in the source models (e.g., effect of chlo-

rine concentration on corrosion).

• Additional source submodels are needed for those nuclides that are present in the

cladding and the fuel-assembly hardware. A source submodel for releases from glass

waste is needed.

• A more complete radionuclide-behavior module should be incorporated into YMIM to

account for decay chains properly.

• A model for diffusive releases should be incorporated into YMIM.

20.4 Aqueous flow and transport
• Additional study of climate change and its effects on percolation flux is needed.

• Hydrothermal effects should be incorporated into the flow and transport calculations

in a consistent manner. In this study, hydrothermal effects are assumed to increase

the water flux seen by waste containers in the source model, but the water flow in

the composite-porosity model is not adjusted to include that extra flux. (In the weeps

model, since transport time through the unsaturated zone is taken to be zero, the only

possible effect of the extra flux would be on saturated-zone flow.)

• The effects of colloids--especially of plutonium and americium--must be studied. This

requires a source model for formation of colloids and a model for transport of colloids.

Because of the large inventory of these elements, even a small fraction that could be

transported rapidly because of colloid formation could be important.
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• Additional methods of parameter scaling should be studied.

• It may be useful to in-estigate methods for modeling radionuclide transport in addition

to the use of lid values.

• The effects on system performance of altered initial conditions due to repository con-

struction and operation should be considered (for example, the effects of changes in

saturation because of underground water usage or ventilation).

• Additional work should be done on incorporating cross-correlations into the TSA sim-

ulations. The sensitivity of the results to cross-correlations has yet to be evaluated.

• The geostatistical modeling of stratigraphy should be refined. Areas for improvement

include using outcrop information to condition the simulations and addition ofa zeolitic-

material indicator. Geostatistical modeling of other properties should be investigated

as well.

• Composite-porosity aqueous releases should be simulated using additional geostatisti-

cal realizations of the stratigraphy. Comparison of the results for several geostatistical

realizations would give a first estimate of the amount of uncertainty in releases because

of uncertainty in the stratigraphy.

• The effect of varying properties for the unsaturated-zone columns (for example, using

different fracture properties in the column(s) representing the Ghost Dance fault or

applying different amounts of percolation in different columns, depending on their

topographic characterization) should be explored.

• The feasibility of incorporating multidimensional effects into composite-porosity TSA

simulations should be investigated, perhaps using the method outlined in Section

23.2.1.

• The effect of fracture orientation on the probability of water contact with a container

should be considered in the weeps model.

• Also in the weeps model, the possibility of aqueous corrosion and failure of containers

not contacted by weeps should be considered.

• It may be worthwhile to investigate the performance consequences of combining the

composite-porosity and weeps models in various ways. A combination could possibly

have higher releases than either one does separately.
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• Additional study of the saturated-zone models presented in Chapter 11 of this report

is needed, and additional calibrated models should be developed to try to quantify

the amount of uncertainty in effective saturated-zone velocity. The detailed three-

dimensional models should also be used to study saturated-zone dilution and effects of

climate change on saturated-zone flow (for example, higher water table).

• Effects of matrix/fracture coupling in the saturated zone must be investigated. If flow

in the tuff aquifer is primarily in a few fracture zones, there may not be time for the

matrix and fracture concentrations to equilibrate before the accessible environment is

reached. Matrix/fracture coupling in unsaturated-zone flow should also be studied, but

the weeps model is at least an attempt at exploring this issue.

• Methods for better integration of unsaturated-zone transport and saturated-zone trans-

port in the aqueous-release simulations should be investigated.

• Effects on saturated-zone flow due to seismic, tectonic, and volcanic activity should be

investigated. The direction and magnitude of regional groundwater flow could change

significantly because of such events. These events are likely to be of low probability,

but the probability has not been quantified.

20.5 Gaseous flow and transport
• The aqueous- and gaseous-release calculations should be linked by running them with

equal values of common parameters, to avoid the inaccuracy of combining the releases

without the proper dependencies.

• Additional detailed calculations are needed to determine the variation of 14C transport

time with variations in permeability of the different layers. In addition to variations

in intrinsic permeability, gas permeability could be affected significantly by variations

in saturation--a nearly saturated layer could impede gas flow, for example.

• It would be useful to have 14C transport-time distributions for 114 kW/acre (and per-

haps other thermal loads) in addition to 57 kW/acre.

• Incorporation of barometric-pumping effects (see Chapters 21 and 22) into the TSA

simulations should be investigated.

20.6 Human intrusion

• Further effort should be made to determine the likelihood that commercially attractive

natural resources are present at the site. The presence of attractive natural resources

would imply that 'extensive drilling might occur. Since releases are strongly influenced
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by the number of holes drilled, resource exploration could increase the likelihood of

releases. On the other hand, if no attractive resources are present, the probability

that drilling might occur should decrease, thus reducing the importance of human

intrusion. As shown in Chapter 16, predicted 10,000-yr releases are well below the

EPA limits in 40 CFR 191.13 if the EPA's drilling-frequency guidance is followed, so

drilling frequency is only important if it is greater than the 3 boreholes per km 2 per

10,000 yr assumed by the EPA.

• It would be desirable to couple the near-miss part of the human-intrusion calcula-

tions with the nominal-release calculations, especially for long time periods (drilling

releases from contaminated rock near degraded waste packages make a bigger relative

contribution over 10 6 years than over 104 years).

• Drilling scenarios in which waste is introduced directly into the saturated zone should

be reconsidered. Their consequences may be more important in terms of dose than in

terms of cumulative release.

20.7 Basaltic volcanism

• The processes by which waste can be entrained by flowing magma should be investi-

gated; these processes include sidewall erosion and thermal and mechanical stresses

produced on waste containers by a propagating dike. Ranges of waste-particle sizes

that can be transported in magma need to be determined.

• The kinetics of dissolution of UO2, Zircaloy, and structural materials (e.g., stainless

steel) in magma should be investigated.

• The interaction of dikes with openings and stress-altered regions of the repository

should be investigated.

• Other scenarios, such as encapsulation of waste packages by magma, and the subse-

quent production of volatiles from the waste and dissemination of contaminants into

the host rock, should be investigated.
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Chapters 21 thx'ough 24 discuss additional detailed modeling that was done as part of

TSPA-93, but that was not incorporated directly into the system study. Some of this work

supports the system study (for example, the discussion in Chapter 23 of the validity of one-

dimensional modeling), but the work is primarily exploratory. It is part of the process, dis-

cussed in Chapter 3, of determining the important features, events, and processes. FEPs

found to be significant will be incorporated into future system studies.

Chapter 21 contains a discussion of barometric pumping as a mechanism to facilitate

transport of gaseous radionuclides to the surface. Chapter 22 contains a discussion of

barometric pumping as a mechanism to transport moisture out of the mountain. Chapter

23 contains a discussion of the validity of representing two-dimensional unsaturated

groundwater flow by one-dimensional calculations under several conditions. Chapter 24

contains a discussion of hydrothermal calculations exploring the effects of fracture conduc-

tivity on predicted dryout caused by repository-generated heat.



Chapter 21
Barometric Pumping of Contaminated Gases Through

Unsaturated Fractured Rock
(Nilson, Martinez)

Barometric pressure variations cause oscillatory gas motions in permeable rock

formations. During falling barometric pressure, gas_s are drawn out of the ground,

whereas rising barometric pressure forces atmospheric air into the formation. The

associated subsurface pressure variations have been monitored at a number of sites, with

the data used to infer the pneumatic diffusivity and permeability of the intervening

medium (Snoeberger et al., 1974; Weeks, 1978 and 1987; Burkhard et al., 1987). Such

measurements have indicated that the bulk permeability of the volcanic rocks at the

proposed Yucca Mountain Repository is as great as 10-100 darcies even though the

permeability of core samples is no greater than 10-6-10 -3 darcies. This disparity between

large- and small-scale permeability suggests that fractures are responsible for nearly all of

the large-scale permeability.

The presence of fractures greatly increases the amplitude of gas motions driven by

barometric pressure variations. This is because fractures serve as the breathing passages

for all of the subsurface air volume which, in general, exceeds the fracture volume by one or

two orders of magnitude. Thus, even though a barometric pressure decrease is typically no

greater than 10-20 millibars (i.e., 1-2%), the associated volumetric expansion of all the

subsurface gases is sufficient to sweep upward a large fraction of the gas residing within

the fractures. Accordingly, parcels of gas within a fracture may be displaced a significant

fraction of the formation depth during a single barometric cycle lasting only 1-5 days.

These gas displacements carry with them contaminant species in the manner depicted

schematically in Figure 21-1.

Successive cycles of barometric pumping will have a cumulative effect when fractures

or preferential pathways are present. During an upstroke of motion, some of the

contaminant which travels rapidly up a fracture will diffuse into the surrounding porous

matrix and remain there, at a relatively high elevation, throughout the next downstroke of

motion. Reverse diffusion of this contaminant from the wall back into the fracture will then

occur during the next upstroke, and the vertical flow will carry it higher. In essence the

porous walls of the formation provide a temporary storage location where contaminants can

reside between successive cycles of upward motion.
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Figure 21-1. Schematic of barometric pumping in a fractured permeable
medium. Cyclical changes in barometric pressure induce
oscillatory gas flow along fractures. The fracture spacing, B, is
actually small compared to breadth of repository, and the
fracture aperture, w, is small compared to the fracture spacing.

Contaminated gases may be transported through hundreds of meters of fractured

rock in a few months time as a result of this barometric pumping process (Nilson et al.,

1991). Such rapid transport has been experimentally observed at the Nevada Test Site in

volcanic rock formations which are similar to those at Yucca Mountain (Nilson et al., 1992).

Thus, there is reason to believe that the same processes will be operative at Yucca

Mountain.

A quantitative assessment of the barometric pumping process will contribute in three

ways to the analysis of Yucca Mountain Repository.

• Subsurface pressure measurements provide a passive means of learning the

large-scale permeability which is of critical importance in predicting the

probable consequences of any transport process, barometrically driven or

otherwise. Such measurements are currently being conducted by the U.S.

Geological Survey.

• Barometric pressure variations may be important in the transport of hazardo'_ls

gases released from the repository. The remainder of this chapter will provide
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estimates of the rate of release of contaminated gases to the atmosphere in the

absence of repository-induced thermal effects. These results can then be

compared with those obtained for other transport processes (e.g., Ross et al.,

1992) to determine which considerations are likely to dominate during different

periods of the repository life.

• Barometric transport of water vapor will influence the overall water balance of

the mountain. This is important because a net downflow of moisture could carry

radionuclides from the repository down to the water table. In the next chapter

we will estimate the vertical flux of moisture which results from barometric

pumping. Those results are intended to provide guidance in assessing the

current state of the mountain and in judging the relative importance of the

various physical processes which may influence the repository performance.

All of these issues are directly relevant to estimating the probable rate of release of

radioactive materials from the repository to the surrounding environment.

21.1 Repository geometry and rock properUes

A schematic diagram of Yucca Mountain is shown in Figure 21-2 (Ross et al., 1992).

The proposed repository depth is roughly 400 m which places it about 200 m above the

static water level. Although the stratigraphy includes a number of distinct subunits, it is

reasonable for present purposes to only distinguish between the three major units shown in

Figure 21-2. Moreover, there is considerable similarity between the upper Tiva Canyon

unit and the lower Topopah Spring unit. Both are welded tufts which are heavily fractured

and thought to have a bulk permeability on the order of 10-100 darcies (Montazer et al.,

1986; Ross et al., 1992).

By contrast, the intervening Nonwelded Paintbrush unit is more sparsely fractured

and is believed to have a permeability of 0.01-1.0 darcy (Montazer et al., 1986). Subsurface

measurements of barometric pressure response reported by Montazer et al. (1986) clearly

indicate the ability of this unit to impede the vertical flow of gas. However, the available

measurements are too sparse to rule out the possibility of much greater vertical

permeability in other locations, particularly since borehole measurements may not provide

a reliable indication of the large-scale vertical permeability associated with vertical

fractures. Also, the nonwelded unit is only -30 m thick, suggesting that it may be a

somewhat tenuous barrier when viewed in a geologic framework.
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Figure 21-2. Schematic of proposed Yucca Mountain repository. Repository
may breathe vertically through the paintbrush or horizontally
through the Solitario Canyon outcrop.

Even if the nonwelded barrier near the mountain's top was entirely impermeable,

the deeper layers may still breathe horizontally through the Solitario Canyon outcrop

shown in Figure 21-2. Under this scenario of a nearly impermeable caprock, the

barometrically driven gas flow within the repository region would be nearly horizontal. The

streamlines would converge as the flow approached the outcrop owing to a reduction in the

cross-sectional flow area by roughly 50%.

Thus, two alternative scenarios are of interest. Vertical breathing should dominate if

the Nonwelded Paintbrush has a large enough permeability ( >1 darcy ). Otherwise, the

primary flow direction will probably be horizontal. Since gravity plays no role in

barometric transport, either situation can be approximated by a model which assumes that

the breathing process is basically one dimensional in either the vertical or horizontal

direction. The features of such a model are described immediately below.

21.2 Conceptual model
Our analysis is based on the dual-porosity, dual-permeability model shown earlier in

Figure 21-1. Since the bulk permeability of the formation exceeds the matrix permeability

by a few orders of magnitude, it is clear that fractures are the dominant pathways of the

long range flow from the interior of the mountain to the surface. However, most (>90%) of

the air-filled porosity resides within the matrix blocks, so the matrix will supply most of the

gas which breathes in and out of the mountain. Moreover, it is the matrix permeability

which controls the flow of that gas from the matrix blocks into the fractures. Thus, all of

these features must be taken into account.
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The simplest conceptual model which includes these basic features is that of identical,

equally spaced fractures which separate slabs of matrix material having uniform

permeability and porosity. Under this idealization, it is sufficient to focus attention upon a

single representative fracture and the matrix material immediately adjacent to it. Flow

and transport occur one-dimensionally (here, either vertically or horizontally) along the

fractures and one-dimensionally in and out of the matrix material. We neglect the flow

which moves through the matrix parallel to the fractures since the associated mass flow is

smaller by the ratio of matrix permeability to bulk formation permeability (<10"5).

Although the formation is --70% saturated, water should have little influence on the

bulk air flow in the formation except for the associated reduction of the gas-filled porosity

and gas permeability of the matrix, here denoted as km and _m. Further, since the matrix

isonlypartlysaturated,thefracturesareexpectedtobe relativelydry,exceptduringshort

periodsafterheavyrains.Thus,we willignorethepresenceofwaterincalculatingtheair i

flowand contaminanttransportinducedby barometricpumping. Moisturetransportwill

beaddressedinthenextchapter.

21.3 Governing equations
The gasflowalonga fractureisgovernedbythefollowingone-dimensionalstatement

ofmass conservation

__ 2°aPs+ p, qo)=---F,_ (21.1)Ot w

in which t is time and y is a position coordinate measured upward along the fracture, pg

and qo are the density and longitudinal velocity averaged over the cross-sectional area of

the fracture, Fa, is the instantaneous mass flux from the fracture to the adjacent porous

matrix, and w is the aperture of the fracture. The longitudinal flow velocity is determined

by the well-known laminar-flow relationship

q" [, 12# ) o_y (21.2)

in which ]z is the gas viscosity and P is the deviation of the gas pressure from the mean

static head, p_gy. No distinction is made between the geometric aperture in Equation
(21.1) and the hydraulic aperture in (21.2). Also, a departure from laminar flow is not

expected at the very modest velocities (<10 cm/sec) which are typically induced by
barometric pumping.
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The trarsport of a trace contaminant species along the fracture is controlled by a

conservation equation which resembles the bulk continuity equation but is written in terms

of the partial density, Pc of the contaminant gas.

_( j°)_ 2
0__+ Pc%+ ---F, - Ap, (21.31Ot w

Here, J, is the diffusive flux of contaminant which depends upon the binary diffusion

coefficient, D0, the bulk density of the gas, Ps, and the gradient of the mass fraction, C, of
contaminant

de

Jc = -pzDo "_ where C = P._c, (21.4)P,

AlthoughEquation(21.3)may generallyincludea radioactivedecayprocess,thateffectwill

be suppressedin the presentcalculations(i.e.A = 0) with the understandingthatthe

resultssoobtainedcan be postprocessedtoincorporatethedecayrateofany radioactive

species.The remainingterm inEquation(21.3)representstheflux,Fc,ofcontaminant

fromthefractureintothewall.Itis controlledby thetransportprocessesoccurringwithin

thematrix.

The governingequationswhich applytothepermeablematrixare similartothe

fractureequationsexceptthatthemass exchangetermsdonotappear:

_t 0 k,,, OP_p,_ +-_x(p,q,,)= 0 where q,,,=
(21.5)

dx#

0
(1+ R)Cp,__t +'_(P'q'" + J,,) =-(1 + R)CJ,,,Zp, (21.6)

°_C ¢_' (21.7)
Jc, = -P, fl Do_" where fl =

Here, x is measured into the matrix, qs, is the gas velocity in that direction, and fl is a

correction factor which accounts for the fact that the diffusive flux Jc_ is reduced because

the porosity _, is less than unity and the tortuosity z is greater than unity. Finally, R is a

retardation factor which accounts for the fact that a contaminant gas may be stored in the

liquid phase (e.g., dissolved C1402) or adsorbed on solid surfaces. Retardation is not

included in the equations for fracture transport because the fractures are dry and their
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surface area is negligible compared to that of the matrix. However, transport along the

fracture will be appropriately retarded by an increase in the exchange fluxes between
fracture and matrix.

The flow rates of mass and contaminant from the fracture into the matrix can be

written either as surface fluxes or as volume integrals of time derivatives.

B/2

fo ,
% =(o,q,,)0 j 0t

0

B/2

;(" )F_.=(p_q,.+J.)o=(1+R)@,. --_---t+_p¢ dx (21.9)
0

These relationships can be readily derived by integration of Equations (21.5) and (21.6)

from the fracture surface, denoted by subscript "0", to the centerplane of the matrix,

x_= B/2, where the fluxes must vanish because of symmetry. The integral form is

advantageous in formulating a numerical scheme which is capable of treating the exchange

terms in an implicit noniterative fashion.

The systems of equations is completed by assuming that the gas is ideal

P=ps_T (21.10)

and that the temperature T is constant. Since the contaminant gas is presumed to be a

trace constituent, the gas constant in Equation (21.10) may be taken as that of air. We will

further require that the pressure, P, and contaminant mass fraction, C, both be continuous

across the fracture/matrix interface. This is equivalent to assuming that, at any elevation,

the variations in these quantities across the fracture are small compared to the variation

across the matrix, which should hold true in the problem of interest.

To facilitate an efficient numerical solution, the continuity equations for the fracture

and matrix are each combined with their respective momentum equations to obtain the

following pair of diffusion equations for the gas pressure.

BI2

0"-7= "_(,1-_p -_) w -_t dx (21.11)
0
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cg'--t-= Ox (/.t@,,, _) (21.12)

These equations determine the pressure and velocity of the gas. In addition, the continuity

equations for gas flow (21.1) and contaminant transport (21.3, 21.4) along the fracture can

be combined to obtain the following equation for the concentration or mass fraction of
contaminant

o,t)o + ,=o

Here we use CI and Cwto respectively denote the concentrations in the fracture and in the

wall at the interface where x = 0. Since these concentrations are presumed identical, it is

only the lateral diffusive flux which can directly alter the concentration in the channel.

Equations (21.6) and (21.7) are combined in a similar fashion to obtain a partial differential

equation for the contaminant concentration in the matrix.

In solving the preceding equations and presenting numelical results, we will use the

symbol C to represent a scaled concentration which has been normalized by the maximum

concentration appearing in the initial/boundary conditions. This rescaling does not alter

the governing equations since the contaminant transport Equations (21.6, 21.7, and 21.13)

are linear in C and the trace amounts of interest have a negligible influence on the total gas

pressure and velocity.

21.4 Numerical procedure
The finite difference procedure described by Nilson and Lie (1990) is used to solve the

foregoing equations. Extreme care was taken in formulation and testing of the method to

ensure that the artificial diffusion in the numerical procedure would be small compared to

the actual transport processes. This is particularly important in the present application

because the net transport produced by many cycles of motion results from a relatively small

difference between the upward and downward fluxes occurring on each of thousands of

cycles of motion.

To guard against numerical diffusion errors, the advective fluxes in the fracture and

the matrix are evaluated using the FRAM filtering remedy and methodology developed by

Chapman (1981). Like the FCT (flux corrected transport) algorithms of Boris and Book

(Rood, 1987), FRAM uses a second-order nondissipative explicit finite-difference scheme in

regions where the concentration profile is smooth, and introduces a minimal amount of
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dissipation only in those regions where the higher-order algorithm would produce

unphysical oscillations.

Since the speed of pressure waves is generally much greater than the particle velocity

of the gas, the pressure equations are solved by a time-centered Crank-Nicholson algorithm

which remains stable and sufficiently accurate even when the time step is large compared

to the time required for pressure waves to traverse a calculational cell. This, together with

an integral evaluation of the transfer terms allows the present calculations to be completed

with a reasonable expenditure of computing resources.

In the simulations reported here, the computational domain includes just one fracture

and one adjacent half-slab of matrix material. This region is covered by rectangular mesh

which usually has 120 cells along the fracture and 40 cells into the matrix for a total of

4800 cells. Exceptions to this gridding will be noted. Typically 150-300 time steps must be

taken for each daily barometric cycle, such that 1-10 million time steps must be executed

for a simulation covering 10-100 years. These runs require 5-50 hours of computing on a

Silicon Graphics Indigo workstation.

