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1. PURPOSE

The design of the Yucca Mountain high level radioactive waste repository depends on the performance
of the engineered barrier system (EBS). To support the total system performance assessment (TSPA),
the Engineered Barrier System Degradation, Flow, and Transport Process Model Report (EBS PMR)
is developed to describe the thermal, mechanical, chemical, hydrological, bxological, and radionuclide
transport processes within the emplacement dnfts which includes the following major analysns/model
reports (AMRs)

EBS Water Distribution and Remova.l (WD&R) Model

. EBS Physical and Chemical Environment (P&CE) Model
EBS Radionuclide Transport (EBS RNT) Model
EBS Multiscale Thermohydrologic (TH) Model

Technical information, including data, analyses, models, software, and supporting documents will be
provided to defend the applicability of these models for their intended purpose of evaluating the post- -
closure performance of the Yucca Mountain repository system. The WD&R model ARM is xmponant
to the site recommendation.

Water dlstn'butzon and removai represents one component of the overall EBS. Under some conditions,
liquid water will seep into emplacement drifis through fractures in the host rock .and move genera]ly :
downward, potentially contacting waste packages. After waste packages are breached by corrosion,
some of this seepage water will contact the waste, dissolve or suspend radlonuchdes and ultimately
carry radionuclides through the EBS to the near-field host rock.

Lateral dwemon of liquid water within the dnﬁ will occur at the inner drift surface, and more
significantly from the operation of engineered structures such as drip shields and the outer surface of
waste packages. If most of the seepage flux can be diverted laterally and removed from the drifis
before contacting the wastes, the release of radionuclides from the EBS can be controlled, resultingina
proportional reduction in dose release at the acoessible environment. - . '

The purposes of this WD&R model (CRWMS M&O 2000b) are to quantify and eva]uate the
distribution and drainage of seepage water within emplacement drifts during the period of compliance

" for post-closure performance. The model bounds the fraction of water entering the drift that will be
prevented from contacting the waste by the combined effects of engineered controls on water
distribution and on water removal. For example, water can be removed during pre-closure operation by
ventilation and after closure by natural drainage into the fractured rock. Engineered drains could be
used, if demonstrated to be necessary and eﬂ‘ecuve, to ensure that adequate dramage capacity is
provided. .

This report provides the screening a:guments for cextain Features, Events, and Processes (FEPs) that
are related to water distribution and removal in the EBS. Applicable acceptance criteria from the Issue
Resolution Status Reports (IRSRs) developed by the U.S. Nuclear Regulatory Commission (NRC
1999a; 1999b; 1999c¢; and 1999d) are also addressed in this document.
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1.1 OBJECTIVES

The specific ObJOCtIVGS of this AMR (CRWMS M&O 2000b) are to:

e estimate the leakage of seepage water through drip shields that are degraded because of

~ general corrosion, stress-corrosion craclqng, or dislocation of the drip shield segments;

e predict liquid flux and saturation in the invert, and their dependence on seepage during and
after the thermal period;

¢ -evaluate the dependence of temperature and relatxve humidity in the emplacement drifis on
seepage during the thermal period; : .

e identify thermal-hydrologic conditions that could produee oondensatlon on the underside of
the drip shields; v

e provide screening arguments for relevant FEPs; and

¢ - address the IRSR technical issue acceptance criteria.

1.2 SCOPE OF WORK

The WD&R model Revision 01 performs calculations, analyses, and modeling to reflect the repository
baseline design without backfill (CRWMS M&O 2000b). It is developed to evaluate the water

_ distribution and removal aspects of the EBS. The model consists of a set of submodels (models and
- submodels are interchangable hereafter) that describe: (1) water diversion through drip shield; (2) water
drainage on the drift floor; (3) thermohydrologic conditions within the drift; and (4) condensation on
the underside of drip shield. Submodels (1), (2), and (3) were formerly developed and documnented for
the backfill case in three separate AMRs which will not be revised for the no-backfill case. Submodel
(4) is newly developed for this document. The appropnateness of using backfill for submodel (2) is
justified in Section 6.2 in this report. -

1.3 ANALYSIS/MODEL APPLICABILITY

The WD&R model results are applicable for the Total System Performance Assmnent General
guidance on the selection of materials was provided by the Emplacement Drifi System Description -
Document (CRWMS M&O 2000r, Section 2) on the basis of thermal, hydrological, and geochemical
consequences. The guidance included selection of a ballast material for the invert, and a drip shield.

Any significant change to these basic pararneters would require an assessment of the subsequent
impacts to this analysis/model. It should be noted that the footprint that delineates the -area of
‘repository heating in this report (CRWMS M&O 1999¢) is slightly. larger than the one in the new
baseline design (CRWMS M&O 2000x) due to small differences in the representation of the
northwestern and southwestern repository boundaries. However, the total heat loading is the same, and
the area difference is negligible, so the areal heat loading is basically unaffected. Also, the use of 14c4
and Mcl locations for the repr%entahon of repository center and reposﬁory edge, respectively, is
unaffected.
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2. QUALITY ASSURANCE

This document has been prepared in accordance with AP-3.10Q, Analyses and Models, and the
Technical Work Plan for Subsurface Process Modeling FY 01 Work Activities (CRWMS M&O
2000b) which includes the Water Distribution and Removal Model. The technical work plan was
developed in accordance with AP-2.21Q, Quality Determinations and Planning for Sc:entgf‘ ,
Engineering, and Regulatory Comphance Activities.

The apphcablhty of the QA program is documented in an activity evaluation per AP-2 21Q. The
activity evaluation (CRWMS M&O 2000b) has concluded that this document is quality-affecting
and subject to the QA controls of the Quality Assurance Requirements and Descnpnon (DOE .
2000)

The des:gn analysis, Classification of the MGR Ex-Container System (CRWMS M&O 1999),
was performed in accordance with QAP-2-3, Classification of Permanent Items. The drip shield
is part of the Ex-Container System identified on the Q-list (YMP 2000, p.II-11), which is
identified as Quality Level 1 (QL1). Water distribution and removal, which affect the physical
and chemical environment, is not spemﬁcally addressed by the Q-list but is a characteristic of the
ex-container system. For this document, it is assumed that the classification of features affecting
the physical and chemical environment is Quality Level 1, which states that the structure,
~ system, or components whose failure could dlrectly result in a condition adversely affect pubic
safety These items have a high safety or waste 1solanon significance.

Quahﬁed and accepted input data and references have been identified. All electromc data used
in the preparation of this AMR were obtained from the Technical Data Management System as
appropriate. Electronic data were controlled and managed per the technical work plan in-
accordance with AP-SV.1Q, Control of the Electronic Management of Information. Unqualified
data used in this report are tracked in accordance with AP-3.15Q, Managing Technical Product
Inputs. Computer software and model usage are discussed in Sectlon 3 of this report.

As per Section 5.9 of AP-3.10Q, the results of this analysxs/model will be" submltted to the
 Technical Data Management System in accordance with AP-SIIL3Q, Submittal and
Incorporation of Data to the Technical Data Management System. DTNs of any associated
developed data, as well as decisions and recommendations based on the analysis and modeling
actmty are summarized in Section 7.6.
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3. COMPUTER SOFI'WARE AND MODEL USAGE

Per AP-3. IOQ and AP-SI.1Q, electromc files developed for this report are discussed in the
followmg sections and provided in the attached CD (Attachment XVI). A complete list of files
is saved as “directory_listing.doc” and provided in the CD.

3.1 WATER DIVERSION MODEL

Mathcad 7 is an all-purpose, commercially available software that has many built-in functions .

for performing and documenting mathematical calculations.. Mathcad 7 is used in the water

diversion model to solve the equations for the crevice flow by interception of film flow in

Attachment I (crevice_flow_f.mcd), the crevice flow by impulsive force in Attachment II
(crevice_flow_p.mcd), and the thin film flow by adsorptive condensation in Attachment III
(adsorptive_film.mcd). Accuracy of the Mathcad calculations were checked by comparing with
hand calculations as shown in the Attachments. Electronic files are provided in the attached CD
under the “diversion” directory. Computer execution was performed at U.S. DOE/YMP
CRWMS M&O 112831, which is physically located at cubicle 1022C.,

‘32 WATER DRAINAGE MODEL

The computer software and routines used in the water drainage model are identified in this
section. All the computer files associated with this model are identified in Attachment XI and in
the attached CD (Attachment XVI) under the “drainage” directory. This model is validated and
documented in Section 6.2.7. Table 3-1 shows the sources of inputs and the actual file names of
the input and output files for the various routines and software packages used in this model.
Figure 3-1 further illustrates the path of data through routines and software packages. Software
tracking numbers (STNs) are provided where applicable. Computer execution of the soﬁware
and routines were performed at machines listed in Table 3-3.