21.5 Numerical simulations

Breathing simulations are now presented for a number of examples which are

relevant to Yucca Mountain. In most examples, the medium has uniform properties and a

depth of 600 m. At the onset of each calculation, a contaminant gas is presumed present at

unit concentration within the repository region which is modeled as a porous horizontal

layer 20 m thick at a depth of 400 m. This contaminant gas could represent any trace

species, which might be released from the repository.

The object of each calculation is to predict the rate of release of a representative "puff'

of contaminant to the atmosphere. Since the transport equations are linear in

concentration, this fundamental solution for a "unit" release can be used to predict the time

history of contaminant release to the atmosphere for any prescribed sequence of release

into the repository. Also, since the volume of contaminant species is expected to be very

small (compared to the pore volume of the overburden), it is assumed that the release of the

gas produces no local overpressure or, equivalently, that there is no upward displacement

associated with the initial release into the repository. Thus, the upward transport is solely

a consequence of barometric pressure fluctuations.

To drive the calculations, the barometric pressure is varied sinusoidally at the earth's

surface, causing a vertical oscillatory flow along the fractures. In accordance with the

Yucca Mountain measurements reviewed by Tsang and Pruess (1989), the period and peak-

to-peak amplitude of the pressure variation are taken as 24 hours and 8 millibars,
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respectively. Table 21-1 includes these configuration parameters as well as a set of

material properties which are believed to be representative of the welded tufts which

comprise most of Yucca Mountain. Here we introduce a bulk permeability kb which

represents an area weighted average of the matrix permeability, k,, and the apparent

fracture permeability, k/= w 2 / 12.

w B-w w3

kb = k/_-+ k. _ = 12-'-B" (21.14)

After presenting the results for the "baseline" case of Table 21-1, consideration will be given

to the influence of variable or uncertain parameters such as the bulk permeability and the

fracture spacing of the medium.

Table 21-1. Parameters used in base case calculation of contaminmlt
transport at Yucca Mountain.

Parameter Symbol ValueHill

Formation depth L 600 m

Fracture aperture w 0.783 mm
Fracture spacing B 4 m
Bulk permeability kb 10 D
Matrix permeability to air km 0.1 mD
Air-filled porosity _m 0.04
Binary diffusion coefficient Do 2.10 -5 m2/s
Diffusion strength [_=_m/_ 0.004
Retardation factor R 0.0

Pressure amplitude (mean to peak) AP 4 millibars
Mean pressure Po 800 mbars

Period of pressure oscillation T i 1 day

21.5.1 The baseline case

Concentration profiles for the baseline case are shown in Figure 21-3. The initial

profile has unit amplitude within the repository region from 400-420 m. After 40 years of

barometric pumping, the contaminant has reached about half way to the earth's surface. At

120 years the contaminant has spread all the way across the medium and the pe_k

concentration has fallen to roughly 10% of the initial unit value. By comparison, if all of

the initial contaminant were uniformly distributed across the medium the concentration

would be roughly 3%. The concentration profiles displayed in Figure 21-3 indicate the

conditions along the vertical centerline of the porous slabs. These concentrations vary only
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slowly in time, even though there are daily perturbations of the concentration in the

fractures owing to the daily barometric cycles.

0.20 l initial profile-------

C=1 400<x<420
C=0 elsewhere

0.15 Time(years) jc-

._. 0 _

N 40
80

o_ 0,i0 - 120 I
r- iy_
0
0 /

" 0.05

0.00 _ _ '

0 I00 200 300 400 500 600
Depth (meters)

Figure 21-3. Concentration profiles for typical Yucca Mountain parameters.

The time history of gas exchange and contaminant release to the atmosphere is

presented in Figure 21-4. The uppermost solid line, labeled tz', indicates the rate of

exchange of gas between the porous formation and the atmosphere_ It is calculated by

integrating the outflow velocity from a typical fracture over the most recent barometric

cycle of period T, thereafter normalizing by the total gas volume within the corresponding

unit cell (V o = L(w + _),,,B)) and, finally, multiplying by the number N of barometric cycles

occurring over 1 year.

t

I/" = fractional outflow of gas per year Nw f ,0) dt= V---_ max(qsY (21.15)
t-T

The calculated value of V'= 0.3 in Figure 21-4 indicates that the volume of gas which

breathes out to the atmosphere and back into the medium over a year's time is 30% of the

gas-filled pore volume. The constancy of V°indicates that each cycle has essentially the

same gas flow, since the trace gas has a negligible influence on the bulk density and

velocity of the gas. Note that the above integration only includes the incremental outflows

of gas (qo > 0) which occur when the barometer is falling. Since equal amounts of gas are
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inhaled during periods of rising barometer, there is actually no net exchange of gas between

the medium and the atmosphere over any sequence of complete barometric cycles. Even so,

the magnitude of the oscillatory gas flow is important because it serves as the carrier of a

net outward flux of contaminant.

101
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I00 12.

i0-I
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.o i0-3
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__ I0-4

I0-5

i0 -6 , J I
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Time (years)

Figure 21-4. Normalized outflows for typical Yucca Mountain parameters.

The rate of contaminant release to the atmosphere is also presented in Figure 21-4.

It is calculated by integration of the instantaneous advective outflow at the earth's surface,

Cpgqgy, over the most recent barometric cycle.

r

h_I° = fractional outflow of contaminant per year = N..._wwf C pgqsydt (21.16)
M0 J

t-T

In analogy with the earlier normalization of volumetric outflow, N is the number of cycles

per year and M o = CoPsoSL,(w + ¢_mB)is the amount of contaminant initially present in the

repository layer having thickness SL, = 20m and initial concentration of unity.

Unlike the bulk flow of gas which produces no net flux over a full cycle, there is a net

flux of contaminant into the atmosphere. During periods of rising barometer, qsy < 0 and

C = 0 since the incoming gas contains only a negligible amount of contaminant. During a

falling barometer, qgy> 0 and C > 0 since the gas at the surface is coming up from below
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where the concentration is nonzero. Thus, the integral increases monotonically. It is seen

that contaminant outflow approaches a constant rate of-10 "3, indicating that 0.1% of the

initial contaminant inventory is being released each year.

Within 100 years, the amount of contaminant released is -10%, as indicated by the

integrated outflow shown in Figure 21-4.

I

M'= cumulative contaminant outflow - w /Mo j Cpgqgy dt (21.17)
0

Although the numerical simulation ends at 150 years, it is possible to extrapolate into the

future based on the expectation that the process will remain quasi-steady. The yearly

contaminant outflow should then remain a nearly constant fraction, h)l', of the current

inventory, (1-M'). Accordingly, d(1- M')/dt =-(1- M')h_[" which implies that the

inventory decreases exponentially as exp(-h/I't) and that

M" = 1- exp(-/VI't) (21.18)

Here we have taken the liberty of applying this quasi-steady solution for the entire time

period, rather than beginning the integration at the time (-150 years) when steady state is

achieved and about 10% of the contaminant has already left the medium. This adjustment

is easy to make or, alternatively, the exponential solution may be viewed as a late-time

complement to the early-time numerical solution. This exponential approximation avoids

the need for running computations several times longer than the 40 hour runs presented

here. The accuracy of the approximation is further addressed in a later section of the

paper.

Finally, the dotted line shown in Figure 21-4 indicates the average concentration of
contaminant in the effluent stream.

I

1 I .q.,c,t(M'Y, ,-r = .-v;-., _ (21.19)

(C) = Pl, Imax(qs,,o)a t (, V ,&P,oVo)
t-T

It is seen to approach a nearly constant value of-10 "4 which is 300 times smaller than the

average subsurface concentration of-3%. This is to be expected because the contaminant

concentration of the gases rising slowly through fractures cannot differ greatly from the
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local concentration in the adjacent rock. Furthermore, the time-mean concentration in the

wall rock must approach zero near the surface, as seen earlier in the profiles of Figure 21-3.

Thus, it is only the slight disequilibrium between the instantaneous fracture concentration

and the time-mean wall concentration which permits a net outflow of contaminant. That is

why any prediction of barometric transport requires a double porosity model which

accurately accounts for the disequilibrium between fracture and wall concentrations.

21.5.2 Comparison with Nevada Test Site experience

A comparative calculation is now presented which is identical to the preceding

baseline case except that the bulk permeabiliy is increased from 10 to 50 darcies. This

corresponds a 70% increase in the fracture aperture, since the bulk permeability increases

as the cube of the hydraulic aperture. The fracture spacing and matrix properties are the

same as before.

The selected bulk permeability of 50 darcies is typical of measurements made in

large-scale experiments conducted at the Nevada Test Site (Burkhard et al., 1987; Nilson

et al., 1992). This permeability was deduced by comparing surface pressure histories with

corresponding subsurface pressure histories measured at a depth of 400 m within the

rubblized regions produced by underground nuclear explosions. Since these rubblized

regions, called chimneys, are greater than 100 m across, their pressure response is

controlled by the bulk permeability of a very large column of overburden rock. This scale of

measurement, which is comparable to the repository scale of interest, generally provides a

larger estimate of the bulk permeability than do smaller scale borehole or laboratory

experiments. Although there is some concern that the fracture-related permeability may

have been enhanced by the underground explosion, there is one set of measurements which

suggests that an explosion at 600 m causes only a modest alteration of the permeability in

the uppermost 400 m rock which are sampled by the breathing experiments. Moreover,

some of the borehole measurements at Yucca Mountain have indicated permeabilities as

large as 50 Darcies and, presumably, greater permeabilities will be measured when larger

scales are sampled by future experiments.

Figures 21-5 and 21-6 show the concentration profiles and ouflow histories for a

medium having a bulk permeability of 50 darcies. The qualitative character of these

results is very similar to those for the base case having a 10 darcy bulk permeability, but it

is important to note that the time scale of the contaminant transport process has been

altered by roughly a factor of ten. In recognition of this, the concentration profiles in Figure

21.5 are given at 4-year intervals, rather than the 40-year intervals of Figure 21-3.
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Similarly, only 15 years is now required to release 10-20% of the contaminant to the

atmosphere, as opposed to 150 years in Figure 21-4.
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Figure 21-5. Concentration profiles for Figure 21-6. Normalized outflows for
typical Nevada Test Site typical Nevada Test Site
parameters, parameters.

The primary reason for the increased rate of transport is that the volumetric flow of

carrier gas has increased by more than a factor of 3 for the prescribed five-fold increase of

the bulk permeability, as seen by comparing V" in Figures 21-4 and 21-6. Thus, the gas

displacements along the fracture are increased by roughly a factor of three, which causes an

order of magnitude increase in the rate of transport. This calculational outcome is

consistent with a simple analytical model, presented later, in which the rate of contaminant

transport increases as the square of the vertical displacement. The maximum attainable

value of I7", corresponding to very large bulk and matrix permeabilities, is approximately

3.65, since there are 365 daily barometric cycles each having a pressure change of ~1% (ie.

8 millibar changes about a mean pressure of ~800 millibars). Thus, the value of V'~l.2

shown in Figure 21-6 is almost a third of the maximum. This suggests that further

increases in permeability, bulk and/or matrix, could not increase the transport by more that

one additional order of mag, fitude.

A maximum effluent concentration of (C)~6.10 "4 now reaches the earth's surface

within 5 years as indicated by the dotted line in Figure 21-6. This is about 3 times greater
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than the maximum effluent concentration seen earlier for kb=10D. Since the maximum

subsurface concentration is on the order of 6"10-2 at this time (Figure 21-5), there is

roughly a 100 fold dilution associated with the transport process. This result is in keeping

with earlier numerical calculations (Nilson et al., 1991) and experimental observations

(Nilson et al. 1992) of barometric transport at the Nevada Test Site.

21.5.3 Retardation effects

Both of the preceding calculations presume that there is no retardation of

contaminant species, as appropriate for inert radioactive gases such as Krypton and Radon

and for conservative tracer gases like those used in the previous barometric pumping

experiments at NTS. However, other gases, most notably C1402, are expected to be

significantly retarded because they are soluble in the water which occupies 70% of the

porosity. Ross et al. (1992) estimate that the equilibrium, concentration (mass/total pore

volume) of C02 in the pore water is roughly 30-70 times greater than that in the vapor

phase. This effect is incorporated in the matrix transport equations (21.6 and 21.9) through

the retardation factor, R, which increases the apparent capacitance of the medium.

To explore the influence of retardation, a simulation was run with R=10 and all other

parameters the same as in the preceding calculation. Results are presented in Figures 21-7

and 21-8. As expected, the time scale of the transient is slowed by roughly a factor of 10

when R=10, as apparent in comparing Figures 21-6 and 21-8. However, it appears that the

quasi-steady rate of contaminant transport is not as sensitive to retardation, since M° and

(C) in Figure 21-8 seem to be approaching asymptotes which are not far below those of the

preceding case shown in Figure 21-6. This conjecture is further supported by the quasi-

steady parameter studies which follow.

It is noted that the profiles in Figure 21-7 are not as smooth as those shown

previously in Figures 21-3 and 21-5. This is because the number of zones along the fracture

was reduced from 121 to 61 to gain a factor of four savings of computer time (the time step

can also be doubled when the zones are twice as wide). To verify that this would not

significantly degrade the solution accuracy, quasi-steady test calculations were run with 31,

61, 121, and 241 zones along the fracture, using the methodology explained in the next

section.

21.6 Quasi-steady transport calculations
The simulations reported in the preceding section demonstrate that the barometric

pumping process approaches a quasi-steady regime in which the fractional amount Of

contaminant released to the atmosphere is nearly the same for each successive barometric
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Figure 21-7. Concentration profiles for Figure 21-8. Normalized outflows for
typical Nevada Test Site typical Nevada Test Site
parameters with retardation parameters with retardation
(R=10). (R=10).

cycle. This generally occurs by the time 10% of the contaminant inventory has been

expelled to the atmosphere, suggesting that roughly 90% of the outflow can be predicted
./ ,/

from a knowledge of the quasi-steady outflow parameter, /_/', which has been identified as

the reciprocal of the time constant for the exponential decay process of Equation (21.18).

A linear vertical gradient of the concentration is used as the initial condition for the

quasi-steady analyses which follow. The initial concentration is presumed uniform across

each horizon, since the time mean concentration in the matrix is, at any elevation, nearly

the same as that in the fracture. This choice of initial conditions is based on the preceding

simulations and others like them (Nilson et al., 1991) which all appear to tend toward a

relatively linear gradient as time progresses. For example, the concentration profiles in

Figure 21-5 become nearly steady in the upper 200 meters of the medium, and the overall

profile appears to be moving toward the linear distribution (shown dotted in Figure 21-5)

which properly incorporates the remaining inventory of contaminant.

Figure 21-9 shows a comparison between the initial and final profiles of a 20-day

simulation for the base case parameters of Table 21-1. This calculation was run with the

same model as the earlier calculation in Figures 21-3 and 21-4 except that: (1) the initial

profile is now linear and, (2) the concentration at the floor of the medium is now held fixed
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at unity rather than prescribing that there be no vertical contaminant flux through the

floor. By fixing the concentration at the floor we prevent the gradual drift of the linear

profile which would otherwise occur during depletion of the subsurface inventory.

Throughout the calculational period of 20 barometric cycles there is only a negligible

change in the linear concentration profile, demonstrating the connection between linear

profiles and quasi-steady behavior. Much longer runs confirm the same behavior.
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Figure 21-9. Concentration profiles for quasi-steady _analysis with typical Yucca
Mountain parameters.

The corresponding history of contaminant outflow in Figure 21-10 shows that the

effluent flux, _/', becomes quasi-steady within just a few days when a calculation is begun

with a linear profile. Moreover, the predicted value of M" =.003 in Figure 21-10 is quite

consistent with the corresponding quasi-steady value of _/" =.002 for the full simulation in

Figure 21-4. The difference is attributed to the fact that linearity was never fully

established in the complete simulation. In this context it is noted that the M" associated

with a linear profile is insensitive to the choice of unit concentration at the floor of the

medium, since the outflow, M', is normalized by the total amount of contaminant present

and the transport equations are linear in concentration. However, the mean concentration

in the medium is reflected in the average concentration of the effluent (C) which differs by

more than an order of magnitude between Figures 21-4 and 21-10 because the ratio of mean

concentrations is 0.5/0.03-170.
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The primary advantage of performing quasi-steady calculations for linear initial

profiles is that parameter studies can be performed with a huge savings of computer time

since the required calculations span 15-150 days rather than 15-150 years. This approach is

particularly beneficial in cases with weak transport and large retardation factors which

would otherwise require 10-100 times more computation than the 50-hour runs which

generated Figures 21-4 and 21-8. The same savings cannot be realized by simply

increa._ing the magnitude of the calculational time step, because it is constrained by the

time scale of barometric cycles and by the Courant limitation imposed by virtually all

nondiffusive advection algorithms. The only shortcoming of the quasi-steady simulations is

that they do not explicitly reveal the time required for the profile to spread across the

medium. However, this can be estimated after the fact since the quasi-steady calculations

do indicate the strength of the transport and this, together with a knowledge of the

capacitance, can be used to estimate the time required to reach quasi-steady state.
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Figure 21-10. Normalized outflows for quasi-steady analysis with typical Yucca
Mountain parameters.

Parameter studies presented in Figures 21-11 through 21-15 depict the influence of

retardation factor, matrix permeability, fracture spacing, and binary diffusion strength.

Aside from the parameter varied in the plots, all other parameters are set at the base case

values in given in Table 21-1; any exceptions to this are noted on the plots. In every case,

the result of primary interest is the normalized rate of contaminant outflow, M'. The

volumetric outflow t>"is also included in cases where it varies, as is the mean concentration

of the outflow <C> with the understanding that the last of these must always be
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interpreted relative to the mean concentration in the medium. The values of /t_/° can,

however, be taken at face value since they already indicate the yearly outflow relative to

the total amount present in the medium.
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O
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Retardation Coefficient, (I+R)

Figure 21-11. Influence of retardation factor on quasi-steady outflow of contaminant.

An increase of the retardation coefficient, I+R, from 1 to 51 causes a factor of four

reduction in the rate of contaminant outflow, as illustrated in Figure 21-11. This is roughly

the amount of retardation expected for C1402, according to Ross et al. (1992). Moreover, it

appears that further increases in the retardation factor would be of less benefit, since the

dependance becomes weaker for values of R beyond 10.

A reduction of the matrix permeability from 10-2 darcies to 10-6 darcies produces a

100-fold reduction in outflow of contaminant. Examination of Figure 21-12 shows that this

is due to a ten-fold decrease in volumetric flow coupled with a 10-fold decrease in the mean

concentration of the contaminant outflow. The microdarcy permeabilities at the lower end

of this permeabilky range are typical of tuff cores. Conversely, the upper end of the range,

corresponding to millidarcies, is probably more representative of the bulk permeability of

the meter-scale blocks of material which breathe into the interconnected fractures which

carry contaminated gases to the surface. Ideally, it would be desirable to model the

permeability existing over a broader range of length scales than can be accommodated by

the double-porosity model used here, perhaps using a more complex network model.

However, given present constraints, meter-scale blocks combined with millidarcy

permeabilities seems an appropriate choice for reasonable upper-bound calculations of
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Figure 21-12. InflUence ofmatri:: permeability on quasi-steady outflow °f cOntaminant.

contaminant transport. Those were the parameters used in the present base-case

calculations and they are in reasonable agreement with values inferred from previous fie|d

experiments conducted at Nevada Test Site (Nilson et al., 1992) and at Yucca Mountain

(Weeks, 1987).

A fracture spacing of a few meters produces a maximum outflow of contaminated

gases, as illustrated in Figure 21-13. Wider fracture spacings causes a reduction in the

VOlumetric flow, since the pore space in the interior of larger blocks cannot participate in

the breathing process, given the 0.1 matrix permeability used in these calculations.

Narrower spacing caused a reduction in the COncentration of the outflowing gas, as "also

seen in Figure 21-13. This occurs because narrow spacing leads to a closer equilibrium

between Concentrations in the matrix and in the fracture, as will be later explained in the

COntext of Figure 21-15. Coincidental/y, the 5-meter fracture spacing which produces

maximum transport is COmparable to the spacing of significant well-connected cooling

Cracks in volcanic rocks.

A diffusion strength of fl = 10-4 COrresponds to the maximum outflow of contaminant

for the 4-meter fracture spacing used to construct Figure 21-14. Recall from Equation

(21.7) that _=_,/v which is likely to be in the range 10.2.10.3. Thus, as with the

fracture Spacing, the transport is likely to be near its maximum for the parameter range

appropriate to Yucca Mountain. An explanation for this peaking behavior is contained in
the discussion of the next figure.
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21.7 Single-horizon models

In the preceding sections it was shown that the barometric pumping process evolves

toward quasi-steady transport through a linear gredient. In the paragraphs which follow

we will briefly explore the use of analytical and numerical models which seek to evaluate

the rate of quasi-steady transport by solving the time dependent transport equations in a

single typical horizontal plane. The key supposition is that the vertical gradients appearing

in the differential equations can be replaced by their time-mean values. This reduces the

dimensionality of the problem from two to one. The associated reduction in computational

effort will be particularly beneficial in the next chapter which addresses the more complex

multiphase flow processes that control barometric respiration of water vapor. The single-

horizon model also helps to illuminate the physical mechanisms which determine the

strength of the transport process as well as the somewhat unusual parametric

dependencies which were encountered in the preceding section.

To illustrate the nature and the validity of a single-horizon model, we will first

consider a simplified version of the barometric pumping process. It Will be assumed that

the fracture walls are porous (_bm¢ 0) but impermeable (km = 0) so that the horizontal

transport of contaminant in the matrix occurs purely by molecular diffusion; there is no

bulk flow in the horizontal direction. Conversely, the vertical transport in the fracture is

presumed to be advection dominated, as expected in most applications. Under these

simplifications, the transport equations given earlier reduce to the following pair of

equations which respectively apply to the fracture and the matrix. Here we introduce a

modified diffusivity D* = Doff / _,, which helps to simplify subsequent equations.

OC OC 2o_C

O-'-_"+ qs, -_ = dp,,,D"w o3x (21.20)

0C 02C

_,,,o3-_ = ¢,,,D*v_x-----T (21.21)

These can be solved analytically if it is further assumed that the vertical velocity in the

fracture is harmonic, i.e., qgy= qog_e(exp(ieot)), and that the vertical concentration gradient

is uniform. Both of these suppositions are consistent with the behavior observed in the

earlier numerical simulations.

The exact solution to this prototype problem is the real part of the following complex

function (Kurzweg, 1985; Nilson et al., 1991)

C = 7[Y + bg(x')e '_] (21.22)
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in which y = dC / dy is the vertical concentration gradient, b is half the fracture spacing,

and g is a complex function of the normalized depth into the wall x*=x / b.

cosh W-_ 1" x*

+a J cosh(W_fi) (21.23)

The two dimensionless parameters appearing here are the Womersley number,

W = b_]en/D ° , and the ratio of pore volume to fracture volume, a = BOA, w. From

Equation (21.22) it is seen that the time mean concentration varies linearly with height, y,

but is independent of depth into the wall, x. Further, the variation of concentration is

sinusoidal at all locations with the amplitude and phase modulated by the depth into the

wall, as embodied through the complex function g(x*).

The volume of fluid, AV, and corresponding mass of contaminant, AM, which pass

through any horizontal plane during a single cycle of motion are given by the following

integrals

T/_ wqoTAV = w 9_e(q,)dt = (21.24)
o 4z

[ lAM=w_O_e(q,.)_e(C)dt=o wrq °V'me4/rW'_q+ _-_anh(W-_q) J (21.25)

These are analogous to the integrals used earlier to summarize the numerical simulations

except that the present expressions have not been normalized by the subsurface inventories

of gas and contaminant since there is no depth dimension in the single-horizon model.

As before, the ratio of these two integrals is used to define an effective mean

concentration (C) which characterizes the net throughput of contaminant.

AM yAL_(Wo,a) (21.26)<c>-A---V=

This mean concentration depends upon the vertical gradient, y = dC / dy, the amplitude of

the vertical motion, AL = AV / w= qoT / 4z, and a dimensionless function W(Wa,a ) of a

modified Womersley number, Wa= W / a, and the volume ratio a.
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]
• (Wo .- | (21.27)

' 4 [Wo_/i + tanh(aWo_ )d

We - --w 2_r and ct = (21.28)
Om w

It is seen in Figure 21-15 that for any choice of a there is a maximum rate of

transport which occurs for W_ near unity. For W_>>I, the period T is too short to allow a

significant diffusive interaction between the channel and the wall. Conversely, for Wa<<1,

the period is so long that the fracture and the wall are always nearly equilibrated in

concentration; this also leads to a minimal net transport over a full cycle of motion. Thus,

the transport is greatest when the period T is comparable to the time required for

molecular diffusion to access a pore volume which is comparable to the fracture volume.

100 . ..... _,.., ........ , ....... , .......

% numericalcalculations
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:_ 100
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° /10-2
O
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Womersley Number, Wa

Figure 21-15. Comparison of analytical and numerical solutions for quasi-steady
contaminant transport through a uniform gradient in a semi-
infinite medium.

A fundamental assumption of any such single-horizon model is that the vertical

concentration gradient, 7 =dC/dy, can be taken as a constant. One might, however,

expect that the flow along the channel would perturb the gradient in an oscillatory fashion.

Furthermore, it is implicitly presumed that the domain is of infinite extent in the direction

of the concentration gradient. In the present application this implies infinite depth, so

there is no opportunity to apply boundary conditions at the floor and the surface of the
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medium. This precludes the specification that there be no contaminant in the fresh air

which flows into the fracture at the earth's surface. Instead, the concentration at every

elevation, including the surface, oscillates sinusoidally about a mean value which increases

linearly with depth. Although these simplifications of the model would appear to be well

justified if the amplitude, AL: of the vertical motion were small compared to the depth, L,

of the medium, they become questionable in the present application where AL/L

sometimes exceeds unity.

The validity of the single-horizon model was evaluated by comparing the above

analytical solutions with two-dimensional numerical solutions which were posed on a

domain of finite depth. In conformance with the analytical solutions, the vertical velocity

was prescribed as sinusoidal in time and of equal amplitude at all elevations. However, in

contrast to the analytical solutions, the numerical solutions satisfied more realistic

boundary conditions with C = 0 for downflows from the upper surface and C = 1 for upflows

from the bottom of the medium. Thus, the boundary condition at the earth's surface is

identical to that used in the Yucca Mountain simulations where the atmosphere is idealized

as an infinite reservoir of fresh air. For symmetry, the lower boundary is now idealized as

an infinite reservoir of fully contaminated gas. Our goal is to determine whether the single-

horizon model remains valid in cases where the vertical gradient is substantially perturbed

from linearity and the gas displacements are as large as the vertical extent of the medium.

A series of numerical solutions were calculated for different values of the parameter

AL / L with the other parameters held fixed at HI, = 1.0, a = 1.0 and AC = 1.0. Using

these choices and the fact that 7 = AC / L, Equation (26) can be rewritten as

-- (21.29)
(C)= AV = 7ALug(W°'a)= _(1,1) ALL

This analytical expression is plotted in Figure 21-16 along with the numerical results

obtained in five different simulations. In each, the value of <C) was determined by time

integration of the defining equation (i.e., first equality in [21.25]). It is seen that the

numerical results are extremely close to the analytical solutions for AL/L < 2. Even for

displacements twice that large, the error in the single-horizon model is still less than 20%

which is small compared to a number of other uncertainties involved in defining the

problem of interest and the associated geologic parameters.
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Figure 21-16. Comparison of single-horizon model with numerical calculations
which take account of finite height and nonumform gradients.

To better understand the success of the single horizon model it is useful to further

explore the details of the numerical solutions. Figures 21-17 and 21-18 show the numerical

results for AL / L = 1/ 2. The first of these indicates that the time variation at midheight

follows a smooth sinusoidal path, in keeping with the analytical solution for an infinite

domain. However, as expected, the time histories of concentration at the ends of the

domain are far from sinusoidal, owing to the application of boundary conditions. In spite of

this, the net flux is the same through all three elevations and it is nearly identical to the

analytical prediction of Equation (21.29). Part of the explanation for this agreement is

apparent in Figure 21-18 which shows that the slope of the concentration profile remains

nearly constant despite significant displacements to the right and the left. If this slope

were always to remain uniform and constant, we would be fully justified in replacing the

vertical derivatives in the transport equations with their time mean values, as assumed in

the single-horizon model. Thus, the results for moderate displacements are, in all respects,

quite consistent with the analytical solutions, as expected.

What is somewhat suprising, however, is that the single-horizon model closely

predicts the numerical results shown in Figures 21-19 and 21-20 for AL / L = 2. Here, there

are very significant departures from the mean gradient of _' = AC / L = 1 which is presumed

applicable in the analytical model. In spite of this, the single-horizon model provides an

excellent prediction. Since the displacements of interest rarely exceed twice the layer

depth, we have gained considerable confidence in the use of this approach in modeling the
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more complex problem of moisture transport by barometric pumping, as discussed in the

next chapter of this volume. In this context it is further noted that the symbols shown in

the Womersley plot of Figure 21-15 were obtained by the mathematical solution procedure

described in the next chapter. Here again, the agreement was excellent.

21.8 Summary
Transport of contaminated gases by barometric pumping has been estimated using a dual-

permeability model in which identical equally spaced fractures are separated by slabs of

permeable matrix material. The fractures were assumed to be vertically continuous from

the water table at 600 m to the earth's surface. The material properties used are

representative of the welded tuff units which comprise most of Yucca Mountain. The model

was driven at the surface by daily pressure variations of 1%, in keeping with measurements

made at the site. At the onset of each simulation a fixed quantity of contaminated gases

was emplaced at the repository level. The primary output of the calculations was the rate

of contaminant release to the atmosphere, M', expressed as a fraction of the amount

initially present.

Simulations spanning 150 years were presented for three primary cases. The first two

were unretarded by adsorption and should be representative of noble radioactive gases and

inert tracers. The third simulation included a retardation process of the type expected to

occur for C 1402 .
.-_

1. For parameters currently believed typical of Yucca Mountain (kbulk=10 darcies)

the release rate became quasi-steady at/l_/" ---0.1% per year after a time of 100

years.

2. For parameters derived from experience at Nevada Test Site (kbulk=50 darcies)

the release rate became quasi-steady at _/" = 1.0% per year after a time of 10

years.

3. A retardation factor of R=10 causes a three-fold reduction in the quasi-steady

rate of contaminant outflow but the time required to reach quasi-steady state

was increased by 10. R is on the order of 70 for C1402.

The contaminant outflow can be projected beyond the time of these simulations, based on

the observation that the subsurface inventory of contaminated gas decreases exponentially

in time as ¢xp(-/_/'t), where/_/' is stated in fractional rather than percentage units.

Parameter studies were performed to learn the dependence of the quasi-steady

release rate, M" = I/'(C), on the bulk permeability, matrix permeability, fracture spacing,
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binary diffusion coefficient, and retardation factor. The results can be understood by noting

the influence of each of these variables on the volumetric air flow, 1/', and the average

concentration (C) of the gas released to the atmosphere. The volumetric flow increases

monotonically with the bulk permeability, matrix permeability, and porosity. When the

subsurface pressure closely follows the surface pressure variations, I/" attains a maximum

value of 1/"= 3.65 (i.e., 365%) since there are 365 daily cycles in which may each exchange

a maximum of 1% of the subsurface gas volume.

The average concentration of the effluent (C_ is typically on the order of 10-4, relative

to the initial concentration of the repository gas. Of this, a dilution of 30:1 is attributed to

spreading of the contaminant across the medium while the remaining dilution of 100:1-

1000:1 is associated with the quasi-steady transport process. This latter component of the

dilution is minimized (i.e., (C) maximized) when the time scale for molecular diffusion into

the matrix is comparable to the time period of barometric pressure changes. Because of

this the transport is optimal for particular combinations of the binary diffusion coefficient,

retardation coefficient, and fracture aperture and spacing.

The occurrence of optimal transport was explained using a simplified single-horizon

model which couples horizontal transport occurring at a typical horizon with vertical

transport through a uniform concentration gradient of infinite extent. Furthermore, by

comparison with numerical simulations of the complete problem, it was demonstrated that

single-horizon models of this type provide remarkably good estimates of quasi-steady

, transport through a medium of finite height even for cases in which the vertical gas

displacement exceeds the vertical height of the medium and the vertical gradient is

substantially perturbed. Thus, confidence was gained in the use of a single-horizon model

to analyze the closely related process of moisture transport by barometric pumping, as

reported in the next chapter of this volume.
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Chapter 22
Barometric Pumping of Moisture Through Unsaturated

Fractured Rock
(Martinez, Nilson)

In this work, we present a theory of the motion of water vapor in a fractured permeable

medium induced by atmospheric barometric pressure fluctuations, or "barometric pumping."

This mechanism may be of some importance to subsurface water vapor transport in frac-

tured rock situated in arid regions where annual moisture infiltration is exceedingly low ow-

ing to very low permeability of the intact country rock. This study, though motivated by the

Yucca Mountain Project, is applicable to other similar sites involving fractured rock.

In such material, the fracture system is presumed to provide the primary permeability.

However, the capacity of the system lies with the intact matrix. Because capillary forces will

be sfl_onger in the smaller pores of the matrix, resident liquid moisture will prefer to reside

in the matrix, with the exception perhaps, of asperities or other small features of the frac-

ture system. On the other hand, the gas, a mixture of air and water vapor, will prefer the

fracture system and shares the void space of the matrix with liquid water. The idea behind

barometric pumping, hereafter referred to as BP, is that rising barometric pressure will force

ambient gas into the matrix which is drier than the resident soil gas. The latter is in thermo-

dynamic equilibrium with resident liquid water, and is probably nearly saturated (in the

thermodynamic sense) with water vapor at the prevailing temperature. The incoming dry

gas will come to thermodynamic equilibrium with the soil gas, thereby humidifying the

former. When the barometric pressure decreases, gas will be respired from the fractured me-

dium, thereby discharging gas with a higher humidity than the ambient. There are two such

barometric cycles of interest, the diurnal cycle and that associated with weather patterns.

Typically, a weather-related barometric cycle has an average period of roughly five days (Nil-
son et al., 1991).

22.1 Maximum moisture transport
An estimate of the amount of moisture extracted by the diurnal cycle was given by

Tsang and Pruess (1989) for Yucca Mountain. During a diurnal cycle, the barometric pres-

sure undergoes a fluctuation of magnitude APg. This induces a compression and rarefaction

of the gas in a column of porous material of length L, and unit plan area. The rising pressure

induces a compression AV of the resident gas, which is replaced with drier ambient gas. This

volume is humidified while in the subsurface and discharged when the barometric pressure

drops. Thus, over each cycle, this process extracts an amount of water vapor equal to
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L (APJPg)Ogpg (Xv.out-Xv.in), where 0g is the volumetric gas content in the porous material,

pg is the gas density, andXv is the mass fraction of water vapor. Summing all such contribu-
tions over a year, Tsang and Pruess estimated a net discharge of 0.3 mndyr, expressed in an

equivalent liquid water flux.

While this calculation ought to provide an upper bound on the amount of moisture that

could be extracted via BP, it also raises the question of how realistic this bound is. Clearly,

the estimate contains no information about how the transport occurs, or where the water is

extracted from. For example, one might imagine the incoming dry gas would humidify after

only a short travel distance along the fracture, as happens for example when dry air passes

over a wetted surface in evaporative cooling equipment or humidifiers. This may imply that

all the moisture is extracted from the surface layer of the medium, tending to dry out that

near surface region. On the other hand, if this layer is dry, respired moist gas may condense

out in this region before exhausting into the ambient, thereby reducing the effectiveness of

BP for moisture extraction. This argument does suggest a mechanism for establishment of a

vertical gradient in moisture content.

In this work, we consider a somewhat more detailed model of the BP mechanism in the

hopes of providing a tighter bound on moisture respiration. The ground work for the process-

es considered was laid in the models discussed by Nilson et al. (1992, 1991) who considered

the parallel problem of BP of contaminant-laden gases. The idea is that a periodic fluctua-

tion in a potential is able to transport a conserved quantity through an average background

gradient of said quantity. A net transport takes place even though, as happens in the con-

taminant transport problem, at any horizon, there is no net transport into or out of the ma-

trix during a cycle. This rather remarkable process was considered by Kurzweg (1985), and

Nilson et al. (1991) for the case of transport by diffusion only along an infinitely long channel

embedded in a porous matrix. Transport via advection and diffusion was also considered by

Nilson et al. (1991) and in the previous chapter, as specifically applied to Yucca Mountain.

22.2 Vertical background gradients
The most notable background gradient that is known to exist is the geothermal gradi-

ent, which itse;f induces a vapor pressure gradient with depth. In order to establish a "nomi-

nal" state of the fractured medium in the presence of the geothermal gradient, we reconsider

a problem discussed by Tsang and Pruess (1989, 1990) in a study of gas flow at Yucca Moun-

tain. Our objective in reconsidering this problem was two-fold, 1) it establishes the vertical

background gradients that, on the scale of the considered domain, assist the transport of wa-

ter vapor via BP, and 2) it serves as a benchmark for the numerical algorithm to be discussed
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in the following by allowing a comparison with the results of Tsang and Pruess (1989, 1990)

who used the code TOUGH (Pruess, 1987) for their simulations.

In the simplest version, we consider a 600 m depth of fractured medium over which a

temperature gradient is imposed. This corresponds to the depth to the water table at Yucca

Mountain, and material properties thought to be representative of the Topopah Springs unit,

which is being considered for placement of a high-level nuclear waste repository, are speci-

fied over the entire depth. The lower boundary is assumed saturated with liquid water, and

at a temperature of 30.85 °C and pressure of 1 bar. The upper boundary, which represents

the top of Yucca Mountain and therefore the interface with the ambient, is at 12.85°C and

0.9334 bar, see Tsang and Pruess (1989). Tsang and Pruess go on to consider the effects of a

reduced saturation at the top boundary, presumably induced by low ambient humidities, on

water vapor movement in the subsurface.

Specifying a no-flow boundary condition at the top for the moisture, we compute liquid

saturation and mass flux profiles that agree well with those given by Tsang and Pruess

(1989, 1990). Our simulation establishes an average vapor mass fraction gradient,

(dXv/dy)=-3.24x10-6m "1 owing to the imposed background geothermal gradient

(dT/dy) = -0.03 °C/m. The flux of water vapor implied by these gradients is on the order of

0.5x10 "4mndyr, quite a bit smaller than the theoretical upper bound discussed above.

22.3 Problem formulation

Our mathematical description of the fractured medium is best described as a multi-

continuum theory, wherein we write equations governing the transport in the fractures and

matrix separately. However, the equations contain terms which describe the transfer of ma-

terial and energy between the fracture and matrix system. We assume that the horizontal

gradients in the matrix are much larger than vertical gradients, and invoke the approxima-

tion that variables in the matrix are uncoupled along the vertical direction.

The fracture model consists of a specification at the considered horizon of the gas pres-

sure fluctuation, which drives a mass flux comprising moisture and air into and out of the

matrix block. The gas flow in the fracture is derived from a balance of this mass with the ver-

tical transport up and down the fracture. The statement of this balance allows evaporation

and condensation of moisture at the fracture/matrix interface to convert liquid into vapor or

vice versa, if required to satisfy the imposed conditions. A balance equation for water vapor

in the fracture also balances the net moisture flux at the fracture/matrix interface with the

transport of water vapor up and down the fracture. There is also an energy balance to ac-

count for energy transported between the matrix and fracture. The vapor pressure is as-

sumed continuous at the fracture/matrix interface. Finally, the capillary pressure in the
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matrix at the fracture/matrix interface is specified from the Kelvin equation, a thermody-

namic relation for modifying vapor pressures across a curved interface. This latter relation

couples the vapor pressure, temperature and vapor mass fraction together.

The bulk permeability for the two-dimensional fractured porous material model depict-

ed in Figure 22-1 is expressed as

kb = kfB +kmB-WB ' (22.1)

where kf is the fracture permeability, w is the fracture aperture, B is the fracture spacing,

and km is the matrix permeability. The fracture permeability is related to the effective hy-

draulic aperture by the formula for flow in a slot (planar Hagen-Poiseuille flow),

W 2

kf = ]-_. (22.2)

For material properties typical of Yucca Mountain (and other fractured rock systems), kf,_km

and w _B, so that the bulk permeability is effectively

W 3

kb- 12B" (22.3)

22.3.1 Fracture model

In the fractures, we assume that only gas is mobile. Furthermore, the equations are av-

eraged over the width of the fractures and so variables vary only along the path of the frac-

ture. In this particular case, the fractures are assumed vertical, and the coordinate y

(positive upward) measures distance along the fracture. A balance equation for the gas is

Barometric pressure fluctuations
water vapor

PfPo+APsln(2_tfr)
Y.

k]=w2/12 MatrixB km L

/
"-I_W',qtl r

¥

no-flowboundary

Figure 22-1. Conceptual model of the fractured permeable
medium.
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2 Fg] (22.4)_Pg+ (Pgqgy) = -_ [Fl +

where pg is the density of the gaseous mixture composed of air and water vapor, qgy is the

(vertical) flux of gas, and Fl and Fg denote the mass fluxes of liquid and gas entering (or

leaving) the fracture from the matrix. In the remainder of this work, subscript g refers to

gas, v to water vapor, a to air, I to liquid and m to moisture (e.g. liquid and vapor). Because

only gas is allowed to exist in the fracture, any liquid that may cross the fracture/matrix in-

terface must be evaporated (condensed) upon entering (leaving) the fracture. A balance

equation for the water vapor is also specified:

axv 2
Pg--_-+peqgy _}y - w [Ft(I-X_) +J_]' (22.5)

where

P_
X_ - (22.6)

Pv+ Pa

is the mass fraction of water vapor in the gas, and Jv denotes the horizontal diffusive flux of

water vapor through air in the matrix. In arriving at this form, the over-all gas balance

equation (22.4) has been used, and continuity between the mass fraction of water vapor in

the fracture and matrix was imposed. Again, the terms on the RHS represent mass fluxes of

water from the matrix, and any net liquid flux is evaporated or condensed at the fracture/
matrix intel_ace.

An energy balance is also specified:

_ 2
_}_[Pg(Xaua +Xvuv) ] + _ [Pe(Xaha +Xvhv)qgY] = ---w [qh] (22.7)

where u denotes internal energy and h enthalpy, and qh is the net heat flux from the matrix.

In order to determine the exchange terms in these equations, the matrix model must be

specified.

22.3.2 Matrix model

A balance equation for matrix water, including liquid and vapor phases is given by

b-_(Pl0t + poe) + V. Fm = 0 (22.8)

where 01 is the volumetric liquid moisture content, 0g the volumetric gas content, and

01+ 0e = _, where _ is the porosity. The flux of moisture iso
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F,n = Plql + Xvp_qg + Jv (22.9)

Starting from the left, the terms on the RHS represent the mass flux of liquid, the advective

mass flux of water vapor and the diffusive flux of water vapor, respectively. A balance equa-

tion for air reads

_ (Pa0g) + V. Fa = 0, (22.10)

where

F_ = X_pgqg +J_. (22.11)

An energy balance takes the form

_}-_[ [ (1 - ¢) psC8 + ptCt0t + pgCg0g] (T- To) ] + V. q^ = Q , (22.12)

where

Cg = CwX,, + CvvX_ , (22.13)

Cw is the constant volume specific heat of component a, To is a reference temperature, and Q

is an extraneous heat source.