3 2.1 * Description of Software Used

"The NUFT V3.0s (Nitao, 1998) software code was obtained from the software eonﬁguratlon y

management (CM) and was used within the range of validation in accordance with AP-SI.1Q.

The software was applied to solve the simultaneous heat and water flows appropriately in this
‘document. NUFT is classified as a qualified software program per AP-SL1Q, Software
Management, and is under configuration management (STN: 10088-3.0s-00) in Table 3-1.

NUFT was run on a Sun Ultra 10 workstation with SunOS 5.6 operating system at locations
listed in Table 3-3.

NUFT, specifically the USNT module of NUFT, was used in this model to simulate flow through
a fractured porous media. NUFT solves the non-isothermal problem by solving a coupled set of

balance equations for transported component. NUFT is based on the numerical technique called

the integrated finite difference method or the finite volume method. This method allows for

arbitrary polyhedral shapes. This method reduces to the standard finite difference method for a

standard rectangular mesh. Because of the high degree of non-linearity in the van Genuchten

constitutive relation for relative permeability for the fluid phase, NUFT uses various weighting
" approaches. The saturated permeability of a fluid phase between two adjacent cells is
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harmomcally weighted, while the relative permeablllty is upstream welghted This approach is
used throughout the model domain..

The key options used for the NUFT simulations include the dual permeability model (DKM) and
the active fracture concept (AFC). These modeling methods are NUFT options selected in the

NUFT input files (see Attachment XI, files: *.in).

~ Table 3-1. Software and Routine Usage -

Software
Mentifiers | '
Name/ Number [Description (S::J) _Input source In'put File name Ou'tq;;ul:,: ile
Validation
Location
_Intermediate file *in
" Qualified
NUFT V3.0s Software {10088-3.0s-00 ) ' *ext
' . vtough.pkg
Supporﬁng input file dkmafo-vsgg-Revw-
' - Dkm-afc-NBS-WDR
, . Tepa9g_primary_mesh _
me6vi4 | Validated | Attachment LBI9EBS1233129.001 UZ99_3.grd LBLOS-YMESH
-4} Routine Vil ' - - .
Attachment V
: - Qualified v ' - .
XTOOL V10.1 | Software |10208-10.1-00 Intermediate file | *ext *ps
: Routine '
! ' o Qualified - '
YMESHV153 | Software |10172-1.5300 Intermediate il (LBLO-YMESH | 1404 col.units |
Routine ' . 4od.dat y
Chim_Surf_TP Validated | ,,,.. ‘| LBI9EBS1233129.001 | Tspag99_primary_mesh.
V1.0  Routine | AttachmentVl], ooorns1233129.003 Bes_89.dat outpt, outpt_wt
Validated ) MO9911MWDEBSWD. | X
Cover V1.1 Routine Attachment (V 000 dft1.dat shape1.dat
Qualified .
COI;VERTS??RD Software | 10209-1.1-00 M09911MggIOJEBSWD. *inf "NV
: R Routine ‘ : :
Columninfiltration | Validated |, : .| - Intermediate files SNV *.out (infiltration|.
AR | Routine Attachment VI Table V-3 Column.data rates)
RETC V1.1 Validated | 10099-1.1-00 Identified in Attachment| Attachment XV
Routine . -Attachment XV XV
17 November 2000
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The DKM conceptualizes the fractured rock as having two interacting materials, one
representing the matrix and one representing the fractures. The interaction between the fractures
and the matrix is explicitly calculated from the local temperature and pressure differences, thus
allowing transient behavior to be predicted. The DKM underestimates the fracture-matrix
interaction for steep temperature and pressure gradients (Birkholzer and Tsang 1998, p.2).
Simulations in this model are at isothermal, so there are no steep temperature or pressure
_gradnents simulated in this model. Therefore, the DKM is appropnate for the model developed
in this document.

The active fracture concept accounts for the contact area between the fracture and the matrix, as *
- well as the frequency of fractures. The AFC is that fracture flow only occurs through some of

the fractures. This is more conservative than assuming the influx flows evenly through all -

fractures. The flux through a fracture is greater when it has higher saturation and,. therefore,

focusing flow through a portion of the fractures (i.e., to active fractures) maximizes flux and

results in fast pathways for flux through the mountain. -

The rock properties in DTN: LB990861233129.001 were calibrated using an inverse modeling
technique that assumes the properties will only be used in DKM employing AFC.. Therefore the
DKM and AFC are appropriate NUFT options.

The RETC (RETention and Conductivity fitting) Version 1.1 (Software Tracking Number (STN)
10099-1.1-00) computer program was acquired from the software configuration management and
used for curve fitting to estimate the saturated hydraulic conductivity for the invert as contained
in Attachment XIV. RETC is appropriate for the apphcatlon used in this task, and was used
within the range of its validation.

322 Description of Routines Used

Three routines used in the preparation of this model are qualified through software routiné -
reports in accordance with AP-SI.1Q Section 5.1.2, in_cluding XTOOL V10.1, CONVERT .
COORDS V1.1, and YMESH V1.53. All other routines used in the preparation of this document
are qualified in accordance with AP-SL.1Q Section 5.1.1 and documented as follows:
Chim_Surf TP V1.0 is quahﬁed in Attachment VI, ColumnInfiltration V1.1 is qualified in -
Attachment VII, Cover V1.1 is qualified in Attachment IV, and rme6 V1.1 is quahﬁed in
-Attachment VIII

3221 XTOOL V10.1

XTOOL is classxﬁed as a qualified software routine (STN: 10208-10. 1-00) per AP-SI. lQ (Table
3-1). The routine was acquired from the software configuration management and used within the
range of validation. The routine was applied to produce graphical presentations appropriately in
this document. The output from XTOOL is graphical (no actual data is produced with XTOOL).
XTOOL is qualified and tracked in accordance with AP-SI.1Q because it is not commercial off
the shelf software. XTOOL was used to develop graphical representations of the results in the
NUFT output files (Attachment XI-files: *.ext). XTOOL is appropriate for the application used
in this task. XTOOL was run on a Sun Ultra 10 workstation with SunOS 5.6 operating system at
locations listed in Table 3-3.
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322. 2 CONVERTCOORDS Vi1

CONVERTCOORDS V1.1 is class1ﬁed asa quahﬁed software routine (STN: 10209-1.1-00) per

AP-SL1Q (Teble 3-1). The routine was acquired from the software configuration management
and was appropriately used within the range of validation. CONVERTCOORDS was used to
convert from Universal Transverse Mercator coordinates to Nevada State Plane coordinates, as
well as to reformat the data (see Attachment VIII, files: *.inf). The desired format is columns of
data, with the input files in a matrix- format. CONVERTCOORDS is appropriate for the
application used in this task. CONVERTCOORDS was run on a Sun Ultra 2 workstation with -
SunOS 5.5.1 operating system at locatlons listed in Table 3-3. :

3223 YMESHV1S3

YMESH V1.53 is classified as a qualified software routine (STN: 10172-1.53-00) per AP-SL1Q
(Table 3-1). The routine was acquired from the software configuration management and was
appropriately used within the range of validation. YMESH was used in this model to interpolate
the thickness of the stratigraphic units as described in the flow chart of Figure 3-1. YMESH is

. appropriate for the application used in this task. YMESH was run on a Sun Ultra 2 workstation
with SunOS 5.5.1 operating system at locatlons listed in Table 3-3

32, 2.4 Chim Surf TP V1.0

‘Chlm Surf TP V1.0 is classified as routines per AP-SI 1Q, and is quahﬁed in Attachment VI.

- The purpose of Chim_Surf TP V1.0 was to interpolate the temperature and pressure at the
ground surface and at ‘the water table, respectively, for a given X-Y location using the inverse
distance method (Isaaks and Srivastava 1989, p.258). The routine executes the expected -

mathematical operations accurately (see Attachment VI), and are therefore appropriate for the -

application in this task. Chim_Surf TP V1.0 was run on & Sun Ultra 2 workstatlon w1th SunOS
5.5.1 operatmg system at locanons listed in Table 3-3.