22.3.3 Constitutive relations

The advective fluxes are assumed to be adequately described by the extended Darcy

law, in which relative permeabilities are introduced to account for the multiphase motion of

fluids. Thus the mass flux of liquid is

Plkrnkrt
Ptqt = Fl - -- (V Pt + plgV Y) , (22.14)

and the mass flux of gas is

Pgkmkrg (V Pg + pggV y) , (22.15)

where P is pressure, g is the gravitational acceleration, and p is dynamic viscosity. The diffu-

sive flux of water vapor in air is given by

Jv = -pgDv_V X_, (22.16)

and the diffusion coefficient is (Pruess, 1987),

0gDO Pref(__T_T) _ , (22.17)
Dva='-_" va'-p-_g 1,re f
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where Tis tortuosity and D,°ais the diffusivity in free space at temperature Tref and pressure

Pref. In accordance with mass conservation for the binary mixture, d_ = -d,,. The heat flux

includes conduction and convective contributions,

q^ = -kV T+ h,,Fv + haFa + htF l , (22.18)

where _, is an effective thermal conductivity and we have introduced the shorthand notation

for mass fluxes: F_ = X,,Fg+J_, and F_ = X,_F_+J_. The enthalpies are defined by

ha = Cp_(T-To), with a = a or l, and h_ = ahfg + Cpt(T- To), where Ahf_ is the latent hea_ of

water vapor at reference temperature TO.

22.3.4 Mixture relations and thermodynamics

Ideal gas equations of state and mixing rules are used to approximate the thermody-

namics of the system. Thus,

Pv = PvRvT, Pa = PaRaT , (22.19)

with R,_ = _/M¢,, for a = v or a, 9_ is the gas constant and Ms denotes the molecular weight.
Also

Pg = Pv+ Pa Pg = Po+ P_ • (22.20)

The vapor pressure is specified according to Kelvin's equation of vapor pressure lowering

(Edlefsen and Anderson, 1943),

P_ = P_ (T)exp • (22.21)
pl_-_T

where Pvs denotes the flat-interface saturation vapor pressure. We will assume that the sys-

tem remains a two-phase mixture, otherwise the vapor pressure is independent of tempera-

ture in the superheated regime. Kelvin's equation introduces the capillary pressure,

Pc =-Pe- Pt = _c (0l) (22.22)

which, as indicated, is assumed to be empirically specified as a function of liquid moisture
content.

22.3.5 The single-horizon approximation

A basic tenet of our conceptual model is the transport of water vapor via barometric

pressure fluctuations through a background vertical (uniform) gradient of temperature, and

therefore vapor pressure. The lower boundary of the model is the water table, the spatial

limit of moist gas. There are two motivations for appealing to a single-horizon approxima-
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tion in the present work. First, the analysis in the previous chapter clearly showed the effi-

cacy of the single-horizon approximation for periodic or quasi-steady transport of

contaminated gas, the analog to water vapor in this discussion. Secondly, the gross flow of

gas in the fracture/matrix system due to a sinusoidal variation in barometric pressure

should be well-described by an analytical solution given by Nilson et al. (1991, Appendix A).

This solution could be used to provide a good estimation of the ratio of matrix to fracture gas

flow at any horizon. We in fact compared the variations in phase and amplitudes for problem

parameters relevant to the present work and found only modest deviations from the model

we present in the following.

In the present work, for barometric pumping of water vapor, we motivate the single-ho-

rizon model by casting the gas balance equation in the fracture in an integral representa-

tion, and by approximating vertical gradients in the fracture by their average over the depth

of the medium considered. Accordingly, integrating the balance of gas in the fracture (Eqn.

22.4) over the depth L, the flux of gas in the fracture at the elevation L is related to the ma-

trix fluxes according to,

2L [Ft +Fg] =o" ' (22.23)
m_

PgqgY = W x

which, according to the foregoing discussion, represents a balance of material (air and water)

from the matrix into the fracture. The "+" superscript denotes the interface as approached

from the matrix. In this form, the matrix fluxes of liquid and gas now represent depth-aver-

aged quantities. In addition, we have neglected the temporal change in gas density over the

length of the fracture, d (_pgdy)/dt, and its effect in modulating the flux at elevation L above
the lower boundary. Note that this statement of gas balance includes the possibility of evap-

oration/condensation of water at the fracture/matrix interface to satisfy the balance. The bal-

ance of water vapor in the fracture is stated as

_Xv _Xv 2
_--F+qgY<-_) = -_ [Ft(1-Xv) +Jv]x o" ' (22.24)pgw =

where the average vertical gradient of water vapor has replaced the local gradient in the ad-

vective term. Additionally, the balance of gas in the fracture has been used to arrive at the

form given above. The energy equation is given by

_)T

[gp DXvq bigpgCpg_-[+ pg%y Dy

_)Xv (22.25)

Pg(Cpv-Cpa) (T-T°) Ot - wE- l(hg hI) +J_(hv-ha)-Jx--o"
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where hg = Xvhv+ Xaha. Here again we approximate the vertical gradients in the fracture by

the average background gradients discussed earlier. The time derivative of the vapor pres-

sure is related to time derivatives of the state variables according to

MaM-v+XvPv]
/_ = , (22.26)

derived from the definition of the vapor mass fraction. Using the Kelvin equation, the time

rate of change of the capillary pressure is given by -

Pc = Pt/_ [[P-_ d-T + T. (22.27)P_

This set of equations (Eqns. 22.23 through 22.27) describe the transport of gas, water vapor

and energy in the fracture and are coupled to the mass fluxes of air, water and energy in the
matrix.

22.4 Numerical treatment

The foregoing governing equations constitute a coupled set of highly nonlinear partial

differential equations (PDEs). The numerical method applied for solving the coupled system

of parabolic PDEs is the so-called Method-of-Lines (MOL) (Hyman, 1979). The MOL tech-

nique is a semi-discretization method wherein the spatial derivatives are first approximated

by some appropriate method (in this case, finite differences), resulting in a system of coupled

ordinary differential equations (ODEs) describing the temporal variation of the state vari-

ables at a number of discrete points or nodes. The effective treatment of the highly nonlinear

system considered here is made possible by the availability of highly optimized ODE solvers

(Shampine and Watts, 1980). In the present work, the spatial derivatives are approximated

by a centered difference approximation. The resulting system of ODEs is integrated forward

in time by the variable-order, variable-step backward-difference code DEBDF (Shampine

and Watts, 1980). The backward-difference formulae result in systems of nonlinear algebraic

equations to be solved for nodal quantities. These equations are solved as part of the DEBDF

package via a Newton-type algorithm.

In this model, we will assume the system remains in the two-phase regime in the ma-

trix. Hence, we choose as primary variables the capillary pressure, the gas pressure and

temperature. Approximating the spatial divergences by central differences, the system of

discrete ODEs describing the temporal variation of primary variables at node points takes
the form
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LCTw CTp CTJi i Xi+l/2 x'-l/2[-q^'_+l/2-qh"-l/2-] '

for a mesh of nodes with node points at x,. The net moisture flux appearing in this equation

is defined by F,, = F l + F,,. Each flux is also expressed as a central difference (on a staggered

mesh), for example,

Fl'i+I/2- _' _II -i+1/2 Xi+l--Xi "

(22.29)

The definition of each entry in the capacitance matrix can be determined by considering the

differential equation from which it was derived. For example, from Eqn. (22.8),

C_ = _ (pt01+ pv0g). (22.30)

For the BP simulations, no-flow boundary conditions are imposed for moisture, air and ener-

gy at the center of the blocks. Boundary conditions at the fracture are provided by the frac-

ture equations given in Section 22.3.5 above.

22.4.1 Test problems

The two-phase code was tested as discussed in the introduction for establishing the ver-

tical background gradients. This problem involved computing the steady distribution with

elevation of water and air fluxes due to a geothermal gradient. The code was also tested by

computing the heat pipe problem discussed by Udell and Fitch (1985). The heat pipe effect is

established by applying a heat flux to one end of a porous column which results in a flow of

water vapor towards the cold end and wicking of liquid water towards the hot end of the col-

umn. This problem exercises features of evaporation/condensation and vapor and liquid

flows in the code. Excellent agreement with the numerical solution given in by Udell and

Fitch was found.

Finally, in order to test the method of coupling the fracture and matrix used in the

barometric pumping problem, the fracture/matrix diffusive transport problem discussed by

Nilson et al. (1991) was also computed. This problem considers diffusive transport in a sys-

tem of evenly spaced fractures separating slabs of porous matrix. The flow in this system is

driven by an oscillating potential. Results for the net transport of conserved quantity com-

puted with the present numerical model compared very well with the analytic solution given

by Nilson et al. The results of this calculation were reported in the previous chapter (see Fig-

ure 21-15) on contaminant transport via barometric pumping.
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22.5 Barometric pumping of water vapor

22.5.1 Figures of merit and characteristic material functions

In order to quantify the transport of water vapor by barometric pumping, we define

here several quantities characterizing the motion. The travel distance, or displacement of

gas in the fracture, is defined by (Nilson et al., 1991):

t+T

AL = _ max (%y,0) dt , (22.31)
t

where 7"denotes the time period of the barometric pressure fluctuation. The respired mass

flux of moisture per fracture per barometric cycle is computed according to

t+T

AM_,= _ pvqgydt. (22.32)
t

The amount of moisture mass removed during a cycle is AMvw per fracture. The average

concentration of effluent vapor is then defined as

(C)- (P_')_, (22.33)
Pv

where

AM,, (22.34)

is a time-average of water vapor density and _v is the (initial) average vapor density. This

ratio is a normalized concentration and can be thought of as a ratio of the amount of water

vapor transported via barometric pumping to the maximum possible amount that could be

available for transport. Finally, the annual net moisture respired per unit surface area by

the periodic barometric pumping is

w
qo = AMvNT-_ , (22.35)

where N r is the number of cycles per year. In the following, this bulk moisture flux will be

reported as an equivalent liquid water flux to facilitate comparisons with estimates of aver-

age annual infiltration for Yucca Mountain.

In order to apply the barometric pumping model to Yucca Mountain in particular, the

appropriate material functions must be specified. The relation between capillary pressure
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and liquid moisture content is described by the so-called van Genuchten equation (van Ge-

nuchten, 1978),

0t 0tr - (1 +pa") , (22.36)
_-0tr

where p = avPc/p_ and _ = (Pv- 1)/p_. The corresponding relative permeability to the liq-

uid is given by (van Genuchten, 1978),

The relative permeability to the gas is approximated by the relation, (Bixler, 1985, Pruess,

1987)

' krt + krg = 1. (22.38)

The saturation-dependent effective heat conductivity was specified according to (Pruess,

1987),

el
X = Xo + -_ (X1- Xo) . (22.39)

Over the range of temperatures considered in the barometric pumping problem, a Clapyron

equation adequately describes the flat-interface vapor pressure as a function of temperature,

Pv, Pv,re/exp (ahrg (T;_ef-' )= _--_. T "l) = Ae -sIT , (22.40)

withA = 7.055x105 kg/m3, B = 5137.46 K, and Po, = po,R_T.

22.5.2 General features of the motion

It is instructive to consider the general features of the motion induced by the periodic

variation in barometric pressure. We discuss the solution of a "base case" for which the pa-

rameters are specified as in Table 22-1. Included in this table are the parameters which en-

ter into the characteristic matrix material functions representative of the Topopah Springs

unit of Yucca Mountain. The values of aperture and fracture spacing in Table 22-1 corre-

spond to a bulk permeability of kb = 10D. The binary diffusion coefficient takes the form giv-

en in Eq. (22.17). Parameter variations about this base set will be discussed below.

The magnitude of the barometric pressure fluctuations, AP in Table 22-1, was deter-[

mined by Tsang and Pruess (1989) by analysis of the data collected at Yucca Mountain by

Church et al. (1985, 1986). The initial state of the system is taken from the steady solution
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Table 22.1: Standard problem parameters, kb=10D.
, , ,r, ,,, ,

Parameter Symbol Value
...... [il[i I II ii]ilil I I I i l li

Formation depth L 600 m

Fracture aperture w 621 _m

Fracture spacing B 2 m

Matrix permeability k m 10 _D

Tortuosity _ 2

Barometric time period T 5 days

Pressure amplitude AP 1 kPa

Temperature gradient (dT/dy) -0.03 °C/m

Mass fraction gradient (dXJdy) -3.24x10 "5m "1

Binary diffusion coefficient D°a 2.14x10 -5 m2/s

Diffusion parameter, Eqn. (22.17) u 2.334

Reck density p, 2580 kg/m 3

Reck heat capacity C, 840 J/kg°C

Effective conductivity (dry) Xo 1.74 W/m °C

Effective conductivity (wet) _1 2.34 W/m °C

Porosity _ 0.11

Residual moisture content err 0.0088

van-Genuchten pm'ameter % 0.0057 m "1

van-Genuchten parameter _ 1.798

for the background gradients (discussed in Section 22.2) at the mid-height of the 600 m mod-

el. Specifically, the initial gas pressure is, P_=0.955x105 Pa, the initial temperature is,

TO= 22.2°C, and the initial moisture content is 0r = 0.066 (60% liquid-saturated) corre-

sponding to an initial capillary pressure, Pc=2.93xlO 7 Pa.

Figure 22-2 shows the profiles of gas pressure, relative to the initial (and average) val-

ue, in the matrix at 1-day intervals during the 5-day cycle. The fracture pressure driving the

motion varies over ±1 kPa and the damped pressure wave extends fully into the centerline of

the matrix block for this value of B and kin. By contrast, the capillary pressure wave (also

relative to the initial capillary pressure), shown in Figure 22-3, extends to about 20 cm into

the block and its variation is only about +0.02 kPa at the fracture/matrix interface. The tem-
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Figure 22-2. Profiles of gas pressure in the matrix during a
5-day barometric cycle.
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Figure 22-3. Profiles of capillary pressure in the matrix
during a 5-day barometric cycle.

perature in the matrix undergoes very minute fluctuations and is not shown. The BP process

for this magnitude of barometric pressure fluctuations is essentially isothermal.

Profiles of the vapor mass fraction are shown in Figure 22-4. They resemble a "mirror

image" of the gas pressure profiles, i.e., high gas pressure at the fracture corresponds to low

vapor mass fraction at the same location, etc. The vapor mass fraction can be expressed as
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Figure 22-4. Profiles of vapor mass fraction in the matrix
during a 5-day barometric cycle.

PvMo

Xv = P,,M,,+ (Pg-Pu)M,, ' (22.41)

therefore, increasing the gas pressure at the fracture decreases the mass fraction of water

vapor for constant vapor pressure. The vapor pressure depends on temperature and capil-

lary pressure, both of which exhibit only small fluctuations, and the fluctuations in vapor

pressure are correspondingly small. When the gas pressure rises, it dilutes the concentra-

tion of water vapor in the fracture gas as well as in the adjacent matrix gas. This sets up a

diffusive flux of water vapor towards the fracture, to equilibrate the water vapor gradient.

Thus, the rarefaction and compression of fracture gas allows the mixture to take on more or

less water vapor, respectively, for the same temperature and vapor pressure. These fluctua-

tions in water vapor density provide the mechanism for binary diffusion of water vapor

through air. This effect is important in understanding the role of binary diffusion between

water vapor and air in the gas transport.

Profiles of the mass flux of gas and liquid are shown in Figures 22-5 and 22-6. The av-

erage mass flux of the gaseous mixture is driven only by the gas pressure gradient, and the

flux profiles are readily understood by comparing with Figure 22-2. Note that the flux of gas

can be in both directions at the same time owing to the time lag of points deeper into the

block with respect to locations closer to the fracture wall. Beyond about 20 cm into the block,

the liquid flux profiles resemble the gas flux profiles. In this region, the liquid pressure gra-

dient is set up solely due to the gas pressure gradient, since
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during a 5-day barometric cycle.

aP l _ aPg aP c
ax ax ax ' (22.42)

and the capillary pressure gradient is negligible in this region. Near the fracture, the inter-

action of the capillary pressure and gas pressure both act to modify the liquid flux profiles.
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ture transport into or out of the fracture, the latter being determined by the mnount the

fracture can transport with the prevailing gas flux and thermodynamic conditions consistent

with the adjoining matrix conditions (the fracture and matrix equations require that the va-

por mass fraction be continuous at the fracture/matrix interface).

For the base case problem just described, the gas displacement was determined to be

AL = 556.5 m, while the net efflux of water vapor was AMv = 0.130 kg/m2/cycle per fracture.

For this case, the net moisture respired is qo = 0.0029 mm/yr, expressed as an equivalent an-

nual liquid flux of water. This flux can be compared to the net infiltration estimated by Mon-

tazer and Wilson (1984), who suggested a nominal value of 0.01 mm/yr. Thus, about 30% of

the infiltration estimated by Montazer and Wilson could be extracted back to the ambient by

barometric pumping, for the present parameter values. Furthermore, this estimate for baro-

metric pumping represents only about 1% of the theoretical maximum estimated earlier, 0.3

mm/yr. The average normalized concentration of effluent water vapor is (C) = 0.0135. Thus,

the cyclic average water vapor density, (Pv), is also about 1% of the average water vapor con..

centration, _v= 0.01732. This suggests the assumptions made in Section 22.1 to compute the

theoretical maximum moisture extraction via barometric pumping may not be achievable.

22.5.3 Factors controlling the net moisture respired

Insight into the mechanisms controlling the vapor transport can be attained by consid-

eration of the equations representing the fracture, which serve both to model the fracture

and to set boundary conditions on the multiphase flow problem for the matrix block. In order

to determine whether there is a net flux of mass into or out of the matrix blocks during each

barometric cycle, the various fluxes are integrated over a cycle once the solution is deemed to

attain a time-periodic variation. This latter flux determines how much moisture, in the form

of water vapor, is transported out of the system by the barometric pumping mechanism.

Because Xv at the interface depends mostly on Pg, while its dependence on T and Pc is

negligible, Xv at this location is specified by the gas pressure and is essentially determined

by Pg. This means that in the balance equation for water vapor in the fracture, Eqn (22.24),

the net moisture flux and air flux must combine in such a way to meet this specification of

_Xv/_t. This balance equation, which is coupled with the remaining variables in the prob-

lem, controls the net amount of moisture transported into the fracture. This relation couples

F_, Fa, and qg_ i.e., it couples all the conserved fluxes in the model.

Since we solve for time-periodic solutions of the barometric pumping process, the time-

phase lag between the gas pressure wave in the fracture and mass fluxes in the matrix plays

an important role in determining the net water vapor transport. Consider the expression for

the net moisture flux respired per cycle,
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I+T t+T

= _ pv%ydt = _ Xv (Fm+F.)dt, (22.43)AMv
t t

where the latter form is found using the definition of %z This can further be expressed as

t+T t+T

AM_ = X---__ (Fm+ F,)dt + _ _Xv (Fm+ F,)dt, (22.44)
t t

where the mass fraction of vapor has been written as an average value (X_=0.01732) plus a

deviation. This form is useful to illustrate the role of the phase lag between the net mass

flux, Fm+Fo, and the vapor mass fraction. The respiration of water vapor per cycle depends

on whether the integral per cycle of the net mass flux is non-zero (this effect is embodied in

the first term on the right-hand-side) and on the phase difference between the deviation in

vapor mass fraction and the net mass flux over a cycle (determined by the second term on the

right-hand-side). For example, if the integral over a cycle of the net mass flux were zero, the

first term on the right-hand-side would be zero. In this case the second term supplies the en-

tire contribution to the respiration. Because both the net mass flux and the deviation of va-

por mass fraction are periodic functions, the value of this integral depends strongly on their

phase difference. The integral is maximized or minimized for certain values of the phase lag.

In the simulations performed, the net flux of material over a cycle was finite, but often it was

the second term on the RHS that contributed to the resulting variations of moisture trans-

port with parameter variations. Hence, it appears that phase shifts of the various conserved

quantities are important in determining the net vapor transport in this problem as it was in

the contaminant transport problem discussed in the preceding chapter.

22.5.4 Effect of binary diffusion

There has been some discussion in the literature (Philip and de Vries, 1957, Ross, 1984)

about enhanced diffusion in multiphase systems. The observations are that the apparent dif-

fusion of water vapor in air is substantially greater than would be expected based on multi-

component diffusion theory modified for porous media, thus the introduction of a vapor

diffusion enhancement factor, I_.Given this uncertainty in the value of effective diffusivity of

binary systems in permeable media, we considered a parameter study to determine its effect

on the net respiration, with remaining parameters as specified for the base case problem.

In the contaminant transport problem discussed in the previous chapter, the net trans-

port is maximized for a certain ratio of matrix diffusion distance to matrix width and frac-

ture-to-matrix capacitance ratios. We demonstrate that the respired moisture in the current
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problem is also maximized for a certain value of diffusion strength, _, here defined as in

Tsang and Pruess (1990)

_- 0 t

Jv = -_pgD,,V X _ - _ . (22.45)

Figure 22-9 shows the displacement of gas in the fracture as a function of _, and for two val-

ues of matrix permeability. The maximum value of 13=1completely eliminates the effect of

the porous matrix; the formula for the diffusive flux is then the same as for molecular diffu-

sion in an open system. The figure shows a monotonic increase of displacement with increas-

ing _, although the rate decreases as _ _ 1. The figure suggests diffusion-enhanced gas flow

in the fracture/matrix system. Figure 22-10 shows the net outflow of water vapor, expressed

as an equivalent flux of liquid water, from the fracture/matrix system as a function of _. This

figure shows a maximum efflux for _ in the range of 0.4 to 0.6. Notice also that the curves for

different matrix permeabilities begin to coalesce with increasing J_as diffusion becomes the

dominant transport mechanism. For large J_,the gas flow becomes nearly independent of ma-

trix permeability (_=1 completely ignores the presence of the porous matrix.). The maximum

in qo can be explained in terms of the time phase lag between the barometric pressure fluctu-

ations driving the motion and the matrix fluxes. As _ increases, the rate of transport of the

gaseous mixture increases. Hence, the response time of the matrix fluxes decreases such
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Figure 22-10. Net annual outflow of moisture as a function of

diffusive strength and matrix permeability
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that the time-phase of the fluxes approaches that of the barometric pressure. Because the

vapor mass fraction is 180° out of phase with the barometric pressure, the vapor fraction

also approaches a 180° phase lag with the matrix fluxes. Consequently, the net transport,

i.e., the value of the integral shown in Eqn. (22.44), decreases. In fact, in earlier work (Nilson

et al., 1991) on similarly driven problems it has been shown that a phase lag is critical to

achieve a net transport in such systems.

This effect is illustrated in Figure 22-11 which shows the integrand of the second term

in Eqn. (22.44) for various values of [_.The middle value corresponds closely to the maximum

in qo and the remaining values correspond to lower values of moisture transport. The ampli-

tudes increase with _ for the same reason the displacement does; more gas is transported as

the diffusion increases. However, the moisture transport is given by the integral under the

curves over a time period. As [3increases and the phase angle between 8Xv and Fm+ F, de-

creases, the functions become more symmetric about the ordinate and the integral under the

curves decrease. In the figure, the integral for _=1 is less than that for 1_=0.44due to the

higher positive excursions caused by phase shifts with _, even though [_=1results in larger

amplitudes.

22.5.5 Effect of matrix permeability

In this section we consider the effects of variation in the effective matrix permeability,

an uncertain quantity for geologic media. Data available for Yucca Mountain (Barnard et al.,
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1992) suggests values in the range of a few microdarcies for the welded units. In order to il-

lustrate the role of matrix permeability in this work, we consider matrix permeabilities in

the range of micro- to millidarcies.

Figure 22-12 shows the displacement of gas in the fracture and the net efflux of mois-

ture as a function of matrix permeability, with all other parameters as specified for the stan-

dard case. The displacement initially increases with matrix permeability, however, an

asymptote is eventually attained, roughly for km greater than about 0.5 mD. As the matrix

permeability increases, the pressure wave is able to more easily penetrate the full extent of

the matrix, resulting in increased movement of gases back and forth into the fractures. How-

ever, as the matrix becomes even more permeable, the gas pressure gradient within the

blocks diminishes, i.e., the response time within the blocks becomes similar to the timescale

for gas pressure fluctuations in the fracture. When this happens, the amount of gas trans-

ported approaches an asymptotic value. The diffusive component of gas flow decreases as km

increases, owing to a flatter gradient ofX v with increasing kin.

The moisture transport has a maximum for a matrix permeability of about 50 _D (for

present parameters). Increasing km from the low values initially results in an increase in the

moisture transport for the same reason the entire gas flow increases. As km increases further
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the response time of matrix fluxes within the blocks decreases. Therefore, the time phase lag

between matrix fluxes at the fracture/matrix interface and the barometric pressure de-

crease, causing a decrease in the net water vapor extracted per cycle. This is the same effect

discussed earlier with large values of diffusion. In between these limits lies a value of km

which results in a maximum efflux of moisture. Note that this maximum will depend on the

other problem parameters as well.

22.5.6 Effect of bulk permeability

The bulk permeability depends on the ratio of aperture cubed over the fracture spacing.

However, the simulations indicated that the more fundamental variable is B and not w. For

fixed B, variation of w changes the displacement, AT.,and the amount of moisture extracted

per unit area, per fracture, per cycle, (aMy), but the net outflow of moisture is independent of

w. This also implies that the net outflow of water vapor is independent of bulk permeability,

with respect to changes in aperture. Implicit in our model is that the gas flow in the fracture

is unaffected by w, assuming w is larger than some threshold value where the resistance to

gas flow becomes important. In other words, the imposed amplitude of gas pressure fluctua-

tion is independent of w in this simple model. Under these conditions, the displacement de-

pends on aperture according to, AL - w-_, and a similar relation holds for AM_ The net efflux,

qo, is proportional to AMvw and is therefore independent of variations in aperture.
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The dependence of respiration with B is more complicated. Figure 22-13 shows the dis-

placement of gas and the bulk transport of water as a function of fracture spacing. The aper-

tures for these variations were chosen to keep the bulk permeability constant at 10 Darcies.

In order to maintain uniform kb, the aperture was increased according to

w B _/a- , (22.46)

as the fracture spacing is increased. The figure shows that both the displacement and out-

flow are maximized for a fracture spacing near 1 m. As the block thickness becomes large,

the amount of water vapor that is extracted per fracture approaches an asymptotic value,

AM_w_ constant; for spacings greater than about 3 m and for a 5 day time period of the

barometric fluctuations, the blocks act as though they were semi-infinite in extent (perpen-

dicular to the fractures), and the water vapor extracted per fracture is independent of B.

Therefore, the displacement decreases because the aperture must be increased to maintain

constant bulk permeability. The bulk moisture extracted also decreases as B becomes large

because qo is inversely proportional to B. The displacement, the respiration flux per fracture

and the net efflux of water vapor also decrease as the spacing becomes small. Clearly, the

displacement will decrease as the blocks become thin simply because there is less gas to

move back and forth in the matrix blocks. Less gas also means less water vapor. However,

the time-phase shifts between the mass fraction of water vapor in the fracture and the ma-

trix fluxes also influences the transport of water vapor. The smaller the spacing, the more ac-

cessible is the resident moisture to be extracted. Also, the pressure wave in the matrix
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Figure 22-13. Gas displacement and annual net outflow as a function
of fracture spacing.
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becomes closer in phase with the barometric pressure, causing cancellation in the integral

per cycle of water vapor extracted from the matrix blocks. This same effect reduced the mois-

ture transport when the diffusion strength approached unity, and when the matrix perme-

ability became relatively large, km> 100_D. Each of these conditicns reduces the phase

difference between Xv (t), and F, (t) + Fm(t) at the fracture/matrix interface.

22.5.7 Other parameter effects

Reducing the active depth, L, of the fracture/matrix system from 600 to 100 m reduces

the gas displacement and respired moisture in a linear fashion. The 100 m depth corre-

sponds to the depth of the nonwelded Paintbrush unit. If this unit is substantially less frac-

tured than the welded units and consequently has a much smaller bulk permeability, it could

attenuate barometric pressure fluctuations down the fractures.

The barometric pressure fluctuation used in the foregoing, AP = lkPa, was doubled to

determine the model sensitivity. Doubling AP quadruples the gas displacement and the ef-

flux of water vapor per fracture, i.e,

AT.- _p2. (22.47)

A similar relation holds for AMv and qo with respect to AP.

In the foregoing analysis, we have only considered the 5-day barometric cycle. The sim-

ulations indicate that this cycle is more effective in extracting moisture than the diurnal cy-

cle, for which measured variations in barometric pressure are about 8 millibars peak-to-

peak. This is less than half the 20 millibars (peak-to-peak) used for the 5-day cycle, and the

preceding shows the respiration varies quadratically with the pressure amplitude. Indeed,

we simulated the base case for the diurnal cycle and computed a net outflow, qo=0.001 ram/

yr, which is about one-third the outflow for the 5-day cycle (the reduction is not simply (8/

20)2 because we've also shortened the period of the fluctuation by one-fifth). The displace-

ment for the one-day cycle was, AL = 98.24m, and the average concentration, (C> = 0.0054.

The former is about one-fifth the displacement of the 5-day cycle, and the latter about four-

tenths.

22.6 Conclusions

We have presented a theory for the motion of air and water in an unsaturated fractured

permeable medium driven by fluctuations in barometric pressure. The model is of the multi-

ple-continuum type where separate equations represent the fracture and matrix. The sepa-

rate continua are coupled by transfer terms involving exchange of mass and energy between

the fractures and matrix. The barometric pumping process is simulated numerically by a

method-of-lines procedure using finite-difference approximations for spatial gradients.
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The barometric fluctuations are approximated by a sine wave in time, with an ampli-

tude corresponding to measured barometric fluctuations at Yucca Mountain, and with a peri-

od of five days, typical of weather-induced barometric cycles. Time-periodic solutions to the

governing equations are computed in order to estimate the moisture extraction per cycle.

Estimates of the annual net outflow of moisture by barometric pumping range between

0.001 and 0.006 mndyr, expressed as an equivalent liquid flux. This represents at most

about 2% of the theoretical maximum of 0.3 mm/yr, discussed in the introduction. This also

represents about 50% of some estimates of net infiltration into Yucca Mountain (Montazer

and Wilson, 1984), i.e., half the estimated infiltration could be respired back into the atmo-

sphere by barometric pumping. Owing to the uncertainty in material properties for Yucca

Mountain, parameter variations of the diffusion strength, matrix permeability, and fracture

spacing were conducted. Maxima in the estimated outflow of moisture was found for varia-

tions of each of these parameters. The maxima are related to the time-phase lag between

matrix fluxes and the barometric fluctuations driving the motion.

The motion of the various components and phases is a complex function of parameters.

However, several general features were determined. 1) The rarefaction and compression of

gas in the fractures gives rise to a diffusion-driven flux of water vapor opposing the gross

flow of the gaseous mixture. 2) Even with evaporation/condensation of water, particularly

near the fracture/matrix interface, the barometric pumping process is essentially isother-

mal. 3) Because the moisture being extracted by barometric pumping mostly resides in the

matrix, the block size (fracture spacing) plays an important role in determining the net

transport achievable by this mechanism. However, beyond a certain block size, no additional

net outflow is attainable for a given characteristic barometric time period, i.e., the blocks act

as though they were semi-infinite in extent.
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Chapter 23
Appropriateness of One-Dimensional Calculations

(Eaton)

Total-system performance analysis typically requires hundreds of discrete calculations

to statistically account for the uncertainties in the parameters, such as material properties,

which define the problem. The material parameter variability within the layered-tuff

stratigraphy at Yucca Mountain is greatest in the vertical direction as a result of differences

in depositional, cooling, and alteration histories of the individual units. These same

differences occur in a lateral sense; however, they generally do not vary as rapidly as in the

vertical sense. In addition, the layered rock mass itself is cut by faults that cause offset of the

layers and by fractures that introduce discontinuities. Therefore, stochastic simulations that

can sample from a range of parameter values are required to represent the uncertainty and

variability of those values. Including the details of all these heterogeneities in numerical

models of the mountain results in computer calculations which are computationally

intensive. One practical alternative is to perform a series of one-dimensional analyses. When

the dimensionality of a problem is reduced to a single dimension for computational purposes,

the applicability of the results obtained using the simplified model may be of questionable

value. This chapter investigates the validity of one-dimensional calculations in modeling the

multidimensional waste repository problem.

The following sections outline numerous issues which help define the regimes in which

one-dimensional modeling is applicable. The two primary issues addressed are: (1) When is

it appropriate to use effective material characteristics to incorporate small-scale geologic

heterogeneities into large-scale modeling and (2) Can appropriate numerical boundary

conditions, such as unit-gradient, be developed to make it computationally expedient to

obtain lateral-flow estimates resulting from geologic dip using one-dimensional calculations?

The material in this chapter is presented in greater detail by Eaton (1993).

The results of these studies demonstrate that the use of one-dimensional modeling to

analyze a multidimensional problem may be less restrictive than previously assumed. In

most cases, the effect of small-scale, low-conductivity heterogeneities can be accounted for

through the use of effective hydraulic conductivity. This occurs, in part, because of the highly

nonlinear nature of unsaturated flows. It is also shown that when the media are assumed to

be homogeneous along dipping geologic units, a minor extension to one-dimensional

calculations (the unit gradient approach) can be used to obtain reasonable estimates of two-

dimensional flow path lines without additional computational complexity. Considering the

two-dimensional effect of lateral flow on path lines can be beneficial when calculating solute

transport because the geometry of the two-dimensional path lines can vary considerably from
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their one-dimensional counterpart. It is important to note that only the relationships

between one- and two-dimensional flow are considered in this study. The extension of these

equivalent material concepts to three-dimensional geometries will be considered in future

work.

23.1 Effect of material heterogeneity
One approach to reducing the number of dimensions required in numerical

computations is to include the effect of small-scale material heterogeneities by lumping them

into larger-scale equivalent properties, such as effective hydraulic conductivity. The simplest

type of material heterogeneities is that of a perfectly layered system. For perfectly layered

systems, one can analytically derive the effective hydraulic conductivity for flow parallel to

and perpendicular to the layering (Freeze and Cherry, 1979). For materials which are not

perfectly layered, approximating the effective material properties can be considerably more

complex. Several studies have been made (Eaton and Dykhuizen, 1988; Martinezet al., 1992)

which attempt to identify the flow regimes in which the concept of effective material

properties is appropriate. These studies are outlined below.

23.1.1 Effect of low-hydraulic-conductivity obstructions on effective properties

The effect of material heterogeneities on two-dimensional deterministic calculations of

water flow and particle travel times has been investigated numerically by Eaton and

Dykhuizen (1988). Upper and lower bounds on the infiltration rates for Dirichlet boundary

conditions were defined as a function of the degree of material heterogeneity. The parallel/

series concept for predicting flow limits was previously documented by Crane et al. (1977) for

materials with constant-material properties. Crane assumed that materials with different

conductivities were arranged in either a parallel or series configuration and that the

materials were saturated. Because of the nonlinear nature of flow in partially saturated

media, Crane's techniques for determining the bounds for saturated flows were found to be

too stringent. A new, less stringent set of limits was proposed by Eaton and Dykhuizen.

23.1.1.1 Problem definition and results

For simplicity, it was assumed that the region considered consists of a two-dimensional

array of material units having small and large hydraulic conductivities (Figure 23-1a). This

arrangement is idealized as a uniform array of high and low hydraulic conductivity materials

(Figure 23-1b). The flow through a single unit cell (Figure 23-1b) was investigated. The lnesh

shown in Figure 23-1c was used for the two-dimensional calculations. The size of the flow

obstruction was varied by stretching the mesh horizontally. The hydraulic conductivity for

the highly permeable material is chosen to be the composite conductivity of the hydrogeologic
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Tiva Canyon unit (Klavetter and Peters, 1986) (Figure 23-2). The hydraulic conductivity of

the low- conductivity obstruction into the unit cell is assumed to be zero, which is the limiting

case.

Steady-state numerical solutions of the Richards' equation (Richards, 1931) for a wide

range of obstruction sizes and water-flow rates were obtained.' A bottom boundary pressure

condition of-100 m was specified for all cases. Three different flow rate regimes were

investigated by fining the top boundary pressure at -17.86 m to give flow rates of-0.2 mm/yr,

Case A;-1.225 m to give ~1.0 mm/yr, Case B; and -0.6 m to give ~64 mm/yr, Case C. The

hydraulic conductivity range for these cases is shown in Figure 23-2.

:-...-]....=
•_;i...._ Xo

• ._:i!!] ._...!.._:::

(a) (b) (c)

Figure 23-1. (a) Nonhomogeneous material concept, (b) assumed idealized symmetric array
and (c) numerical mesh.
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Figure 23-2. Material hydraulic conductivity.
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Case A spans a relatively constant portion of the conductivity curve, while Cases B and

C span the nonconstant portion of the conductivity curve. Solutions were obtained for the

three different pressure boundary conditions for reduced-flow areas (XdTY) varying from

0.0125 m to 0.95 m. Additionally, a one-dimensional solution (Xo/W = 1.0) was computed for

each case. The average nondimensional flax, as a function of reduced flow area, is given for

all three cases in Figure 23-3. This figure also shows the flow rates that result when the low-

and high-permeability materials in the region are arranged in parallel and series

configurations. For Case A, the flux through the region gradually decreases as the

obstruction size is increased and it is always bounded by the parallel and series cases.

Intuitively, this is reasonable because the material hydraulic conductivity in the resulting

pressure range is relatively constant. However, it still changes by an order of magnitude.

Some of the water undergoes a more to]_uous path around the obstruction, thus increasing

the total resistance to flow.

""-__'o,o_ " ,Jti__ k ......../" _-Parallel..
(_ ._Case C ...".E_.E_ / ."

"_ ?0.5 • ...,..
$ o '_ ."_I_E , ."o ,.,,'_ , ..
.90 _ : .. Case A
tL U. t ,,:

t :

//
:: Series (flux = O)

0.0 I
0.0 0.5 1.0

Reduced Flow Area (Xo/W)

Figure 23-3. Nondimensional fluxes for three geometric configurations (Eaton and Dykhui-
zen, 1988).

Case B is more interesting in that the average flux through the region is nearly

independent of the obstruction size. The flow is independent of the obstruction size because
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of the highly nonlinear nature of the unsaturated material conductivity in this pressure

range. This is a pronounced departure from the parallel limit for fLxed-conductivity material.

For the high-flux condition, Case C, the calculated flux is less sensitive to obstruction

size than in Case A, but more sensitive than in Case B. The level of sensitivity is a function

of material nonlinearities and the zone of influence of the obstruction on pressure gradients.

A detailed explanation of these results is given by Eaton and Dykhuizen (1988).

The effect of the geometry change, resulting from the nonhomogeneous properties, on
particle travel times was investigated for Case B. The ratio of fastest to slowest travel times

varied from one to four with increase in obstruction size. As the obstruction increases in size,

saturation increases and water previously flowing through the matrix now experiences less
resistance to flow in the fractures. The result is an increase in fracture flow and a decrease

in particle travel time because of the small-fracture porosity.

23.1.1.2 Conclusions regarding low-hydraulic-conductivity obstructions

The effect of obstruction size on average flux through the heterogeneous-flow region is

a strong function of nonlinearities in the material characteristic curves. When conditions are

such that the highly nonlinear portion of the hydraulic conductivity curve is not involved, the

average flux through the region decreases monotonically with obstruction size and the flow

rates are bounded by the parallel and series equivalents. When conditions are such that the

flow involves the highly nonlinear portion of the curves (corresponding to the onset of fracture

flow), the average flux is a weaker function of the obstruction size and flow rates are not

bounded by the parallel and series equivalents.

23.1.2 Effects of unsaturated fractures on effective material properties

The influence of horizontal fractures on the steady seepage of moisture in variably

saturated porous media was analyzed by analytical and numerical means (Martinez et al.,

1992). In their work, the fractures were assumed to contain many open (dry) regions and

assumed to be distributed periodically in two dimensions.

23.1.2.1 Problem description

A schematic of the periodic global fracture/matrix system is given in Figure 23-4a. A

unit cell of the region and boundary conditions are shown in Figure 23-4b. The dry region of

the fracture forms a barrier to moisture flow through the geologic medium. An idealized two-

dimensional model that maximizes the effect of the fractures was analyzed. The results of

the analysis quantified the effect of the dry regions of the fractures on global-water flow

through the fractured medium. An apparent hydraulic conductivity is determined such that

the fractured system can be replaced by a homogeneous medium for describing steady-

unsaturated flow. An asymptotic analysis yields an analytic expression for the apparent
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hydraulic conductivity through such a system in the limit of a small sorptive number (fracture

spacing divided by a characteristic capillary suction) for the intact matrix material. The

apparent hydraulic conductivity for arbitrary spacing and the sorptive number is determined

by numerical means. The numerical model accounts for variable hydraulic conductivity as a

function of the local pressure head, whereas the asymptotic solution represents the limit of

constant conductivity. The numerical results confirm the analytical solution as a lower bound

on the apparent hydraulic conductivity.

23.1.2.2 Conclusions regarding unsaturated fractures

It was concluded from this study that the flow is relatively unimpeded by the fracture

system except for the cases where the blockage ratio of the unit cell (b/w) approaches one.

23.1.3 Effective hydraulic conductivities for random material mixtures

A conceptual understanding of the effect of material heterogeneities on the flow of water

through low permeability rock was obtained by Dykhuizen and Eaton (1991) through solving

the Richards' equation for multiple realizations of materials randomly located within a

meter-scale region, Figure 23-5. The object of this study was to determine a procedure for

determining the effective hydraulic conductivity of the material mix as function of material

mix and conductivity ratios.

Inflow Periodic boundary
Contact area

Fracture _ _ _ '_ _J

............ _Unit _ _ Symmetry

cell ----_ _ 7 boundary

_F;-:ctures _ T

__ -91---.--' w

(a) Periodic boundary (b)

Figure 23-4. (a) Schematic of the periodic global fracture/matrix system, (b) representative
unit cell of the periodic fracture model.

23.1.3.1 Problem description and results

Figure 23-5 shows three randomly arranged spatial mixes of the low and high hydraulic

conductivity materials considered in this study. The percentages given are the percent of low

conductivity material. The material property values for this study were taken from the

PACE-90 study repository unit (Barnard and Dockery, 1991). The value of saturated
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hydraulic conductivity, equal to 2 x 10"11m/s, was assigned to the high-conductivity material.

The value of hydraulic conductivity for the low-conductivity material was varied between two

and six orders of magnitude smaller than the high-conductivity material.

Figure 23-5 also shows the calculated flow path lines for these three geometric mixes of

high- and low-permeability materials. The results of these material variations on flow

resistance, mechanical dispersion, and channeling were addressed using multiple

realizations of random geometric hydraulic conductivity mixes. The 50% mix tends to result

in noticeable flow channeling and the largest mechanical dispersion based on maximum and

minimum particle-path-line travel times. The variation of path line travel times for the 50%

mix was as high as a ratio of eight.