"~ 3225 Columnlnﬁltratlon Vi.1

ColumnInfiltration V1.1 is classified as a routine per AP-S1.1Q, and is qualified in Attachment
VIL The purpose of Columninfiltration V1.1 was to interpolate the infiltration at a given X-Y
location using a Gaussian weighting function (Isaaks and Srivastava 1989, p.208 and Kitanidis
1997, p.54). This routine executes the required mathematical operations accurately (see
Attachment VII), and is therefore appropriate for the application in this task. ColumnInfiltration
V1.1 was run on a Sun Ultra 2 workstatlon thh SunOS 5.5.1 operating system at locations listed
in Table 3-3, _ _

' 322.6 Cover V1.1 ,
Cover V1.1 is classified as a routine per AP-SIL.1Q, and is qualified in Attachment IV. The
purpose of Cover V1.1 is to develop a block model based on the plan view of the repository that

approximates the area and location of emplacement. The results of this routine meet these
objectives (see Attachment VII). The routine is, therefore, appropriate for the application
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in this task. Cover Vl 1 was run on a Sun Ultra 2 workstanon with SunOS 5.5. 1 operatmg
system at locations listed in Table 3-3.

b

3.2.2.7 rme6V11

The routine rme6 V1.1 is classified as such per AP-SI 1Q, and is quahﬁed in Attachment VIIL
The purpose of rme6 was to reformat and combine specific files (Attachment XI files:
‘tspa99_primary_mesh, UZ99 3.grd, 14c4.dat). The resulting file, LBL99-YMESH was used by
a subsequent sofiware program, YMESH V1 (Table 3-1 and Figure 3-1). The results of this
routine meet the objectives (see Attachment VIII) and, therefore, the routine is appropriate. The *
routine rme6 V1.1 was run on a Sun Ultra 10 workstatlon with SunOS 5.6 operating system at
locations listed in Table 3-3. :

“

323 -Other Software

In addition to the above listed items, both Microsoft Excel 97 and Mathcad 7 Professional were
used. These software items were used to perform support calculations as described in Section
6.2 and Attachments V and XI. Computer execution of these programs were performed at
machines listed in Table 3-3. To provide documentation of the analysis in sufficient detail to
“allow independent repetition of the software in accordance with AP-3.10Q Attachment 1, and to
ensure compliance with AP-SI.1Q, the minimum- mformatmn required by AP-SL.1Q Section
5.1.1.2 has been provided: _

e Identification of Excel and Mathcad ﬁles, mcludmg the version of the ﬁle, are prov:ded in
Section 6.2, Attachment V, and Attachment XI.

e The name and version of the commercial software are provided as described above. |

o The inputs, spreadsheet cell contents and equatlons and results are provided in attached CD |

(Attachment XVI). This provides sufficient documentation that these standard mathematical -

calculations provide correct results for the speclﬁed range of i input parameters.

33 THERMOHYDROLOGIC MODEL

_Software and software routines are used for the Thermohydrologlc (TH) Model portion of the
WD&R model (Table 3-2). Table 3-3 contains a list of the CPU’s where these programs were
executed. For the models described in this report, thennohydrologlc software is used within the
range of validation, where such constraint information is available, or within the range of
standard practice, where such information is unavailable.

The following subsections describe these codes and routines in more detail. Documentation and
validation of the software routines are summarized in Table 3-2. Table 3-4 lists the input files
used for all NUFT V3.0s runs dlscussed in this report. Discussion of the output files is provided
in Table 6-8.

All input and output ﬁles and software routine sources files have been saved electronically in the
attached CD (Attachment X VI) under “thermohydro” directory.
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Table 3-2. Software Codes and Routines Used for Thermohydrologic Calculations

Software Name | Type | STN [  Attachment
‘ Codes (qualified per AP-S1.1Q Section 5.1.2)
NUFT V3.0s | Simulation Code |  1088-3.0s00 | N/A
Routines (qualified per AP-81.1Q Section 5.1.2)

'YMESH V1.53 NUFT preprocessor 10172-1.53-00 N/A
XTOOL 10.1 NUFT postprocessor 10208-10.1-00 . NIA
CONVERTCOORDS V1.1 NUFT preprocessor 10209-1.1-00 " N/A

Routines (see Attachments for Qualification/Validation Documentation)
RMEE6 V1.1 NUFT preprocessor N/A vill
.| COVER V1.1 NUFT preprocessor N/A ‘ o\
COLUMNINFILTRATION V1.1 | NUFT preprocessor . NA Vil
CHIM_SURF_TPV1.0 NUFT preprocessors N/A : Vi

Table 3-3, Sofiware Execution

‘Workstation/PC Name Physical Location
8139 : : LLNL, T1487 Rm 150A
889 LLNL, T1487 Rm 150
116 ' LLNL, T1401 Rm 1119
s117 ' LLNL, T1487 Rm 112
) §187 ‘ ' o LLNL, T1487 Rm 153
870 ' ' ' LLNL, T1487 Rm 148
51t : - LLNL, T1487 Rm 146
| » s08 ' LLNL, T1487 Rm 145
828 LLNL, T1487 Rm 154
513 . LLNL, T1487 Rm 124
" 8188 . LLNL, T1487 Rm 138
8175 LLNL, T1487 Rm 114
Dell PowerEdge 2200 #112524 - : Las Vegas, Rm 611
Deli Optiplex #116400 - . Las Vegas, Rm 1031F

ANL-EBS-MD-000032 REV 01 : .23 - November 2000



Table 34. NUFT Input Files for Calculations Described in the Thermohydrologic Model

. File Type

Filename

te

l4c4 location; mean infiltrati

NUFT input (.in) file

on; 56 MTU/acre 0% Seepage onto Drip Shield
14c4-LDTHS6-mi.00.in ol

Restart file from preclosure run 14c4-LDTHS6-1Dds_mc-mi-a.res
Rock properties file dkm_afc-1Dds-mc-mi-00 ‘
EBS properties file .dkm-afc-EBS_Rev21
Therma! conductivity *modification” file modprop_dr-20
Heat generation file LDTH-SDT-0.3Qheat-1e6y_vent-20
Solver control file vtough.pkg

| Run control file fun_control_param_LDTH-v09
Genmsh grid file 14c4-LDTH56-5pt.xz ‘
Flux output control file fuxOutput100
Enthalpy history file for seepage flux enthalpyWater56Med.nft
‘Time steps for ext file output outputtimes-56-20a | -

14c4 location; mean infiltrati

_ NUFT input {.in) file

on; 56 MTU/acre 3% Seepage onto Drip Shield
14¢4-LDTHS6-mi.03.in ‘

Restart file from preclosure run l4c4-LDTHS6-1Dds_mc-mi-a.res
Rock properties file “dkm_afc-1Dds-me-mi-00
EBS properties file dkm-afc-EBS_Rev21

| Thermat conductivity "modification” file modprop_dr-20
Heat generation file LDTH-SDT-0.3Qheat-1e6y_vent-20
Solver control file | vtough.pkg : .
Run control file run_control_param_{DTH-v09
Genmsh grid file 14c4-LDTH56-5pt.xz
Flux output control file fiuxOutput100
Enthalpy history file for. seepage flux enthalpyWaterS6Med.nft
Time steps for ext file output output.times-56-20a -

14c4 location; mean infiltration; 56 MTU/acre 30% Seepage onfo Drip Shield

NUFT input (.in) file -

Kc4-LDTHS6-mi.30.in

Restart file from preclosure run

Mc4-LDTHS6-1Dds_mc-mi-a.res -

/| Rock properties file dkm_afc-1Dds-mc-mi-00
EBS properties file dkm-afc-EBS_Rev21
Thermal conductivity “modification” file modprop_dr-20
Heat generation file LDTH-SDT-0.3Qheat-1e6y_vent-20
Solver control file viough.pkg
Run contro! file run_control_param_LDTH-v09
Genmsh grid file 44c4-LDTHS56-5pt.xz
Flux output control file fluxOutput100
Enthalpy history file for seepage fiux enthalpyWater56Med.nft
Time steps for ext file output output.times-56-20a
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File Type . | Filename