23.1.3.2 Conclusions regarding random mixtures

For the types of geometries and material mixes considered in this study, two-

dimensional flow can be reasonably approximated using one-dimensional calculations and

the effective hydraulic conductivity obtained from Kirkpatrick's theory (Kirkpatrick, 1973).

Many formulations have been proposed such as arithmetic and harmonic averaging to obtain

effective properties. Kirkpatrick's equation provides a power averaging for random geometric

mixtures of material that fall between the arithmetic and harmonic extremes.

I l_._,._',,. __'_-_I_I
I I_ |______!_.!|

:_.£i , "* ..... _ "_

(a) (b) (c)

Figure 23-5. Flow path lines for material mixes: (a) 25%, (b) 50%, and (c) 75% (precentages
basedon the low conductivity material).

23.2 Effectof boundaryconditionson global-scalemodeling
Section 23.1 of this report deals with small-scale heterogeneities on the order of 0.1 to

10 m. We shall now consider the difficulties associated with global-scale modeling. This scale

has not received as much attention as smaller scales because it is computationally intensive.
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The results of numerical calculations are often strongly influenced by the flow conditions

applied at the boundaries. In a comprehensive study by Prindle and Hopkins (1990), they

give the results of a set of numerical calculations of water infiltration through a two-

dimensional model of Yucca Mountain.

Computational parameters which were varied include: the rate of infiltration _:0.01mm/

yr to 3.0 mm/yr), the width of the fault (0.5 m to 5.0 m), anisotropy hydraulic conductivity

ratios (lv:lh to lv:500h), and material characteristics. However, no variation was done at the

vertical and bottom geometric boundaries. All calculations were made using fLxed pressure

along the bottom (water table) and no flow on both vertical boundaries. The results of Prindle

and Hopkins (1990) indicated that the application of this no-flow condition has a strong

influence on the overall flow patterns. Simply by the nature of the no-flow condition, all flow

approaching the fault at the dip boundary of the region is forced to flow vertically down

through the flow domain. All of the extensive variation of fault width and fault material

properties affected the exact width of the region with considerable downflow. However, the

results for each case were essentially the same. The water was forced to flow down through

a small region in the vicinity of the applied no-flow boundary condition.

The unit-gradient boundary condition shows promise for relaxing this potentially

unrealistic no-flow boundary restraint. The application of this condition assumes that the

component of flow exiting the boundary is driven by a unit-pressure gradient. The following

section will show that this concept may be useful in significantly reducing the computational

effort required to simulate two-dimensional flow. The use of one-dimensional calculations in

conjunction with the unit-gradient boundary concept and dip information to generate two-

dimensional flow path lines will be discussed.

23.2.1 Unit-gradient boundary conditions

Application of the unit-gradient boundary condition results in constant flow parallel to

the geologic-unit interfaces and path lines that are similar when the material is assumed

homogeneous along these units. This implies that, under these ideal conditions, two-

dimensional flow path lines can be generated using an extremely simplified one-dimensional

computational mesh. This approximation can reduce computational times required to

generate two-dimensional path lines by one to two orders of magnitude. Application of the

unit-gradient condition will be demonstrated below to illustrate the concept and i_s
usefulness.

23.2.1.1 Problem description

, The problem domain is a rectangular grid (Fig_lre 23-6) with the dip of the geologic units

approximated by rotating the gravitational force vector by 6.25 degrees. The 500-m wide
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domain considered started -500 m east of drillhole H-5 at Yucca Mountain. The material

properties for the four geologic regions are shown in Table 23-1. Unsaturated hydraulic

conductivity values are generated using the van Genuchten (1978) formulation. The fractures

properties for all layers are: I_=4xl0 "5,m/s a=1.2851, l/m, _=4.23, and Sr=0.395.

Steady-state solutions were obtained using evenly distributed steady-state infiltration

rates of 0.01, 0.1, and 1.0 mm/yr across the top boundary. Unit-gradient boundary conditions

were specified at the left, right, and bottom boundaries. These conditions are similar to the

second type boundaries discussed by McCord (1991). A second set of solutions was obtained

by replacing the side unit-gradient conditions with no-flow conditions while maintaining the

unit-gradient condition along the bottom.

23.2.1.2 Description of the unit-gradient boundary ,condition

The unit-gradient condition specifies that the :]ux component exiting the boundary be

computed by assuming that the head gradient in the direction of the gravity vector at the

boundary is unity. Consequently, at boundaries where the unit-gradient condition is

specified, the flux components leaving the region, exe defined by

qx = -Kxsin0 (23.1)

and

qz = -Kzc°s0 , (23.2)

where

qx is the Darcy flux along the x-coordinate direction (m/s), qz is the Darcy flux along the
z-coordinate direction (m/s), K x and Kz are the prevailing hydraulic conductivity as a
function of capillary pressure (m/s), and 0 is the dip of strata. The x and z coordinates are
parallel and perpendicular to the geologic unit interfaces.

_ _\\\\\-__-_lOOOm _,"_a e_'_

l ...........................

4 Gravity
800 m ..................................

0 m 500 m
---.-.-p_ x

Figure 23-6. Two-dimensional computational domain.
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Table 23-1. Material properties

Porosity Ks oc Fractures
Layer Total (m/s) (l/m) _ Sr ( 1/m 3)

I I I I I

1 0.11 2x10 "11 0.00567 1.798 0.080 28.3

2 0.09 3x10 "12 0.0033 1.798 0.052 35.6

3 0.21 8x10 "11 0.0265 2.223 0.164 2.0

4 0.41 3x10 "12 0.0220 1.236 0.010 1.6

The flux components at the boundaries, parallel to the domain boundaries, are

computed using the pressure gradients computed by the code. This is essentially the same

method as is used at all internal mesh points. It is important to note that for computational

geometries that are not parallel and perpendicular to the unit boundaries, a coordinate

rotation must be applied.

23.2.1.3 Results of varying applied boundary conditions

Figure 23-7 shows steady-state Darcy velocity vectors for an infiltration rate of 0.01 mm/

yr. For the purpose of comparison, the Darcy velocity vectors using the no-flow conditions are

given in Figure 23-8. The flow near the middle of the mesh is not significantly affected. This

implies that, if the region were considerably longer, the side boundary conditions may not

significantly affect the results in regions adequately removed from these boundaries. Particle

path lines for the 0.01 mm/yr case are given in Figure 23-9 for the no-flow and unit-gradient

conditions. Comparison of these path lines show that considerably more relative lateral

particle movement is calculated using the unit-gradient boundary conditions.

23.2.1.4 Implications for simplified two-dimensional flows

There is an interesting aspect regarding the use of the unit-gradient boundary condition

that may be extremely useful for reducing computational times required to approximate two-

dimensional flows. That is, the flow of water is constant along each geologic unit if each

geologic layer is assumed to be homogeneous. Under these assumptions the fluid particle

path lines are similar to each other.

Thus using information regarding the average dip of each geologic unit, a minor

extension may be made to any one-dimensional code which allows the calculation of a single

path line. Because of the mathematically similar nature of scenarios with these constraints,

this path-line configuration is applicable at all horizontal locations along the geologic unit.

Significant savings in computer execution times can be realized by approximating two-
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dimensional flow using this concept. Our current plan is to demonstrate this concept by

making the appropriate modifications to the one-dimensional code TOSPAC (Dudley et al.,

1988).

g

Figure 23-7. Darcy velocity vectors, using unit-gradient boundary conditions, q=0.01 mm/yr.

Figure 23-8. Darcy velocity vectors, using no-flow boundary conditions, q=0.01 mm/yr.

23-11



A

E eoo
c (a) unit-gradient boundary condition
0

omm

1000
UJ

'.. \%%900 _ _ ,_

•°%"co•eeoc•

800 !

-I ""i_ j
/ ! /

700 I /

(b) no-flow boundary condition

600

0 100 200 300 400 500

Distance (rn)

Figure 23-9. Particle path lines, 0.01 ram/yr.

23.3 Nonisotropichydraulicconductivityeffects !

In all numerical calculations of the flow through Yucca Mountain to date, the ratio of

hydraulic conductivity parallel and normal to layering is assumed constant within a geologic

unit. Most calculations have assumed the ratio equal to one. Values as large as 500 were

considered by Prindle and Hopkins (1990). Considerable experimental data exist which imply

that the hydraulic conductivity ratio is a strong function of saturation and dip of the geologic

strata (Yeh et al., 1985). LLUVIA-II (Eaton and Hopkins, 1992) has been used to predict the

nonisotropic nature of equivalent hydraulic conductivities as a function of capillary pressure

(saturation) and geologic dip (Eaton and McCord, 1992). The numerical results for layered

regions are compared with semianalytical expressions presented by Yeh et al. (1985). Good

agreement was obtained for hydraulic conductivity ratios Kparallel/Knormal for wet and\

moderately dry conditions.
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The use of analytical expressions for these hydraulic conductivity ratios would simplify

the implementation of layered effects in global calculations where it is impractical to include

detailed geologic structure.

23.3.1 Analytic model

The Yeh et al. (1985) expression for the equivalent effective hydraulic conductivity of an

arbitrarily oriented layered medium is given by

Kp = Kmexp 2 [ 1 + A)_cos (_) ] ' (23.3)

where Kp is the effective hydraulic conductivity in the direction parallel to the material

layering, and

gn = Kmexp -2 [ 1 + A)_cos (_3)] ' (23.4)

where K n is the effective hydraulic conductivity in the direction normal to the layering.

The parameters in the above equations are defined by: K m is the geometric-mean of the
2

saturated hydraulic conductivity, a_ is the variance of the In (Ks,c) field, _a is the variance
of the slope of the In (K) versus _ random field, • is the mean pressure head, A is the mean

of a (see conductivity equation below for definition of a; _ is the correlation length normal

to layering, and _ is the dip of the soil layering). The form of unsaturated conductivity used

in the Yeh et al. (1985) analysis is given by

-_
K (_t) = Ksate . (23.5)

One important aspect of these effective conductivity expressions is that they indicate

that the anisotropy of layered media can vary (by orders of magnitude) as the hydraulic state

(capillary pressure) changes. This behavior could have a significant impact on flow and

transport predictions.

23.3.2 Numerical approach

The problem geometry and applied boundary conditions used in the LLUVIA-II

numerical calculations are given in Figure 23-10. Geologic dip is approximated by rotation of

the gravitational vector with respect to the z axis. In all calculations, the top boundary

(maximum z) was set to a fixed capillary pressure. The unit-gradient boundary condition was

applied at the remaining three boundaries. A 31- by 31-node grid was used. Steady-state

solutions were obtained for capillary pressures varying from -2 m to -6 m and dips ranging

from 10 degrees to 70 degrees. These capillary pressures represent dry to very dry saturation
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conditions.Hydraulicconductivitiesvarybyup tofourordersofmagnitudeoverthispressure

range.For capillarypressuresof-6m, thehydraulicconductivityvaluesareasmuch as7

ordersofmagnitudelowerthantheircorrespondingvaluesatsaturatedconditions.

z Fixed pressure

Unit gradient

Figure23-I0.Problemgeometryand numericalboundaryconditions.

The randomlygeneratedsaturated-hydraulic-conductivityfieldsusedinthisstudywere

typical of layered soil since considerable soil data are available. Typical values of the

quantities required by the Yeh et al. (1985) equation are: mean of lnKsat= -1.1xl0 +1,

variance oflnKsat= 1.5, A = mean of a = 3.0, and geometric mean Ks, _ = 1.291x10 "6. The

effective hydraulic conductivity result was calculated using two different methods. In the

first, the effective hydraulic conductivity was calculated by the following equation using the

numerically calculated fluxes

fluxxAx
Keff, - AP ' (23.6)X

where flux x is the mass flux in the x direction, Ax is the width of region, APx is the

average change in effective pressure head across the region in the x direction. The Kef£ value
is calculated by interchanging x and z values in the above equation.

In the second method, effective conductivities were approximated using the calculated

conductivities along a single c_dumn at x = Xmax/2.0 while assuming one-dimensional
series flow in the z-direction and one-dimensional parallel flow in the x-direction. These

equations give

Z(Az) _ Az 2 (Azi)Azl+ + .. = Z_ , (23.7)
Kn K 1 -I(2 • Ki

and

AZlK 1 + Az2K 2 + ... _ (AziK i)

Kp = ZAz = Z(Azi) ' (23.8)
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23.3.3 Results of nonisotroplc-hydraulic conductivity effects

Effective hydraulic conductivity ratios as a function of capillary pressure are given for

an average of eleven calculations in Figures 23-11 and 23-12 for dips of 10 degrees and 70

degrees. Each calculation used a different set of randomly generated values of Ksat and

data typical of soil material. The three curves represent results from the three calculation

methods: (1) mass balance and Darcy's equation, (2) parallel and series analogy, and (3) thet

Yeh et al. analytical relations. Good agreement is obtained for -4 < _ < -2 m. At the

105

Numerical

104 "'"'.... Series

103 ""'".... ......... Yeh et _. .ff
_- 102

101

100 I I I

-6 -5 -4 -3 -2

y (m)

Figure 23-11. Hydraulic conductivity ratio as a function of boundary capillary pressure for
an average of eleven realizations, dip = 10 degrees

pressure level of-4 m, the ratio of saturated hydraulic conductivity to hydraulic conductivity

is on the order of 105 , indicating dry conditions. For the extremely dry conditions, _I/< -4 m,

agreement between the numerical and analytical results is not good.

The conductivity ratio Kparallel/Knormal was also determined as a function of dip.
These results show that the hydraulic conductivity ratio is relatively insensitive to the dip.

The series and parallel equations show no dependence on the angle. The LLUVIA-II and Yeh

et al. results are in reasonable agreement for a capillary pressure of-2.0 m and poor

agreement at a capillary pressure of-6.0 m. This disagreement is not critical because the

hydraulic conductivity ratio is reasonably insensitive to the dip for all cases. Additionally, in

most situations the dip is fairly well known and does not vary appreciably between layers. In
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order to evaluate the applicability of concept to Yucca Mountain, this study should be

repeated using the best available Yucca Mountain material characteristics.

105

"..... .... Numerical

%%%%%%
104 - Series

103

102

101

10o I I I

-6 -5 -4 -3 -2

y (m)

Figure 23-12. Hydraulic conductivity ratio as a function of capillary pressure for an average
of eleven realizations, dip = 70 degrees.

23.4 Summaryof one-dimensionalappropriatenessstudies
Presented in this report are various aspects of numerical modeling that help define the

bounds of applicability of using one-dimensional numerical calculations for approximating

the water flow through two-dimensional, nonhomogeneous, partially saturated porous

regions. This information can be particularly helpful when making abstractions in support

of the one-dimensional calculations in the total-system performance analysis study. The

results of the studies described in this chapter are itemized below.

1. It is demonstrated that the effect of low-hydraulic-conductivity meter-scale obstructions

can, in many cases, be accounted for by the use of effective conductivities. In unsaturated

flows where the material characteristics are extremely nonlinear, the presence of low-hy-

draulic-conductivity obstructions (Figure 23-1) provide little flow resistance over and

above that resulting from the high-conductivity background material (Eaton and

Dykhuizen, 1988).

2. For most fracture/matrix material combinations, the presence of unconnectecl unsaturated
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fracture arrays (Figure 23-4) generate little resistance to infiltrating water (Martinez et

al., 1992).

3. Effective conductivities for materials comprised of meter-scale random binary mixtures of

high and low conductivities can be represented using the analytical model of Kirkpatrick

(Figure 23-5) (Dykhuizen and Eaton, 1991).

4. The unit-gradient boundary concept can be used in conjunction with one-dimensional

modeling to effectively approximate two-dimensional flow path lines (Figure 23-9) on a

mountain scale in layered geologic media when the media are homogeneous in the direc-

tion normal to the layering (Eaton and McCord, 1992).

5. The effect of nonisotropic hydraulic conductivity can possibly be included through the use

of analytical expressions which provide Kparallel/Knormal as a function of material satura-

tion and dip. This was shown to be true for soils on meter-scale problems. It remains to

be determined for Yucca Mountain materials (Eaton and McCord, 1992).

In summary, with the incorporation of the above concepts, it is possible to use one-

dimensional modeling to approximate two-dimensional flow path lines in layered systems

while accounting for, to some extent, low-hydraulic conductivity obstructions, unsaturated

fractures, random mixes of material conductivities, and nonisotropic conductivities. These

phenomena are accounted for without explicitly including them in the geometry of the

numerical model. Additionally, the effect of lateral flow, resulting from geologic dip, can be

accounted for by the use of the unit-gradient boundary conditions.
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Chapter 24
Effect of Fractures on Repository Dryout

(Eaton)

Historically the majority of the calculations in support of total-system performance

analysis were completed using isothermal single-phase flow conditions. Typical codes used for

TSPA investigations, such as TOSPAC, calculate the flow of single-phase water through

porous media and do not address the effect of vapor transport. Numerous multiphase two-

dimensional calculations for buried waste have been made by Buscheck and Nitao (1993)

using the code V-TOUGH (1989). These calculations predicted considerable dryout in the

region of the buried waste and a perched water region above the repository. This calculated

dryout-perched condition existed for thousands of years, implyingthat the multiphase aspect

of the repository problem should be considered in TSPA calculations.

Because of the complexity of multi:phase calculations they do not readily adapt

themselves to Monte Carlo type calculations, where hundreds of realizations may be required

to adequately account for the uncertainties in: (1) material properties, (2) environmental

considerations, (3) waste-canister properties, and (4) the geometry of the geologic media.

An additional potential problem when calculating multiphase flow is that the flow

characteristics of the vapor in the fractures mus,t be accurately modeled. For most materials,

liquid water only travels through the fracture,:_ when the flow is nearly liquid saturated.

However, water in vapor phase will flow in the fractures even at low values of liquid

saturation. Because of this sensitivity to the computational model a study has been made

using the multiphase code TOUGH2 (Pruess, 1991) to determine the sensitivity of computed

dryout and water perching to the model used for flow through fractures. Based on material

characteristics for a highly fractured media, calculations predict considerable dryout in the

vicinity of buried waste and a large perched water region above the repository for times

exceeding 10,000 yr after waste burial. When the apertures of the fractures are reduced by a

factor of 10 (from 100 _tm to 10 inn), the size of the dryout and perched regions are

significantly reduced. When the aperture of the fractures is reduced to less than 10 _m, the

dryout and perched regions are essentially nonexistent. Additionally, it was observed that the

extent of the calculated dryout is sensitive to the material characteristic model used to define

saturation and permeability as a function of capillary pressure.

24.1 Problem description

The TOUGH2 code has been used to simulate an axisymmetric repository with an aerial

power density of 114 kW/acre and 30-yr-old spent nuclear fuel (SNF). To obtain a benchmark
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for the Sandia version of the TOUGH2 code, the results of one-dimensional calculations along

the center of the repository (r = 0.0, Figures 24-1 and 24-2), were compared with the two-

dimensional results of Buscheck and Nitao (1993) (Figures 24-3 and 24-4). Their results wcre

obtained using V-TOUGH (Nitao, 1989), Lawrence Livermore National Laboratory's

Infiltration rate = 0.0

ature
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Figure 24-1. Two-dimensional axisymmetric geometry of repository and surrounding
geologic media for ll4-kW/acre, 30-yr-old fuel (Buscheck and Nitao, 1993).
The TOUGH2 calculations were made along the r = 0 vertical axis.

Temperature (C)
0.0 m Groundlevel 0.0 20.0 40.0
29.3 _ TCw 0.0
67.4 _ _'Tn

TSwl -100.0 Liquid
saturation

189 -200.0
TSw2

Repository _ -300.0341
345 E

387 TSw2 "--"
403 TSw3 .c:*-, -400.0

408 Chnlv _.

Chnlz C] -500.0

539 _ Water

tabie (570 m) -600.0 T_

PPw -700.0 (b)

-8(
(a) 1 0.1 0.3 0.5 0.7 0.9 1.1

Liquid saturation

Figure 24-2. (a) One-dimensional approximation to repository and surrounding layered geo-
logic media, and (b) Initial temperature and saturation profiles.
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Figure 24-3. Vertical liquid saturation profiles along the repository centerline, 30-yr-old
SNF, 114 kW/acre. Comparison of TOUGH2 and V-TOUGH results, t = 100,600, and 10,000 yr.
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vectorized version of the TOUGH code (Pruess, 1987). Matrix and fracture material

properties for the layered geologic media are given in Tables 24-1 and 24-2 (Klavetter and

Peters, 1986). Initial saturation and temperature profiles are given in Figure 24-2. It should

be noted that the initial dry state of the PTn unit results from the large value of _ (6.873)

given by Klavetter and Peters (1986). Even though this value does not correspond to recently

obtained values it will be used in this study to be consistent with the work of Buscheck and

Nitao (1993). Fracture porosity and permeability for the nominal case addressed in this

paper is based on 3.33, 100 _m fractures per meter. The equivalent continuum model of

Peters and Klavetter (1988) and the relative permeability model of van Genuchten (1978)

were used to obtain saturation and permeability values for the variably-saturated highly-

fractured geologic media. A composite material option using the van Genuchten theory has

been added to the SNL version of the TOUGH2 code. It allows for area-weighted matrix and

fracture materials. Solutions were also obtained by neglecting fractures. Large differences

in repository dryout and water perching were observed.

To obtain a better understanding of the sensitivity of the amount of perched water and

dryout to fracture characteristics, additional calculations were made. The same basic

configuration was used as shown in Figure 24-1 and the material properties given in Tables

24-1 and -2. A parametric study was performed by varying the fracture aperture (b), given in

Table 24-3, from 1 _m to 1000 _rn. Fracture permeability is defined by b2/12 m 2.