14c4 location; “Iower" lnﬂltratlon. 56 MTU/acre 0% Seepage onto Drip Shield
NUFT input (.in) file }c4-LDTHS6-i.00.in
Restart file from preclosure run Kc4-LDTH56-1Dds_mc-li-a.res
Rock properties file - | dkm_afc-1Dds-me-i-00
EBS properties file ‘ dkm-afc-EBS_Rev21
Thermal conductivity “modification” file modprop_dr-20
Heat generation file LDTH-SDT-0.3Qheat-1e6y_vent-20
Solver control file vtough.pkg e
Run control file : run_control_param_LDTH-v09
Genmsh grid file 14c4-L DTH56-5pt.xz
Flux output control file ' ) © ] fuxOutput100 -+
Enthalpy history file for seepage flux enthalpyWater56Low.nft
Time steps for ext file output output.times-56-20a
i4c4 location; “Iower" infiltration; 56 MTU/acre 3% Seepage onto Drip Shield
-NUFT input (.in) file 14c4-LDTHS56-1.03.in -
| Restart file from preclosure run Mc4-LDTHS56-1Dds_mc-li-a.res
Rock properties file ‘ " | dkm_afc-1Dds-mc-i-00
EBS properties file dkm-afo-EBS&ﬁ
Thermal conductivity "modification” file modprop_dr-20
.| Heat generation file . LDTH-SDT-0.3Qheat-1e6y_vent-20
Solver control file ' -viough.pkg :
Run control file - run_control_param_LDTH-v09
Genmsh grid file : ‘ 4c4-LDTHS56-5pt.xz
Flux cutput controt file fuxQutput100
Enthalpy history file for seepage fiux enthalpyWater56Low.nft
Time steps for ext file output . ) oufput.times-56-20a
- 14c4 location; “lower” inﬁltrat:on, 56 MTU/acre 30% Seepage onto Drip Shleld
NUFT input (.in) file 14c4-LDTH56-1.30.in
Restart file from preclosure run c4-LDTHS56-1 Dds_mc-li-a.res
Rock properties file dkm_afc~-1Dds-me-i-00
| EBS properties file - - .~ | dkm-afc-EBS_Rev21
* | Thermal conductivity “modification” file modprop_dr-20
Heat generation file . LDTH-SDT-0.3Qheat-1e6y_vent-20
Solver control file vtough.pkg
Run control file o run_control_param_LDTH-v09
Genmsh grid file | Kc4-LDTH56-5pt.x2
Flux output controf file , fluxOutput100
Enthalpy history file for seepage flux enthalpyWaterS6Low.nft
Time steps for ext file output output.times-56-20a
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File Type

Filename

14c4 location; “upper” infiltration; 56 MTU/acre 0% Seepage onto Drip Shield

NUFT input {.in) file

M4c4-LDTHSE6-ui.00.in .

Restart file from preclosure run 4c4-LDTHS56-1Dds_me-ui-a.res
Rock properties file dkm_afc-10ds-me-ui-00

EBS properties file dkm-afc-EBS_Rev21

Thermal conduclivity "modification” file modprop_dr-20

Heat generation file LDTH-SDT-0.3Qheat-1e6y_vent-20
Solver control file viough.pkg

Run control file run_control_param_LDTH-v09
Genmsh grid file 14c4-LDTHS6-5pt.xz

Flux output control file fluxOutput100

Enthalpy history file for seepage flux enthalpyWater56Upp.nft

Time steps for ext file output ‘| output.times-56-20a

14c4 location; “upper” infiltration; 56 MTU/acre 3% Seepage onto Drip Shield

NUFT input (.in) file 14c4-LDTHS6-ui.03.in

Restart file from preclosure run 4c4-LDTH56-1Dds_mc-ul-a.res
Rock properties file dkm_afc-1Dds-me-ui-00

EBS properties file dkm-afc-EBS_Rev21

Thermal conductivity "modification” file modprop_dr-20

Heat generation file . LDTH-SDT-0.3Qheat-1e6y_vent-20
Solver coritrol file vtough.pkg S
Run control file run_control_param_LDTH-v09
Genmsh grid file K4cd-LDTHS6-5pt.xz

Flux output control file fluxOutput100

Enthalpy history file for seepage flux enthalpyWaterS6Upp.nft

Yime steps for ext file output output.times-56-20a

14c4 location; “upper” infiltration; 56 MTU/acre 30% Seepage onto Drip Shield

NUFT input (.in) file

14c4-LDTHS6-ui.30.in

Restart file from preclosure run 14c4-LDTHS6-1Dds_mc-ui-a.res
Rock properties file dkm_afc-1Dds-mc-ui-00
| EBS properties file dkm-afc-EBS_Rev21
Thermal conductivity "modification” file modprop_dr-20
Heat generation file LDTH-SDT-0.3Qheat-1e6y_vent-20
Solver control file vtough.pkg
Run control file run_control_param_LDTH-v09
Genmsh grid file | 14c4-LDTH56-5pt.xz
Flux output contro! file fluxQutput100
Enthalpy history file for seepage flux enthalpyWater56Upp.nft
Time steps for ext file output output times-56-20a
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File Type

|

Filename

l4c1 location; mean infiltration; 34 MTU/acre 0% Seepage onto Drip Shield

NUFT input (.In) file

14c1-LDTH34-mi,00.in

Restart file from preclosure run 14c1-LDTH34-1Dds _mc-mi-a.res
Rock properties file dkm_afc-1Dds-me-mi-00
EBS properties file dkm-afc-EBS_Rev21
-} Thermal conductivity “modification” file modprop_dr-20
Heat generation file LDTH-SDT-0.3Qheat-1e6y_vent-20
Solver control file vtough.pkg :
Run control file run_control_param_| LDTH-v09
Genmsh grid file I4c1-LDTH34-5pt XZ
Flux output control file . - fluxOutput100 °
Enthalpy history file for seepage flux enthalpyWater34Med.nft
Time steps for ext file output ‘output.times-34-20a

HMc1 location; mean infiltration; 34 MTU/acre 3% Se¢epage onto an Shield

‘NUFT input (.in) file

4c1-LDOTH34-mi.03.In

Restart file from preclosure run I4c14 DTH34-1Dds_mc-mi-a.res
Rock properties file ' '| dkm_afc-1Dds-me-mi-00
EBS properties file dkm-afc-EBS_Rev21
Thermal conductivity “modification” file modprop_dr-20
| Heat generation file LDTH-SDT-0.3Qheat-1eby _ vent-ZO
Solver control file vtough.pkg :
Run control file run_contro!_param_LDTH-v09
Genmsh grid file 14c1-LDTH34-5pt.xz
Flux output contro! file fiuxOutput100
Enthalpy history file for seepage fiux enthalpyWater34Med.nft
Time steps for ext file output output.times-34-20a

Mc1 location; mean infiltration; 34 MTU/acre 30% Seépage onto Drip Shield

NUFT Input {.in) file

K4c1-LDTH34-mi.30.in

Restart file from preclosure run

14c1-LDTH34-1Dds_mc-mi-a.res

Rock properties file dkm_afc-1Dds-mc-mi-00 -
€BS properties file dkm-afc-EBS_Rev21
"1 Thermal conductivity “modification” file modprop_dr-20
Heat generation file LDTH-SDT-0.3Qheat-1e6y_vent-20
Solver control file “vtough.pkg
Run control file run_control_param_LDTH-v09
Genmsh grid file 14¢1-LDTH34-5pt.xz
Flux output controf file fluxOutput 100
Enthalpy history file for seepage flux enthalpyWater34Med.nft
Time steps for ext file output outputtimes-34-20a
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File Type

Fﬂename

l4ct location; “lower” Inf' itration; 34 MTU/acre 0% Seepage onto Drip Shield

NUFT input {.in) file

Kc1-LDTH34-i.00.in .

Restart file from preclosure run

Kc1-LDTH34-1Dds_mcAi-a.res

Rock properties file dkm_afc-1Dds-me--00

EBS properties file dkm-afc-EBS_Rev21

Thermal conductivity “modification” file modprop_dr-20

Heat generation file - LDTH-SDT-0.3Qheat-1e6y_vent-20
Solver control file viough.pkg

Run contro! file run_control_param_LDTH-v09
Genmsh grid file 4¢1-LDTH34-5pt.xz

Flux output control file fluxOutput100

Enthalpy history file for seepage fiux enthalpyWater34Low.nft

Time steps for ext file output output.times-34-20a

14c1 location; “Iower" infiltration; 34 MTU/acre 3% Seepage onto Drip Shleld

NUFT input (.in) file

14c1-LDTH34-1i.03.in

Restart file from preclosure run 4c1-LDTH34-1Dds_mc-li-a.res
Rock properties file dkm_afc-1Dds-me-i-00

EBS properties file dkm-afc-EBS_Rev21

Thermal conductivity "modification” file modprop_dr-20

Heat generation file « LDTH-SDT-0.3Qheat-1e6y_vent-20
Solver control file viough.pkg '
Run control file run._control_param_LDTH-v09
Genmsh grid file 4c1-LDTH34-5pt.xz

Flux output control file fluxOutput100

Enthalpy history file for seepage flux enthalpyWater34Low.nft

time steps for ext file output 1 output.times-34-20a .

l4c1 location; “lower” infiltration; 34 MTU/acre 30% Seepage onto Drip Shield

NUFT input (.in) file

4¢c1-LDTH34-4.30.in

Restart file from preclosure run

‘| Mc1-LDTH34-1Dds_mc-li-a.res

Rock properties file dkm_afc-1Dds-me-i-00

EBS properties file dkm-afc-EBS_Rev21

Therma! conductivity “modification” file modprop_dr-20

Heat generation file ‘LDTH-SDT-0.3Qheat-1e6y_vent-20

Solver control file vtough.pkg

Run control file run_control_param_LDTH-v039

Genmsh grid file KMc1-LDTH34-5pt.xz

Flux output control file fluxOutput100

Enthalpy history file for seepage flux enthalpyWater34Low.nft

Time steps for ext file output output.times-34-20a
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File Type

! Filename

$4c1 location; "upper” infiltration; 34 MTU/acre 0% Seepage onto Drip Shield

NUFT input (.in) file

14¢1-LDTH34-1i.00.in

Restart file from preclosure run

I4c1-LDTH34-1Dds mc-ul-a res

Rock properties file dkm_afc-1Dds-mc-ul-00

EBS properties file dkm-afc-EBS_Rev21

Thermal conductivity “modification” file modprop_dr-20

Heat generation file tLDTH-SDT-0. 30heat-1e6y_vent-20
Solver contro! file viough.pkg

Run control file fun_control_param_LDTH-v09
Genmsh grid file 4c1-LDTH34-5pt.xz

Flux output control file fluxOutput100

Enthalpy history file for seepage flux enthalpyWater34Upp.nft

Time steps for ext file output output.times-34-20a

i4c1 location; “upper” Infiltration; 34 MTU/acre 3% Seepage onto Drip Shleld

NUFT input (.in) file

14¢1-LDTH34-ui.03.in-

| Restart file from preclosure run 4c1-LDTH34-1Dds_mc-ui-a.res
Rock properties file ' dkm_afc-1Dds-mc-ui-00
EBS properties file dkm-afc-EBS_Rev21
Thermal conductivity *modification” file modprop_dr-20

| Heat generation file LDTH-SDT-0.3Qheat-1 e6y vent-20
Solver control file vtough.pkg
Run control file’ run_control_param_LOTH-v09
Genmsh grid file 14¢1-LDTH34-5pt.xz
Flux output control file fluxOutput100
Enthalpy history file for seepage flux enthalpyWater34Upp.nft
Time steps for ext file output output.times-34-20a

HMc1 location; “upper” Infiltrat

ion; 34 MTU/acre 30% Seepage onto Drip Shleld

NUFT input {.in) file

4c1-LDTH34-ul.30.in

Restart file from preclosure run 4c1-LDTH34-1Dds_mc-ui-a.res
Rock properties file dkm_afc-1Dds-mc-ul-00
EBS properties file dkm-afc-EBS_Rev21

*| Thermal conductivity “modification” file modprop_dr-20
Heat generation file LDTH-SDT-0.3Qheat-1e6y_ vent-20
Solver control file vtough.pkg - :
Run control file mn=contro|£aram_LDTH-v09
Genmsh grid file 14c1-LDTH34-5pt.xz
Flux output control file fluxOutput100
Enthalpy history file for seepage flux enthalpyWater34Upp.nft

Time steps for ext file output
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' v File Type

1

Filename

l4c4 location; mean infi Itrat:on' 56 MTU/acre 3% Seepage onto Invert

NUFT input (.in) file

14c4-LDTH56-mi-inv.03.in

Restart file from preclosure run Kc4-LDTHS56-1Dds_mc-mi-a.res
Rock properties file dkm_afc-1Dds-mc-mi-00
EBS.properties file dkm-afc-EBS_Rev21

Therma! conductivity “modification” file modprop_dr-20

Heat generation file LDTH-SDT-0.3Qheat-1e6y_vent-20
Solver control file vtough.pkg : -
Run control file run_control_param_LDTH-v09
Gennish grid file c4-LDTHS56-5pt.x2

Flux output control file fluxOutput100

Enthalpy history file for seepage flux enthalpyWater56Med.nft

Time steps for ext file output output.times-56-20a

14c4 location; mean infiltration; 56 MTU/acre 30% Seepage onto Invert

NUFT input {.in) file $4c4-LDTH56-mi-inv.30.in
Restart file from preclosure run l404-LDTH56-1Dds__mc-mI—a.res
Rock properties file dkm_afc-1Dds-me-mi-00

EBS properties file dkm-afc-EBS_Rev21

Thermal conductivity “modification” file modprop_dr-20 .
Heat generation file , LDTH-SDT-0.3Qheat-1 e6y vent-20
Solver coritrol file vtough.pkg

Run control file run_control_param_LDTH-v09
Genmsh grid file ' 14c4-LDTH56-5pt.xz

Flux output control file fluxOutput100

Enthalpy history file for seepage flux enthalpyWater56Med.nft

rime steps for.ext file output output.times-56-20a

}4c4 location; “lower” Infiltration; 56 MTU/acre 3% Seepage onto Invert

ANL-EBS-MD-000032 REV 01

NUFT input (.in) file 14cA-LDTHS6-i-inv.03.in
Restart file from preclosure run Kc4-LDTHS56-1Dds_mcHi-a.res
Rock properties file ’ dkm_afc-1Dds-me-1i-00
| EBS properties file dkm-afc-EBS_Rev21
Thermal conductivity "modification” file modprop_dr-20
Heat generation file LDTH-SDT-0.3Qheat-1e6y_vent-20
Solver control file vitough.pkg
Run control file run_control_param_LDTH-v09
Genmsh grid file 14c4-LDTH56-5pt.xz
Flux output control file fluxOutput100 -
Enthalpy history file for seepage fiux enthalpyWater56Low.nft
Time steps for ext file output output.times-56-20a
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File Type

Filename

¥c4 location; “lower” infiltration; 56 MTU/acre 30% Seepage onto Invert

NUFT input (.in) file

14c4-LDTH56-li-inv.30.in

Restart file from preclosure run

14¢c4-LDTH56-1Dds_mc-li-a.res

Rock properties file dkm_afc-1Dds-mc-i-00
EBS properties file dkm-afc-EBS_Rev21
-| Thermal conductivity “modification” file modprop_t dr-20
Heat generation file LDTH-SDT-0. 30heat-1e6y vent-20
Solver control file vtough.pkg
Run control file run_contro!_param_| LDTH-VOQ
Genmsh grid file c4-LDTHS6-5pt.xz
Flux output control file . - fluxOutput100
Enthalpy history file for seepage ﬁux ‘enthalpyWaterS6Low.nft -
Time steps for ext file output output.times-56-20a

c4 Iocation' “upper” infiltration; 56 MTU/acre 3% Seepage onto Invert

NUFT input (.in) file

14c4-LDTHS6-ui-inv.03.in

| Restart file from preclosure run 4c4-LDTHS56-1Dds_mc-ui-a.res
-| Rock properties file -dkm_afc-1Dds-me-ui-00
EBS properties file dkm-afc-EBS_Rev21
Thermal conductivity "modification” file modprop_dr-20
1 Heat generation file LDTH-SDT-0.3Qheat-1eby_vent-20
Solver control file vitough.pkg
Run control file run_control_param_. LOTH-v09
Genmsh grid file 14c4-LOTHS6-5pt.xz '
Flux output control file fluxOutput100
Enthalpy history file for seepage flux enthalpyWater56Upp.nft
Time steps for ext file output output times-56-20a

l4c4 location; “upper” infiltration; 56 MTU/acre 30% Seepage onto lnvert

NUFT input (.in) file

{4c4-L DTH56-ul-inv.30.in

‘Restart file from preclosure run -

4c4-LDTH56-1Dds_mc-ui-a.res

Rock properties file dkm_afc-1Dds-me-ui-00 -
| EBS properties file dkm-afc-EBS_Rev21
'| Therma! conductivity *modification” file modprop_dr-20
Heat generation file LDTH-SDT-0.3Qheat-1e6y_vent-20
Solver control file viough.pkg
Run control file run_control_param_LDTH-v09
Genmsh grid file Mc4-LDTH56-5pt.xz
Fiux output control file fluxOutput100
Enthalpy history file for seepage flux enthalpyWaterS6Upp.nft
Time steps for ext file output output.times-56-20a
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File Type