Table 24-1. Material matrix properties.

Unit k m (m 2) {x (1/Pa) _ @m Sr

TCw 9.70x 10 "19 8.40 x 10 "7 1.558 0.08 0.0020

PTn 3.90 x 10 "14 1.53 x 10 -6 6.873 0.40 0.100

TSwl 1.90 x 10"18 5.80 x 10.7 1.798 0.11 0.080

TSw2 1.90 x 10"18 5.80 x 10-7 1.798 0.11 0.080

TSw3 1.50 x 10"19 4.51 x 10 -7 2.058 0.07 0.080

CHnlv 2.70 x 16 "14 1.64 x 10 -6 3.872 0.46 0.041

CHnlz 2.00 x 10"18 3.15 x 10 "7 1.602 0.28 0.110

PPw 4.5 x 10 "16 1.44 x 10 "6 2.639 0.24 0.066

Table 24-2. Fracture properties for all units.

kf (m 2) a (1/Pa) _ _f S r
I

8.33 x 10"1° 1.315 x 10.3 4.23 3.33x 10.4 0.0395
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Table 24-3. Parametric variation in material properties.

Case b (_m) kf (m2) ¢
IIII I I

1 1,000 8.33 x 10"s 3.33 x 10-3

2 (base case) 100 8.33 x 101° 3.33 x 10-4

3 10 8.33 x 10"12 3.33 x 10-5

4 1 8.33 x 10"14 3.33 x 10-6

24.2 Results

Vertical profiles of liquid saturation and temperature are given for times of 100, 600,

and 10,000 yr after waste emplacement in Figures 24-5 and 24-6. The extent of calculated

water perching above the repository and dryout in the vicinity of the repository is gradually

reduced by decreasing the assumed fracture aperture from 1000 _m to 10 _m. When the

aperture of the fractures is reduced to 10 _m the size of the dryout and perched regions are

significantly reduced. When the fracture aperture is reduced to 1 _m, the dryout and perched

regions are nonexistent.

The calculated temperatures are less sensitive to the existence of fractures than are the

liquid saturations, Figure 24-6. The most noticeable difference is the disappearance of the

heat pipe (constant temperature) region as the fracture aperture is reduced. Reducing the

fracture aperture to 10 _m or less increased the maximum calculated temperatures by

approximately 30 c. Temperature profiles for the base case (100 _m) and 1000 _m case are

essentially the same.

Figures 24-7 and 24-8 give a summary of these water-perching and dryout calculations

as a function of fracture aperture. The extent of water perching and dryout increase

appreciably with fracture size up to 100 _m. Increasing the fracture aperture greater than

100 _m does not appreciably increase the dryout and perched regions.

These calculated liquid saturation and temperature results show that the choice of the

fracture properties used in the calculations has a strong influence on predicted water

perching and dryout. This results primarily from vapor transport and the way it is calculated

in the TOUGH2 code. Permeability and liquid saturation are given as a function of capillary

pressure in Figures 24-9 and 24-10 for the matrix, fractures, and composite model for the

TSw2 material. It can be seen from these figures that matrix and composite permeability are

the same unless saturation is in excess of 0.99 (_/> -0.1). Therefore, the flow of liquid is
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Figure 24-5. Vertical liquid saturation profiles along the repository centerline for 30-yr-old
SNF, 114 kW/acre, t = 0, 100, 600, and 10,000 yr.
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independent of the fractures unless saturated conditions are approached and liquid water

begins to flow in the fractures. This is not true for vapor transport. The composite

permeability for vapor transport is calculated as follows:

Kvapo r = (1.0 - Krelative_liquid) x Ksaturated_composit e (24.1)

The vapor permeability is a direct function of the saturated composite permeability.

For the TSw2 material shown in Figure 24-9, the inclusion of the composite model increases

the vapor permeability by 5 orders of magnitude. Thus for a given pressure field, the vapor

transport is significantly enhanced by the addition of the composite model while liquid

transport is unaffected, except at liquid saturation levels greater than approximately 0.99.

Typically the van Genuchten formulation, (OPTION 7) in TOUGH2, is used to model

flow through tuff rock. In this model, a cutoff value of capillary pressure must be given by

the user. The magnitude of this value is left to the discretion of the user. If it is chosen to be

too small, the code is forced to choose time step sizes which are too small to be practical and

code execution times are excessive. If it is chosen too large, then the liquid saturation is

truncated at a value which eliminates the calculation of any dryout. It was for this reason

that OPTION 9, which eliminates the no-dryout problem and allows fo- considerably larger

time step sizes, was added to the code. The calculated results for all regions except the near

repository region are the same. However, in the flow in the near region of the potential

repository, both water perching and repository dryout are reduced by the use of OPTION 7.

24.3 Conclusions regarding repository dryout
The results of the repository simulations presented above are outlined below:

* The temperature profiles calculated using TOUGH2, with a one-dimensional model

compare favorably with those calculated by Buscheck and Nitao (1993) using V-TOUGH
and a two-dimensional model.

, Liquid saturation results Obtained with the one-dimensional approximation compare

favorably with the two-dimensional results for times up to 600 yr. At a calculated time

of 10,000 yr, the two-dimensional model begins to rewet in the vicinity of the repository.

Rewetting fox'the one-dimensional case does not begin until t > 30,000 yr.

*The magnitude of the dryout and perched regions increases monotonically with fracture

aperture in the range of 1 pm to 100 _tm.

* Dryout and perched regions are nonexistent when the fracture apertures are reduced

to 1 ttm.
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• The magnitude of the dryout and perched regions is insensitivity to aperture size in the

range of 100 _m to 1000 _tm.

• The maximum calculated repository temperature increases as the fracture apertures are

decreased.

•The algebraic model used to define the material properties can significantly affect

calculated values of water perching and dryout in the vicinity of the repository.
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TSPA-93 Column Stratigraphy
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Table A-1. Simulation #1 (Seed = 69069).

Unit Top of: Column #1 Column #2 Column #3 Column #4 Column #5 Column #6 Column #7 Column #8
1 Tiva Canyon 1429.93 a 1443.33 1392.24 1391.67 1335.33 1370.21 1295.49 1267.65

welded
2 Paintbrush 1360.93 1324.36 1312.16 1321.31 1264.31 1303.02 1251.20 1214.63

nonwelded
3 Topopah Spring 1324 36 1281.68 1263.40 1263.40 1202.44 1260.35 1207.27 1165.86

welded
Repository base 1078.43 1048.22 1007.50 999.67 971.96 1047.72 973.62 932.87

4 Topopah basal 1055.69 1006.36 984.29 955.08 927.74 N/A 909.47 909.78
vitrophyre

5 Calico Hills/Prow 1040.89 995.17 964.69 934.21 912.88 992.12 900.68 888.49
Pass vitric

6 Calico Hills/Prow 915.30 899.14 864.87 845.25 826.06 903.42 864.25 823.49
Pass zeolitic

7 Prow Pass welded
6 Calico Hills/Prow

3> Pass zeolitic N/A
7 Prow Pass welded N/A N/A N/A N/A N/A N/A N/A
6 Calico Hills/Prow

Pass zeolitic
8 Bullfrog welded 772.67
9 Bullfrog nonwelded N/A

Water table 751.51 742.67 748.26 754.99 731.25 731.09 730.91 730.61

N/A = Not applicable.
a Units are in meters.



Table A-2. Simulation #2 (Seed = 69071).

Unit Tol_ of: Column #1 Column #2 Column #3 Column #4 Column #5 Column #6 Column #7 Column #8
1 Tiva Canyon 1429.93 a 1443.33 1392.24 1391.67 1335.33 1370.21 1295.49 1267.65

welded
2 Paintbrush 1360.93 1326.87 1306.07 1312.89 1246.12 1293.88 1211.58 1226.82

nonwelded

3 Topopah Spring 1315.21 1278.64 1263.40 1257.30 1208.53 1251.20 1175.00 1193.29
welded

Repository base 1078.43 1048.22 1007.50 999.67 971.96 1047.72 973.62 932.87
4 Topopah basal 1013.02 969.78 969.05 948.98 897.26 N/A 927.76 870.16

vitrophyre
5 C_lico Hills/Prow 998.22 958.60 949.45 928.12 882.40 949.45 918.97 848.87

Pass vitric
6 Calico Hills/Prow 915.30 899.14 864.87 845.25 826.06 903.42 864.25 823.49

Pass zeolitic
7 Prow Pass welded 803.15 733.04
6 Calico Hills/prow 794.00

_> Pass zeolitic N/A N/A
7 Prow Pass welded N/A N/A N/A N/A
6 Calico Hills/Prow

Pass zeolitic N/A N/A
8 Bullfrog welded 830.58 794.00
9 Bullfrog nonwelded 766.57 N/A

Water table 751.51 742.67 748.26 754.99 731.25 731.09 730.91 730.61

N/A = Not applicable.
a Units are in meters.



Table A-3. Simulation #3 (Seed = 69073).

Unit Top of: Column #1 Column #2 Column #3 Column #4 Column #5 Column #6 Column #7 Column #8
1 Tiva Canyon 1429.93 a 1443.33 1392.24 1391.67 1335.33 1370.21 1295.49 1267.65

welded
2 Paintbrush 1354.84 1315.21 1284.73 1290.83 1261.80 1278.64 1263.40 1226.82

nonwelded

3 Topopah Spring 1324.36 1272.54 1242.06 1239.01 1217.68 1251.20 1217.68 1190.24
welded

Repository base 1078.43 1048.22 1007.50 999.67 971.96 1047.72 973.62 932.87
4 Topopah basal 988.63 975.88 959.90 952.03 885.07 N/A 924.71 909.78

vitrophyre
5 Calico Hills/Prow 973.84 964.69 940.31 931.16 870.20 976.88 915.92 888.49

Pass vitric
6 Calico Hills/Prow 915.30 899.14 864.87 845.25 826.06 903.42 864.25 823.49

Pass zeolitic
7 Prow Pass welded 781.81
6 Calico Hills]Prow 763.52

Pass zeolitic N/A N/A
7 Prow Pass welded N/A N/A N/A N/A N/A
6 Calico Hills]Prow

Pass zeolitic N/A

8 Bullfrog welded 815.34 784.86
9 Bullfrog nonwelded N/A N/A

Water table 751.51 742.67 748.26 754.99 731.25 731.09 730.91 730.61

N/A = Not applicable.
a Units are in meters.



Table A-4. Simulation #4 (Seed = 69075).

Unit Tola of: Colllmn #1 Colnmn #2 Column #3 Colnmn #4 Column #5 Column #6 Column #7 Column #8
1 Tiva Canyon 1429.93 a 1443.33 1392.24 1391.67 1335.33 1370.21 1295.49 1267.65

welded
2 Paintbrush 1336.55 1327.40 1327.40 1309.12 1275.59 1281.68 1208.53 1193.29

nonwelded

3 Topopah Spring 1303.02 1287.78 1287.78 1266.44 1217.68 1245.11 1171.96 1175.00
welded

Repository base 1078.43 1048.22 1007.50 999.67 971.96 1047.72 973.62 932.87
4 Topopah basal 970.35 939.30 972.10 958.12 878.97 N/A 939.95 915.88

vitrophyre
5 Calico Hills/Prow 955.55 928.12 952.50 937.26 864.11 986.03 931.16 894.59

Pass vitric
6 Calico Hills/Prow 915.30 899.14 864.87 845.25 826.06 903.42 864.25 823.49

Pass zeolitic
7 Prow Pass welded 754.38
6 Calico Hillsi_Prow

_> Pass zeolitic
¢_ 7 Prow Pass welded N/A N/A N/A N/A N/A N/A N/A

6 Calico Hills/Prow N/A
Pass zeolitic

8 Bullfrog welded
9 Bullfrog nonwelded

Water table 751.51 742.67 748.26 754.99 731.25 731.09 730.91 730.61

N/A = Not applicable.
a Units are in meters.



Table A-5. Simulation #5 (Seed = 69077).

Unit Top of: Column #1 Column #2 Column #3 Column #4 Column #5 Column #6 Column #7 Column #8
1 Tiva Canyon 1429.93 a 1443.33 1392.24 1391.67 1335.33 1370.21 1295.49 1267.65

welded
2 Paintbrush 1397.51 1373.12 1312.16 1299.97 1284.73 1296.92 1248.16 1193.29

nonwelded
3 Topopah Spring 1360.93 1336.55 1275.59 1254.25 1239.01 1260.35 1217.68 1171.96

welded

Repository base 1078.43 1048.22 1007.50 999.67 971.96 1047.72 973.62 932.87
4 Topopah basal 1016.07 972.83 950.76 948.98 918.60 N/A 909.47 909.78

vitrophyre
5 Calico Hills/Prow 1001.27 961.64 931.16 928.12 903.73 964.69 900.68 888.49

Pass vitric
6 Calico Hills/Prow 915.30 899.14 864.87 845.25 826.06 903.42 864.25 823.49

Pass zeolitic
7 Prow Pass welded
6 Calico Hills/Prow

Pass zeolitic N/A
-q 7 Prow Pass welded N/A N/A N/A N/A N/A N/A N/A

6 Calico Hills/Prow
Pass zeolitic

8 Bullfrog welded 766.57
9 Bullfrog nonwelded N/A

Water table 751.51 742.67 748.26 754.99 731.25 731.09 730.91 730.61

N/A = Not applicable.
a Units are in meters.



Table A-6. Simulation #6 (Seed = 69079).

Unit Top of: Column #1 Column #2 Column #3 Column #4 Column #5 Column #6 Column #7 Column #8
1 Tiva Canyon 1429.93 a 1443.33 1392.24 1391.67 1335.33 1370.21 1295.49 1267.65

welded
2 Paintbrush 1357.88 1310.91 1296.92 1312.16 1254.25 1263.40 1242.06 1187.20

nonwelded

3 Topopah Spring 1312.16 1281.65 1275.59 1260.35 1214.63 1254.25 1220.72 1184.'_5
welded

Repository base 1078.43 1048.22 1007.50 999.67 971.96 1047.72 973.62 932.87
4 Topopah basal 1025.21 945.40 956.86 970.32 915.55 N/A 912.52 891.49

vitrophyre
5 Calico Hills]Prow 1010.41 934.21 937.26 949.45 900.68 955.55 903.73 870.20

Pass vitric
6 Calico Hills/Prow 915.30 899.14 864.87 845.25 826.06 903.42 864.25 823.49

Pass zeoiitic
7 Prow Pass welded 772.67 835.15 763.52
6 Calico Hills/Prow 829.06 760.48

Pass zeolitic
7 Prow Pass welded N/A N/A 769.62 739.14 N/A N/A N/A
6 Calico Hills/Prow N/A

Pass zeolitic

8 Bullfrog welded N/A N/A
9 Bullfrog nonwelded

Water table 751.51 742.67 748.26 754.99 731.25 731.09 730.91 730.61

N/A = Not applicable.
a Units are in meters.



Table A-7. Simulation #7 (Seed = 69081).

Unit Top of: Column #1 Column #2 Column #3 Column #4 Column #5 Column #6 Column #7 Column #8
1 Tiva Canyon 1429.93 a 1443.33 1392.24 1391.67 1335.33 1370.21 1295.49 1267.65

welded
2 Paintbrush 1379.22 1321.31 1293.88 1284.73 1263.40 1275.59 1251.20 1205.48

nonwelded

3 Topopah Spring 1351.79 1293.88 1266.44 1260.35 1211.58 1232.92 1217.68 1175.00
welded

Repository base 1078.43 1048.22 1007.50 999.67 971.96 1047.72 973.62 932.87
4 Topopah basal 1022.16 988.07 947.71 945.93 949.08 N/A 921.67 912.83

vitrophyre
5 Calico Hills/Prow 1007.36 976.88 928.12 925.07 934.21 973.84 912.88 891.54

Pass vitric
6 Calico Hills/Prow 915.30 899.14 864.87 845.25 826.06 903.42 864.25 823.49

Pass zeolitic
7 Prow Pass welded 812.29 800.10
6 Calico Hills/Prow 806.20

Pass zeolitic
7 Prcw Pass welded N/A N/A 772.67 N/A N/A N/A N/A
6 Calico Hills/Prow 754.38 N/A

Pass zeolitic

8 Bullfrog welded N/A
9 Bullfrog nonwelded

Water table 751.51 742.67 748.26 754.99 731.25 731.09 730.91 730.61

N/A = Not applicable.

a Units are in meters.



Table A-8. Simulation #8 (Seed = 69083).

Unit Top of." Col;iron #1 ColHmn #2 Column #3 Column #4 Column #5 Column #6 Column #7 Column #8
1 Tiva Canyon 1429.93 a 1443.33 1392.24 1391.67 1335.33 1370.21 1295.49 1267.65

welded
2 Paintbrush 1367.03 1318.26 1330.45 1299.97 1272.54 1284.73 1254.25 1199.39

nonwelded

3 Topopah Spring 1324.36 1266.44 1257.30 1245.11 1208.53 1229.87 1190.24 1144.52
welded

Repository base 1078.43 1048.22 1007.50 999.67 971.96 1047.72 973.62 932.87
4 Topopah basal 988.63 978.92 953.81 952.03 933.84 N/A 900.33 873.21

vitrophyre
5 Calico Hills/Prow 973.84 967.74 934.21 931.16 918.97 958.60 891.54 851.92

Pass vitric
6 Calico Hills/Prow 915.30 899.14 864.87 845.25 826.06 903.42 864.25 823.49

Pass zeolitic
7 Prow Pass welded
6 Calico Hills/Prow

,_ Pass zeolitic N/A N/A N/A
7 Prow Pass welded N/A N/A N/A N/A N/AO
6 Calico Hills/Prow

Pass zeolitic
8 Bullfrog welded 842.77 812.29 751.33
9 Bullfrog nonwelded N/A N/A N/A

Water table 751.51 742.67 748.26 754.99 731.25 731.09 730.91 730.61

N/A = Not applicable.
a Units are in meters.



Table A-9. Simulation #9 (Seed = 69085).

Unit Top of: Column #1 Column #2 Column #3 Column #4 Column #5 Column #6 Column #7 Column #8
1 Tiva Canyon 1429.93 a 1443.33 1392.24 1391.67 1335.33 1370.21 1295.49 1267.65

welded
2 Paintbrush 1357.88 1333.50 1324.36 1296.92 1266.44 1284.73 1243.58 1211.58

nonwelded
3 Topopah Spring 1321.31 1303.02 1278.64 1263.40 1214.63 1260.35 1208.53 1181.10

welded
Repository base 1078.43 1048.22 1007.50 999.67 971.96 1047.72 973.62 932.87

4 Topopah basal 1052.64 1006.36 950.76 964.22 878.97 N/A 915.57 900.64
vitrophyre

5 Calico Hills/Prow 1037.84 995.17 931.16 943.36 864.11 _ 958.60 906.78 879.35
Pass vitric

6 Calico Hills/Prow 915.30 899.14 864.87 845.25 826.06 903.42 864.25 823.49
Pass zeolitic

7 Prow Pass welded 772.67 778.76 736.09
6 Calico Hills/Prow

,_ Pass zeolitic N/A
7 Prow Pass welded N/A NZA N/A N/Ab-A

6 Calico Hills/Prow N/A N/A N/A
Pass zeolitic

8 Bullfrog welded 778.76
9 Bullfrog nonwelded N/A

Water table 751.51 742.67 748.26 754.99 731.25 731.09 730.91 730.61

N/A = Not applicable.
a Units are in meters.



Table A-10. Simulation #10 (Seed = 69087).

Column #1 Column #2 Column #3 Column #4 Column #5 Column #6 Column #7 Column #8

-'1 Tiva Canyon 1429.93 a 1443.33 1392.24 1391.67 1335.33 1370.21 1295.49 1267.65
welded

2 Paintbrush 1391.41 1342.64 1327.40 1318.26 1254.25 1300.71 1257.30 1202.44
nonwelded

3 Topopah Spring 1357.88 1309.12 1303.02 1278.64 1213.10 1274.88 1226.82 1175.00
welded

Repository base 1078.43 1048.22 1007.50 999.67 971.96 1047.72 973.62 932.87
4 Topopah basal 1043.50 1021.60 984.29 948.98 891.17 N/A 903.38 864.06

vitrophyre
5 Calico Hills/Prow 1028.70 1010.41 964.69 928.12 876.30 979.93 894.59 842.77

Pass vitric
6 Calico Hills/Prow 915.30 899.14 864.87 845.25 826.06 903.42 864.25 823.49

Pass zeolitic
7 Prow Pass welded 870.20
6 Calico Hills/Prow

_> Pass zeolitic
_' 7 Prow Pass welded N/A N/A N/A N/A N/A N/A N/A N/Ab_

6 Calico Hills]Prow
Pass zeolitic

8 Bullfrog welded 809.24 790.96
9 Bullfrog nonwelded 778.76 N/A

Water table 751.51 742.67 748.26 754.99 731.25 r 731.09 730.91 730.61

N/A = Not applicable.

a Units are in meters.



Table A-11. Thermal]mechanical stratigraphy ef OAiz et al. (1985).