Fulename

l4c1 location; mean lnfiltratson, 34 MTU/acre 3% Seepage onto Invert

NUFT input (.in) file

14c1-LOTH34-mi-inv.03.in

Restart file from preclosure run

14c1-L.DTH34-1Dds_mc-mi-a.res

Rock properties file dkm_afc-1Dds-me-mi-00

EBS properties file dkm-afc-EBS_Rev21

Thermal conductivity "modification” file modprop_dr-20 )
Heat generation file - LDTH-SDT-0.3Qheat-1e6y_vent-20

Solver controt file vtough.pkg

Run control file run_control_param_LDTH-v09

Genmsh grid file Mc1-LDTH34-5pt.xz

Flux output control file fluxQutput100

Enthalpy history file for seepage flux enthalpyWater34Med.nft

Time steps for ext file output output.times-34-20a

l4¢1 location; mean Infiltration; 34 MTU/acre 30% Seepage onto Invert

NUFT Input {.in) file

14c1-LDTH34-mi-inv.30.in

Restart file from preclosure run Mc1-LDTH34-1Dds_mc-mi-a.res
Rock properties file dkm_afc-1Dds-me-mi-00

EBS properties file dkm-afc-EBS_Rev21

Thermal conductivity “modification” file modprop_dr-20

Heat generation file LOTH-SDT-0.3Qheat-1eby_vent-20
Solver contro! file viough.pkg - :
Run control file run_control_param_LDTH-v09
Genmsh grid file 14c1-LDTH34-5pt.xz

Flux output control file fluxOutput100

Enthalpy history file for seepage flux enthalpyWater34Med.nft

Tlme steps for ext file output outputtimes-34-20a

Mc1 location; “lower” Infiltration; 34 MTU/acre 3% Seepage onto Invert

NUFT input (.in) file

14¢1-LOTH344i-inv.03.In

ANL-EBS-MD-000032 REV 01

Restart file from preclosure run 14c1-LDTH34-1Dds_mcHi-a.res
| Rock properties file | dkm_afc-10ds-mcHi-00
EBS properties file dkm-afc-EBS_Rev21
Thermal conductivity "modification” file modprop_dr-20
Heat generation file ] LDTH-SDT-0.3Qheat-1e6y_vent-20
Solver control file vtough.pkg
Run control file run_control_param_LDTH-v09
Genmsh grid file Kc1-LDTH34-5pt.xz
Flux output controf file fluxOutput100
Enthalpy history file for seepage flux enthalpyWater34Low.nft
Time steps for ext file output output.times-34-20a
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Flle Type

Filename

14c1 location; “lower" inf‘!trat:on. 34 MTU/acre 30% Seepage onto lnvert

NUFT input (.in) file

l4c1-LDTH34-IHrW 30.in

#4c1-LDTH34-1 Ddszmo-h.-a.res

Restart file from preclosure run

Rock properties file dkm_afc-1Dds-mc-i-00

EBS properties file dkm-afc-EBS_Rev21

Themal conductivity “modification” file modprop_dr-20

Heat generation file LDTH-SDT-0.3Qheat-1e6y_vent-20
Solver control file viough.pkg )

Run control file run_control_param_LDTH-v09
Genmsh grid file 14¢1-LDTH34-5pt xz

Flux output control file fluxOutput100 - -

Enthalpy history file for seepage flux enthalpyWater34Low.nft

Time steps for ext file output -output.times-34-20a

l4c1 location; “upper” infiltration; 34 MTU/acre 3% Seepage onto Invert

NUFT input (.in) file

c1-LDTH34-ui-inv.03.in

4c1-LDTH34-10ds_mc-ui-a.res

| Restart file from preclosure run

Rock properties file dkm_afc-1Dds-mc-ui-00
EBS properties file dkm-afc-EBS_Rev21
Thermal conductivity *modification” file modprop_dr-20
.| Heat generation file LDTH-SDT-0.3Qheat-1e6y_) vent-20
Solver contro! file viough.pkg
Run contro! file run_control_param_LDTH-v09
Genmsh grid file 4c1-LDTH34-5pt.xz
Flux output control file fluxQutput100
Enthalpy history file for seepage flux enthalpyWater34Upp.nft
Time steps for ext file output output.times-34-20a -

Mc1 location; "upper" infiltration; 34 MTU/acre 30% Seepage onto Invert '

NUFT input (in) file 14¢c1-LDTH34-ul-inv.30.in
Restart file from preclosure run 4c1-LDTH34-1Dds_mc-ul-a.res
Rock properties file dkm_afc-1Dds-mc-ui-00
EBS properties file dkm-afc-EBS_Rev21

* | Thermat conductivity “modification” file modprop_dr-20
Heat generation file LDTH-SDT-0.3Qheat-1 e6y vent-20
Solver control file vtough.pkg »
Run contro! file run_control_param_LDTH-v09
Genmsh grid file 4¢c1-LDTH34-5pt.xz
Flux output control file fluxOutput100
Enthalpy history file for seepage fiux enthalpyWater34Upp.nft
Time steps for ext file output - output.times-34-20a
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3.3.1 Descnptron of TH Software Used

The software used for the thennohydrologlc model is NUFT v3.0s (STN: 1088-3. 0s-00) as
discussed in Section 3.2.1.

332 Description of TH Routines Used

The routines used for the thermohydrologrc model are listed in Table 3-2. Descnptlon of the
routines is presented in Section 3.2.2.

34 DRIP SHIELD 'CONDENSATION MODEL

The computer software and model usage for the drip shield condensation model are the same as |
those discussed in Section 3.3, Thermohydrologrc Model.

Microsoft Excel 97 spreadsheet files were used to calculate the condensation index using the data
extracted from the Multiscale Thennohydrologrc Model. The Excel files are named as
“wdrdsc.xls” and “wdrdscu.xIs” and are provided in the attached CD (Attachment XVI) under
the “dscondensation” directory. - A macro was also programmed in Microsoft Excel 97 to
mterpolate linearly the values of vapor pressure and temperature from a steam table. The steam
table is obtained from Himmelblau (1996) for temperature (T) versus saturated vapor pressure
(Vp) data at every 2 Fahrenhelt-degree intervals (approximately 1.11 deégrees Centigrade).
Qualification of the macro is shown in Attachment XIII. .
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4. INPUTS
41 DATA AND PARAMETERS ‘
4.1.1 Water Diversion Model
: 4.1.1.1 (Not Used)
4.1.12 Water and Water Vapor Properties

Thermophysical properties ‘of water and water vapor are requlred for the film flow and ‘vapor
condensation calculations. Table 4-1 presents some of these property values at 60 °C while the -
properties as a function of temperature can be found in' Teble I1I-1 in Attachment III. These data
are appropnately used. : .

Table 4-1. Selected Water and Water Vapor Propemes at60°c ™

Parameter 1 Symbol | . Unit Value -

Liquid ‘ .
Density D kgfm® 983.2

| Absolute Viscosity Pw Pa.s 4.7x10”
Surface Tension Ow N/m - 0.06624
Vapor : S
Density Pv kglm 0.13
Saturated Pressure Peat "1.99x 10"
Gas Constant R _Jkg "K 461.8

Note: *" Robmson R. N ., (1987, p.4-28, and p. 5-22)

4.1 2 Water Drainage Model .
4.1.2.1 Hydrologic and Thermal Properties of thé NBS

Tables 4-2 to 4-5 present the hydrologic and thermal properties for the hydro-stratigraphic units-
considered in this model. The data are from DTN: LB990861233129.001, generated by the UZ

. Model (CRWMS M&O 20000). Fracture porosity, matrix porosity, tortuosity factor, fracture

bulk permeability, matrix bulk permeability, maximum and residual saturation in fractures,

maximum and residual saturation in matrix, van Genuchten parameters a and m (or 1) for

fractures and matrix are used in the analysis. These data are appropriately used.
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Table 4-2. Matrix Hydrologic Parameters for NBS (DTN: LB990861233129.001)

van

A . ‘ van Residual tia
Unit Pem(;;g;:llny (!;om§ny Genuchten | Genuchten | Saturation sgfuratt?gn
raction) | ; (pa”) m (Fraction) | (Fraction)
Tew11 3.86E-15 0.253 4.00E-05 047 0.07 1
Tewi2 2.74E-19 0.082 1.81E-05 0.241 0.19 1
Tewi13 9.23E-17 0.203 3.44E-06 © 0.398 0.31 1
Ptn21 9.90E-13 . 0.387 " 1.01E-05 0.176 0.23 1
Ptn22 2.65E-12 0.439 1.60E-04 0.326 - 0.16 1
Ptn23 1.23E-13 0.254 5.58€-06 0.397 0.08 -1
Ptn24 7.86E-14 - 0411 - -1.53E-04 0.225 0.14 1
Pin25 7.00E-14 0499 527E-05 0.323 0.06 1
Ptn26 2.21E-13 0.492 2.49E-04 0.285 0.05 1
Tsw31 . 6.32E-17 - 0.053 3.61E-05 0.303 0.22 -1
Tsw32 5.83E-16 0.157 3.61E-05 0.333 0.07 1
Tsw33 3.08E-17 - 0.154 2.13E-05 0.298 0.12 1
. Tsw34 4.07E-18 0.11 3.86E-06 0.291 0.19 1
Tew35 3.04E-17 0.131 6.44E-06 0.236 0.12 1
Tsw36 5.71E-18 0.112 3.55E-06 0.38 - 0.18 1
- Tew3d7 4.49E-18 0.094 5.33E-06 0.425 0.25 1
Tsw3s 4.53E-18 0.037 6.94E-06 0.324 044 1
Tsw39 5.46E-17 0.173 '2.20E-05 0.38 0.29 1
Chiz 1.96E-19 0.288 2.68E-07 0.316 033 1
Chiv 9.90E-13 0.273 1.43E-05 0.35 0.03 1
Ch2v 9.27E-14 0.345 - 5.13E-05 0.299 0.07 1
Ch3v 9.27E-14 0.345 5.13E-05 0.209 0.07 1
. Chav 8.27€-14 0.345 5.13E-05 0.299 0.07 1
" ChSv - 8.27E-14 0.345 5.13E-05 0.299 0.07 1
Ch2z 6.07E-18 0.331 3.47E-06 0.244 0.28 1
Ch3z 6.07E-18 0.331 3.47E-06 0.244 0.28 1
Ch4z 6.07E-18 0.331 3.47E-06 0.244 0.28 1
Chsz 6.07E-18 10.331 3.47E-06 0.244 0.28 1
- chbé 4.23E-19. 0.266 3.38e-07 0.51 0.37 1
pPp4 4.28E-18 0.325 1.51E-07 0.676 028" 1
pp3 - 2.56E-14 0.303 2.60E-05 0.363 0.1 1
pp2 1.57E-16 - 0.263 2.67E-06 0.369 0.18 1
pp1 6.40E-17 0.28 1.14E-06 0.409 0.3 1
bf3 "2.34E-14 0.115 4 48E-06 0.481 0.11 1
bf2 2.51E-17 0259 | = 1.54E-07 0.569 0.18 1
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Table 4-3. Fracture Hydrologic_Parameters for NBS (DTN: LB990861 233129.001)

» Satiated

. van .~ van ‘Residual
Unit ""”"(‘eib""y I;orosny Genuchten | Genuchten _Satur:tign Saturation
' -~ (m) (Fraction) | = (pa) m (Fraction) | (Fraction)
tow11 241E-12 0.028 © 3.15E03 0.627 ’ 0.01 1

" tow12 1.00E-10 © 0.02 2.13E-03 0.613 0.01 1
tew13 5.42E-12 .0.015 1.26E-03 0.607 0.01 1
ptn21 1.86E-12 0.011 1.68E-03 © 0.58 0.01 1
ptn22 2.00E-11 0.012 7.68E-04 0.58 0.01 1
ptn23 2.60E-13 0.0025 9.23E-04 0.61 0.01 1
ptn24 4.67E-13 0.012 3.37E-03 - 0,623 0.01 1
ptn25 7.03E-13 0.0062 6.33e-04 . 0644 0.01 1.

. ptn26 4.44E-13 0.0036 279E-04 | 0.552 0.01 1
tsw31 3.21E-11 0.0055 2.49E-04 0.566 - 0.01 . 1
tsw32 - 1.26E-12 0.0095 1.27E-03 - 0.608 - 0.01 1
tsw33 5.50E-13 0.0066 1.46E-03 0.608 0.01 1
tsw34 2.76E-13 0.01 5.16E-04 0.608 0.01 1
tsw35 1.29E-12 0.011 7.39E-04 0.611 0.01 1
tsw36 9.91E-13 0.015 7.84E-04 -0.61 0.01 1 -
tsw37 9.9E-13 0.015 7.84E-04 0.61 0.01 1
tsw38 5.92E-13 0.012 4 87E-04 0.612 0.01 1
tsw39 4.57E-13 0.0046 . 9.63E-04 0.634 001 1
chiz " 3.40E-13 0.0002 143E-03 0.631 0.01 1
chlv 1.84E-12 0.0007 100E03 |. 0.624 0.01 1
ch2v 2.89E-13 0.0009 " 5.18E-04 0.628 0.01 1
ch3v 2.89E-13 0.0009 5.18E-04 '0.628 0.01 1
chdv 2.89E-13 0.0008 .| 5.18E-04 0.628 0.01 1
chbv 2.89E-13 0.0009 5.18E-04 0.628 0.01 1
ch2z 3.12E-14 0.0004 4.88E-04 0.508 0.01 1
ch3z. 3.12E-14 0.0004 4 88E-04 0.598 " 0.01 1
ch4z 3.12E-14 0.0004 4.88E-04 0.598 0.01 1
ch5z 3.126-14 0.0004 4.88E-04 0.598 0.01 1
ché 1.67E-14 0.0002 7.49E-04 0.604 0.01 1
pp4 3.84E-14 0.0004 5.72E-04 . 0.627 0.01 1
pp3 7.60E-12 0.0011 8.73E-04 0.655 0.01 1
pp2 1.38E-13 0.0011 1.21E-03 0.606 0.01 1
pp1 1.12E-13 0.0004 5.33E-04 0.622 0.01 1
bf3 4.08E-13 . 0.0011 9.95E-04 0.624 - 0.01 1
bf2 " 1.30E-14 0.0004 5.42E-04 0.608 0.01 1
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Table 4-4. Hydrologic Parameters for Fracture-Matrix Interaction for NBS (DTN: LB990861233129.001)

’ Fracture to matrix
Active Fracture " Frequency
Unit S connection area
Parameter (1Im) | (m’lm’)
tew11 0.30 0.92 1.56
tow12 0.30 : 1.91 13.39
tew13 030 - 2.79 .77 -
ptn21 0090 , 0.67 1,00
ptn22 : 0.09 - 0.46 1.4
ptn23 0.09 0.57 175
ptn24 0.09 |- 0.46 034
pin25 0.09 ‘ 0.52 k 1.09
ptn26 ' 0.09 0.97 ' ' 3.56
tsw31 006 217 3.86
tsw32 0.41 o112 o, 321
tsw33 0.41 0.81 ’ 444
tsw34 041 . 4.32 13.54
" tsw35 0.41 . 3.16 - 9.68
tsw36 041 4.02 : ’ 12.31
tsw37 041 | 402 - C 1231
tsw38 , 0.41 4.36 13.34
tsw39 0.41 : 096 - - 2.95
ch1z 0.10 0.04 ' 01
chiy 0.13 - ! : - 0.10 0.30
ch2v : 0.13 - : 0.14 . 043
ch3v : 0.13 ‘ 0.14 043
, . chév 0.13 0.14 043
chsv ' 0.13 0.14 0.43
ch2z 010 ) . 0.14 : 043
ch3z - 010 0.14 . 043
chdz 0.10 0.14 , 0.43
ch5z . 0.10 0.14 ’ 043
ch6 0.10 . 0.04 0.11
ppd 0.10 0.14 - .043
- pp3 ' 0.46 ' 0.20 0.61
pp2 - 046 0.20 . .. 0.61
pp1 0.10 . 014 o 043
bf3 - 0.45 0.20 0.61
Bf2 . 0.10 - ] 0.14 043