Unit Top of: Column #1 Column #2 Column #3 Column #4 Column #5 Column #6 Column #7 Column #8
TCw Tiva Canyon 1429.93 a 1443.33 1392.24 1391.67 1335.33 1370.21 1295.49 1267.65

welded
PTn Paintbrush 1345.02 1318.19 1312.08 1316.38 1257.75 1283.01 1240.39 1205.00

nonwelded
TSwl Topopah Spring 1308.16 1282.03 1267.26 1261.64 1209.11 1257.91 1209.89 1166.36

welded
TSw2 Repository base 1078.43 1048.22 1007.50 999.67 971.96 1047.72 973.62 932.87
TSw3 Topopah basal 1020.36 989.86 958.15 947.69 884.57 N/A 916.21 876.03

vitrophyre
CHnv/ Calico Hills/Prow 1005.57 978.68 938.56 926.82 869.70 981.22 907.42 854.74
PPw Pass vitric

CHnz/ Calico Hills/Prow 915.30 899.14 864.87 845.25 826.06 903.42 864.25 832.49
PPw Pass zeolitic
BFw Bullfrog welded 788.42 N/A N/A N/A N/A N/A N/A N/A

- Water table 751.51 742.67 748.26 754.99 731.25 731.09 730.91 730.61
,>
_- N/A = Not applicable.

a Units are in meters.
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Figure B-19. Sorption-coefficient distributions for plutonium on devitrified tuff and on
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Figure B-20. Sorption-coefficient distributions for plutonium on zeolitic tuff. Top figure is
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Figure B-21. Sorption-coefficient distributions for selenium and uranium on devitrified
tuff. Top figure is with linear Kd scale, bottom figure is with logarithmic Kd

scale. Solid curve is probability density function, dashed curve is cumulative
distribution function.
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Figure B-22. Sorption-coefficient distributions for selenium and uranium on vitric tuff. Top
figure is with linear Kd scale, bottom figure is with logarithmic Kd scale.

Solid curve is probability density function, dashed curve is cumulative
distribution function.
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Figure B-23. Sorption-coefficient distributions for selenium and uranium on zeolitic tuff.
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Appendix C
Thermal Modeling Approaches

For TSPA-93, several approaches were used in the thermal modeling of the poten-

tial repository. Analytical conduction models that discretely account for each waste

package, coupled hydrothermal models that use axisymmetric plate source representa-

tions of the heat-generating waste, and nonlinear conduction codes applied to various

scales of interest were all employed in defining the thermal environment for the four

cases chosen. Included in this appendix are detailed descriptions of the analytical

thermal modeling approach used in calculating fraction dry, dry-out volume, and repre-

sentative container surface temperatures. The nonlinear heat..conduction model used to

generate the early-time container surface temperatures is also documented.

C.1 Analytical approach
For the analytical approach, the repository site was assumed to be composed of a

single, infinite, homogeneous, isotropic material with constant properties. In addition,

no open air spaces or variations in surface topography were considered. Using these

simplifications, analytical solutions to the heat conduction equation can be derived.

Based on a closed-form analytical solutions to the heat conduction equation, the

specific method chosen for use in this iteration of TSPA employs the ideas of

point/cylindrical heat sources, superposition, and the method of images to obtain tem-

perature histories at discrete points in three dimensions.

The development of the method is based on the analytical solution for the uniform

distribution of heat-generating material throughout a right-circular cylinder, or a point

source, located in an infinite medium with constant material properties (see Figure C-l).

The infinite-medium solution for a single uniform cylindrical source is now presented.

The governing equation of the problem displayed in Figure C-1 is:

aV2T =S , (C.1)
_t

where

a = thermal diffusivity of the medium, and

T = temperature rise resulting from the heat source, S.

The heat source S can be expressed in terms of the Heaviside function H(x) as:

S(r,z,t) = q(t)H(t)H(r)H(r_ - r)H(l - z)H(l + z)/pCp , (C.2)
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Z

Cylindrical _____._

heat source

X Y

_-- Point heat source

Figure C-1. Coordinate system for the point or cylindrical heat-generating source.

where

r m = radial dimension of the cylindrical source,

l = half-length of cylindrical source,

pCp = volumetric heat capacity of the medium,

x,y,z = coordinates at which the induced temperature rise resulting from a heat

source located at the origin is being evaluated for a given time t,

r = _x 2+y2 ,and

H(x) = for x < 0 "

The heat-generation rate per unit volume for the cylinder is approximated by:

n

q(t) = Q___,aie -bit , (C.3)
1
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where

ai = thermal output of the i th exponential term as a fraction of the total thermal

of the heat source at the time of emplacement, (note that _noutput lai = 1 = 1),

Q = initial power density of the source,

n = number of exponential terms in the heat-source curve fit,

t = time, and

bi = time constant of the i th exponential term.

Applying the initial condition,

T(r,z,O) = 0,

the solution to equation C.1 can be expressed as

[l 1 I 11z+l z-I

=-- ai e -bit' erf _[4a(t-t') -erf _/4a(t-t') "
Tc(r'z't) 2pCp 1 _ , (C.4)

i e-a(t-t')fl2J ([Jr)J1 (firm)dfldt'
0

where T c represents the temperature rise at (r,z,t) due to a cylindrical heat source at

the origin, fl and t" are variables of integration, and J0 and J1 are first-kind Bessel func-

tions of orders zero and one, respectively.

Equation C.4 represents the temperature rise (evaluated at r,z,t) due to a single

cylindrical heat-generating source located at the origin of the coordinate system. The

numerical operations involved in solving equation C.4 require a relatively large amount

of computer time. It is understood, however, that if the location at which one is calculat-

ing the temperature rise is at least a predetermined distance from the heat source, then

desired accuracy can be maintained if the cylindrical heat source is approximated by a

point source. In terms of computer time, the savings associated with switching from a

cylindrical to a point source are substantial. This is due to the fact that temperature

predictions for a point source can be made using transcendental function evaluations

rather than the nested numerical integrations required to evaluate equation C.4. The

source term for an infinitesimal point source can be expressed as:

S(r,z,t) = q(t) H(t) 5(r) 5(z) / pCp , (C.5)

where, 5(x) is a Dirac delta function. This source term is consistent with the definition

of an infinitesimal point source as given by Beyerlein and Claiborne (1982). Using the
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same nomenclature as above, the solution to the initial and boundary value problem

given by Equations C.1, C.3, and C.5 can be expressed as follows:

Qe- /4a_ _1 (C.6)Tp(r'z't) = 4kzR - 4_ '

where

Tp = temperature rise at (r,z,t) due to a point source located at the origin,

R = spherical radial coordinate, R = _/r'2 + z 2 ,

k = thermal conductivity of the medium, and

U = real part of the complex error function as defined in Abramowitz and Stegun

(1972).

No significant loss of accuracy in temperature predictions is experienced with this

change from a cylindrical to a point heat source. However, the choice of what distance is

far enough away for this switch to occur is dependent upon material properties and the

size of the cylindrical source. For this study, a radius of 150 m was found to be an ade-

quate distance.

C.1.1 Modeled repository geometry

The repository layout used for this study was developed based on preliminary

Advanced Conceptual Design (ACD) drawings provided by Raytheon Services of Nevada

that document a conceptual layout based on a TBM mining method (see Figure 4-6).

Many of the primary features of the layout published in the SCP-CDR (SNL, 1987) are

preserved in this layout. Specifically, the perimeter drift and main access corridors are

maintained. The panel structure is replaced by long emplacement drifts mined perpen-

dicular to the mains, and the region that was originally defined as panels 1 and 2 in the

SCP-CDR layout is identified as an expansion region for the Exploratory Studies

Facility (ESF).

Based on the assumptions of 7.6 m (25 ft) diameter emplacement drifts and a

maximum 30% extraction ratio, the modeled distance between the centerlines of em-

placement drifts was set to a constant 25.4 m (83.3 ft). For the vertical emplacement

scenarios, the containers were assumed to be emplaced in vertically excavated boreholes

whose axial lines of symmetry are normal to the centerline of the emplacement drift. To

address rock stability issues, minimum allowable borehole spacing was set to 2.29 m (7.5

ft) for the vertical emplacement cases. For the in drift scenarios, the waste packages

were assumed to line up axially along a line coincident with the vertical plane of sym-
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metry for an emplacement drift, with minimum container spacing dictated by the over-

all container length.

As indicated in Chapter 10, one of the primary benefits to this analytical approach

is that each waste package can be modeled explicitly. This translates into a need to de-

fine 7,640 containers for the in drift scenarios and 32,021 for the vertical cases. For the

double-blended waste stream, the problem is further complicated by the fact that, in any

given emplacement year, two container types displaying different decay characteristics

are typically defined. Therefore, in order not to bias the resulting layout toward any

specific package type, a random selection from a given year's inventory of packages had

to be observed as part of the modeled emplacement scheme. Activation of the heat gen-

eration of the spent fuel containers was timed to mimic a fully stepped emplacement

scheme. Specifically, containers were activated on a yearly basis beginning at the

perimeter drift and working toward the main drift accesses. It was further assumed

that emplacement proceeds from south to north. It is noted that for the 114 kW/acre

cases, emplacement was isolated to the area on the western side of the mains. For the 57

kW/acre cases, a given year's emplacement was modeled as using drifts on both sides of

the mains, again proceeding from south to north.

C.1.2 Modeled container geometry

For all four thermal loading scenarios, the spent-fuel waste containers were mod-

eled as right-circular cylinders. For the vertical emplacement cases, the waste pack-

ages were assumed to have a diameter of 0.71 m (28 in.) and a length of 4.76 m (187.5

in.). For the in-drift scenarios a diameter of 1.83 m (72.1 in.) and a length of 4.91 m

(193.4 in.) were assumed.

C.1.3 Spent-fuel thermal decay characteristics

The thermal decay characteristics of spent fuel as a function of reactor type, bur-

nup, and age out-of-reactor, as calculated using the ORIGEN2 code, are maintained on

the Characteristics Database (DOE, 1992b). Four-term exponential fits valid for a tem-

poral range of 5 to 1000 years were performed by Mansure and Petney (1991). For this

iteration of TSPA, modeled time frames out to 30,000 years were requested. Thus, the

thermal power functions had to be refitted to accommodate the extended period of inter-

est. Using the same method documented in Mansure and Petney (1991), exponential fits

consistent with the form of equation C.3 employing up to 10 terms were generated.
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C.1.4 Material properties

As indicated in Section C.1, it was assumed that the waste is isolated in a semi-in-

finite mass of rock. The properties of this rock were assumed to be equivalent to those

for the second unit of the Topopah Spring Member (TSw2) at Yucca Mountain.

Specifically, values of 2.1 W/InK and 2.2 J/cm3K as reported in the RIB were assumed for

the thermal conductivity and heat capacitance, respectively.

C.1.5 Boundary and initial conditions

Since the analytical solution presented above is based on heat-generating sources

in an infinite medium, the method of images had to be employed to construct solutions

consistent with a constant-temperature surface boundary. Described in detail in

Carslaw and Jaeger (1967), the method of images can be used to construct a tempera-

ture solution that is vanishing at the bounding plane (i.e., a constant temperature sur-

face). The constant-temperature surface was assumed to be 311 m above the plane de-

fined by the centerpoints of the modeled heat sources.

Imposed on the temperature-rise solutions obtained from the analytical method de-

scribed above is a geothermal gradient. For this set of analyses, the geothermal gradi-

ent was assumed to be 0.0177°C/m-depth, fixed by a constant surface temperature of

18.7°C. These values are consistent with a straight-line approximation of data included

in the RIB for drillhole USW-G4.

C.2 Nonlinear heat conduction model

As discussed in Chapter 10, representative container wall temperatures were ob-

tained by matching the early-time solutions of the COYOTE model (Gartling, 1982) with

late-time predictions from the analytical model discussed above in Section C.1. In this

section, the inputs and assumptions used in the three-dimensional nonlinear heat-con-

duction model, COYOTE, will be presented. Prior to a description of the geometry and

heat-source strengths used for the four cases, a description of the assumed intact rock

and backfill thermal properties will be presented.

C.2.1 Intact rock properties

For this set of analyses, a layered stratigraphy was assumed. The layers were

considered to be uniform in thickness over the entire modeled region and contact points

for the various units were chosen to be consistent with information reported in the RIB

for drillhole USW-G4. Table C-1 documents the distance from the surface to the contact

between units (as measured vertically downward from the surface), as well as the ther-

mal conductivity and the heat capacitances for each unit.
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It is noted that unpublished comparisons between axisymmetric repository-scale

calculations using the COYOTE model and the above property descriptions compare

closely with equivalent V-TOUGH calculations. This tends to indicate that the func-

tional descriptions for heat capacitance adopted for use in these calculations provides a

good approximation of temperature predictions that would be obtained using a fully

coupled hydrothermal code.

Table C-1. Thermal properties and contact depths of stratigraphic units.

Upper Lower Thermal
Contact Contact Conductivity

Unit (m) (m) (W/mK) 94°C<T 94°C<T<114°C 114°C<T
I i

TCw 0 36.0 1.65 2.0313 9.3748 2.0979
PTn 36.0 74.1 0.85 2.2286 29.3110 1.5236

TSwl 74.1 204.2 1.60 2.0775 12.2655 2.0219
TSw2 204.2 393.5 2.10 2.1414 10.4768 2.1839
TSw3 393.5 409.3 1.28 2.0530 4.5193 2.5535
CHnlv 409.3 414.5 1.20 2.5651 35.3680 1.6702
CHnlz 414.5 518.5 1.28 2.6709 35.3854 2.2835
CHn2 518.5 535.2 a 1.30 2.5512 22.3349 1.9599

a For the regions below CHn2, property values are not available in the RIB.
Therefore, CHn2 properties will be assumed to persist below 535.2 m.

C.2.2 Backfill rock properties

The emplacement drifts modeled for this TSPA were assumed to be backfilled with

crushed tuff at 75 years following emplacement. Furthermore, it was assumed that the

circular emplacement drifts that would be created using a TBM will have a highly com-

pacted backfill floor installed prior to waste emplacement. Therefore, two sets of thermal

properties for backfill were required for the analyses defined. In all cases, the back fill

was assumed to be completely dry and contact-resistance effects were ignored.

C.2.2,1 Backfilled floor

For all four scenarios, it was assumed that a well-compacted backfill floor is in-

stalled prior to waste emplacement. According to Fernandez et al. (1987), a "reasonable

estimated range of porosity" for a "moderately to well compacted" backfill of crushed tuff

is 30% to 35%. For these analyses, the well-compacted tuff floor installed in the circular

emplacement drifts was assumed to have an effective porosity of 30%.

No data exist on the thermal conductivity of a crushed tuff backfill; however, many

theoretical and empirical relationships do exist for mixtures of this type. For these cal-

culations, the thermal conductivity for backfill was estimated on the basis of a geomet-

ric mean (Lappin, 1981; Kaviany, 1991). Specifically,
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ke = k_l-_'k} ¢' , (C.7)

where ke is the effective thermal conductivity of the backfill, k s is the thermal conduc-

tivity of the intact rock, kf is the thermal conductivity of the fluid filling the void spaces

(in this case air), and is the effective porosity of the backfill. Using values of 2.10 W/InK

for ks, 0.042 W/mK for kf, and 0.30 for _, a value of 0.65 W/InK can be calculated for the

effective thermal conductivity of the compacted backfill floor.

Like the effective conductivity, the effective thermal capacitance for backfill is de-

pendent upon the porosity. Since the backfill is considered dry, the fluid filling the pores

is assumed to be air. With the thermal capacitance of air two orders of magnitude

smaller than that for intact TSw2, a reasonable approximation for the effective thermal

capacitance of backfill becomes

(pcp) e = (1-¢)(pcp) s , (C.8)

where (pcp) e is the effective thermal capacitance, p is the porosity, and (pcl_ s is the

thermal capacitance of the dry rock. Using values of 0.30 for ¢ and 2.18 J/era 3K for

(pcp) s, an effective thermal capacitance of 1.53 J/cm3K can be calculated for the well-

compacted backfill floor.

C.2.2.2 Noncompacted backfill

At 75 years following emplacement, the drifts in all four scenarios are assumed to

be backfilled with a noncompacted, crushed tuff. Little information is available on what

the porosity of this backfill might be; a value of 60% was assumed. Using the same in-

puts as used in Section C.2.2.1 for the thermal conductivities of TSw2 and air, and a

value of 0.60 for, equation C.7 yields an equivalent thermal conductivity of 0.20 W/mK

for the noncompacted backfill.

Using equation C.8 and the inputs discussed in Section C.2.2.1, but substituting

0.60 for _, a thermal capacitance of 0.87 J/cm3K is calculated for the noncompacted

backfill.

C.2.3 Radiation properties

Prior to the backfilling of the emplacement drifts, it is assumed that the drift will

be unventilated. Gartling et al. (1981) showed that radiative heat transfer in a closed

drift is an order of magnitude greater than convective heat transfer in a typical SCP-

type emplacement drift. Therefore, radiation was considered the dominant heat trans-

fer mechanism in the open emplacement drifts.

C-10



There are two methods that can be employed in modeling radiative heat transfer

within the emplacement drifts. A drift equivalent material can be defined for the open

air space of the emplacement drift that models the radiative flux across the space, or the

radiative heat transfer can be modeled explicitly. For these calculations, it was decided

that the drift-equivalent-material approach was most appropriate.

A value of 20 W/mK was used to represent the drift equivalent thermal conductiv-

ity. Similarly, a constant heat capacitance of 0.001 J/cm 3 was also applied. These val-

ues are consistent with previous calculations (St. John, 1985) and are considered repre-

sentative of a radiation dominated environment within the emplacement drifts.

C.2.4 Modeled geometry

Two model geometries were assumed, corresponding to the two emplacement

modes. The drift diameter and drift spacing were assumed constant for both emplace-

ment modes. Specifically, it was assumed that the circular emplacement drifts have a

diameter of 7.6 m (25 ft) and that they are spaced 25.4 m (83.3 ft), corresponding to a 30%

extraction ratio.

The cross-sectional view provided in Figure C-2 shows the highly compacted back-

fill floor. This floor was assumed to extend to a distance 1.83 m (6 ft) from the base of the

drift, as measured along the vertically oriented diameter. The level of the backfilled

floor is further assumed to be 311 m below the ground surface, and the modeled region

extends 1,300 m below the drift floor. As shown in Figure C-3, the top of the heat source

for the vertical emplacement options was assumed to be 3.05 m (10 ft) below the drift

floor. For the in drift scenarios, a 0.15 m separation is modeled between the backfilled

floor and the bottom of the waste package. This is done to account for resting brackets

that are proposed to hold the waste packages.

C.2.5 Waste package

The waste packages that form the basis of the source definition used in this study

are based on the 4:3 hybrid design documented in the SCP and the 21 PWR package cur-

rently being investigated by the Project. Shown in Chapter 4, the hybrid waste package

assumed for the vertical emplacement cases was modeled as being 0.71 m (28 in.) in di-

ameter and 4.47 m (176 in.) in length. The reduction in modeled container length was

assumed based on the reported average length of a typical BWR assembly (DOE, 1992a)

For the in-drift cases, the 21-PWR package was modeled as having a diameter of approx-

imately 1.83 m (72.1 in.) and a length of 4.91 m (193.4 in.).
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Figure C-2. Geometry for in-drift emplacement option.
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C.2.6 Spent-fuel characteristics

Since the COYOTE model assumes an infinite array of waste packages based on

the definition of only one container, the waste stream used in the analytical models had

to be simplified into a single set of characteristics. For these analyses, a weighted bur-

nup of 37,286 MWd/MTU was assumed with an average waste age of 25.8 years out-of-

reactor. Using the method documented by Mansure and Petney (1991), an eight-term

exponential decay curve of the form of equation C.3 was calculated. This curve appears

valid out to 10,000 years. The fitted coefficients for this curve are documented in Table

C-2. In addition to defining the decay characteristics, averages for the initial power

outputs of each package type were also assumed based on the double-blended waste

stream. Specifically, the COYOTE simulations of the vertical-emplacement cases as-

sumed the waste packages to have an initial power output of 2.022 kW. The in-drift

simulations assumed an 8.5 kW initial container power output. These initial power out-

puts combine with the assumed drift spacing of 25.4 m to define specific container spac-

ings for each thermal loading scenario. Table C-3 documents the modeled container

spacings for each of the four COYOTE simulations.

Table C-2. Fitted decay constants used in COYOTE calculations.

Term Qai!W/MTU) bi (1/yr)ii ilmllll i, I i illlll i

1 4.25537 0.782887x10 "5
2 8.65595 0.588968x10 "4
3 13.6825 0.937490x10 "4
4 0.192549x 10-2 0.127082x 10-3
5 0.424570x10 "7 0.160416x10 3
6 158.298 0.151383x 102
7 102.027 0.618833x10 "2
8 1139.97 0.236043x10 1

Table C-3. Container spacings assumed in COYOTE calculations.

Container Spacing
Case (m)

IIIIII I i iiii ii i iiiii iiiii

In Drift, 114 kW/acre ii.88
In Drift, 57 kW/acre 23.76

Vertical Borehole, 114 kW/acre 2.82
Vertical Borehole_57 kW/acre 5.65

C.2.7 Boundary and initial conditions

The emplacement drifts are assumed to be one drift in an infinite series of simulta-

neously emplaced drifts. Using symmetry, the vertical boundaries shown in Figures C-

2 and C-3 were modeled as adiabatic surfaces. At the ground surface, a constant tern-
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perature of 18°C was assumed. At the lower boundary, a constant temperature of 53°C

was imposed, consistent with information presented in the RIB. To connect these

boundaries, the three-dimensional model was allowed to reach steady-state conditions

prior to activating the heat source.
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APPENDIX

Information from the Reference Information Base

Used in this Report

This report contains no irformation from the Reference Information Base.

Candidate Information
for the

Reference Information Base

This report contains no candidate information for the Reference Information Base.

Candidate Information
for the

Geographic Nodal Information Study
and Evaluation System

This report contains no candidate information for the Geographic Nodal Information
Study and Evaluation System.
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