ANL-EBS-MD-000032 REV 01 : _ 38 _ November 2000



Table 4-5. Thermal Parameters and Tortuosity Factor for NBS (DTN: L8990861'23v31:29.001)

Rock Grain

Rock Gréln

D Wet
Unit _Denst Specific Heat rdondhr‘gtivlty Conductivity Tortuosity
{Kg/m (J/Kg K) (Wim K) (Wim K) ‘
tew11 2550 823 1.60 2.00 0.7
tew12 2510 851 1.24 1.81 0.7
tew13 2470 857 0.54 0.98 07
ptn21 2380 1040 0.50 107 0.7
pin22 2340 1080 0.35 . 0.50 0.7
ptn23 2400 849 0.44 0.97 07
ptn24 2370 1020 046 1.02 0.7
pin25 2260 1330 035 ° 0.82 . 0.7
pin26 2370 1220 0.23 - 0.67 0.7
. tsw31 2510 834 037 1.00 0.7
tsw32 2550 866 " 1.06 1.62 0.7
tsw33 2510 882 0.79 1.68 07
tsw34 2530 948 © 1.56 2.33 0.7
tsw35 2540 900 . 120 2.02 07
tsw36 2560 865 142 184 . 07
tsw37 - 2560 865 142 1.84 0.7 .
tsw38 2360 984 169 2.08 0.7
tsw39 2360 984 1.69 208 0.7 .
chiz 2310 1060 0.70 1.31 0.7
chiv 2310 1060 070 ° 1.31 0.7
ch2v 2240 1200 - 0.58 1.17 0.7
ch3v 2249 1200 - 0.58 . 1.17 0.7
_chdv 2240 1200 0.58 1.47 0.7
chSv - 2240 1200 0.58 1.17 0.7
ch2z 2350 1150 0.61: 120 0.7
ch3z 2350 1150 0.61 - - 1.20 0.7
chdz 2350 1160 0.61 120 0.7
ch5z 2350 1150 0.61 1.20 0.7
ch6 2440 1170 0.73 - 135 - 0.7
pp4 2410 577 0.62 1.21 0.7
pp3 2580 841 0.66 1.26 0.7
pp2 2580 841 0.66 . 1.26 0.7
pp1 2470 635 0.72 133 07
b3 2570 763 1.41 183 0.7
bf2 2410 633 0.74 1.36 0.7
- ANL-EBS-MD-000032 REV 01 39

November 2000



4.12.2 Fluid and Thermodynamic Properties of Water and Air

Thermophysical properties of watef as a function of temperature are used in the NUFT models
and some are shown in Attachment III, Table III-1 (Incropera and DeWitt (1996, pp. 839, 843,
and 846). These data are appropriately used. '

4123 Univefsal Constants

The Ideal Gas Constant R (1.987 cai/(g mol-K)) and Gravitational Constant g (9. 807 'm/sz)
(Robinson, 1987, cover page) are accepted data mcorporated into, the NUFT code. These
constants are appropriately used.

4,124 Hydrologic and Thermal properties of the EBS

As stated in the scope of work for this report (Section 1.3), the materials used and specifications -
for EBS components follow the LADS EDA II design concept (CRWMS M&O 2000r, p.2,
Sections 2.2.2.2 and 2.3). The backfill consists of Overton sand (CRWMS M&O 2000g, Section
6.1.2.6.1) and the invert consists of crushed tuff (CRWMS M&O 2000w, Section 7.5). The
crushed tuff is part of the TSW2 lithostratigraphic unit (CRWMS M&O 2000v, p.13). The
“hydrologic and thermal properties of the backfill are developed in Attachment X based on DTN:
MO9912EBSPWR28.001 while the property values for the invert are developed in Attachments
~ XIV and XV based on the following input data from DTNs: GS000483351030.003 (Table XIV-
3), GS000683351030.006 (Section XIV.5), and GS980808312242.015 (Figures XIV-1 and XIV-
2). These data sets are utilized in Attachments X, XIV and XV to calculate the hydrologlc and
thermal properties for the EBS. These data sets are appropriately used.

4.1.3 Thermohydrologlc Model
413.1 Hydrostraﬁgi'aphic Unit Properties

The hydrologlc properties used in the TH portion of thls report are fully consistent with the
one-dimensional (1-D), drift-scale property sets from the UZ model (CRWMS M&O 20000,
" Section 3.6). The property values for units in the 14c4 and 14cl columns are exactly those given
.for these units by the following:

+ DTN LB990861233129.002 (1-D, dnﬁ-scale, “upper” infiltration case)
- DTN LB990861233129.001 (1-D, drift-scale, mean infiltration case)
'_ DTN LB990861233129.003 (1-D, drift-scale, “lower” infiltration case)

These property ‘sets include porosity, saturated permeability, and parameters for water potential
vs. liquid-phase saturation and relative permeability vs. saturation relationships, based on the

analytical expressions developed by van Genuchten (1980) and Mualem (1976). Each property:
- set contains similar descriptions for the rock matrix and for the fracture network for each
hydrostraugmphxc unit. The fracture network is assumed to behave as a continuous porous
medium in these calculations, and the continuum- properties are assumed to be homogeneous
within each hydrostratigraphic unit (Assumptlon 532).

The property . sets listed previously also include values for parameters that describe
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nonequilibrium ﬁ'acture.—matrix interaction using the AFC, which are ihput direétly-to NUFT
V3.0s. These parameters include fracture spacings and the y-parameter for each unit. The
hydrostratigraphic unit properties are appropriately used. .

4132 (Not Used) |
4.1.3.3 Model Gridding ana Numerical _Contrb! Parameters
NUFT V3.0s input files (vtough.pkg; run_control_param LDTH-v00; 14c*.in in attached CD in

Attachment XVI) specify control parameters such as numerical-convergence tolerances, time- |
step control, and parameters for controlling implementation. of the nonlinear relations among

saturation, relative permeability, and potential. These numerical control parameters. are

appropnately used. S
4134 Thermal Propertnes for Natural Barner Materials

The thexmal propertxes (DTN: LB990861233129 001) used by NUFT V3 Os are dry thermal -
conductivity (zero hqmd saturation), wet thermal conductivity (100 percent water saturation),
specific heat, and grain density. The values used for these calculations are shown in Table 4-5
- (Same as the Water Diversion Model). For partial saturation, the NUFT V3.0s code is instructed
in the input file (l4c*.in) to linearly interpolate between dry and wet values, based on liquid
saturation. Linear interpolation is appropriate because only two constrairit data points (dry and
-wet) are available. .

414 Drip Shicld Condensation Model

The input data and parameters used for the drip shield condensatiori model are the same as 'tl'xose
discussed in Section 4.1.3, thermohydrologic model,

4, l.S Miscellaneous

Drip Shield for bounding calculation - The dnp sl'ueld length is 5.485 meters for flow through
the drip shield (CRWMS M&O 2000g, Attachment II).

4.2 CRITERIA
4.2.1 Drip Shield Material

The Emplacement Drift System Description Document (CRWMS M&O 2000r, Sectlon 1.2.1.18)
speclﬁes that the drip shield will be titanium grade 7, at least 15 mﬂluneters thick. This criterion
is used throughout Section 6.

4.2.2 Emplacement Drift System

The Emplacement Drift System, as part of the Engmeermg Barrier System (CRWMS M&O
2000r, p.6), provides the interface between the various WP systems and the Ground Control
System, and in conjunction with the WPs, limits the release and transport of radionuclides from
the WP to the nature barrier. . The Emplacement Drift System consists of the structural
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support hardware (emplacement drift invert and WP emplaeement pallet) and any performance-
enhancing barriers (backfill, if used, drip shield, and invert ballast) installed or placed in the
emplacement drifts (CRWMS M&O 2000r, Section 2 1).

From the above, it is inferred that a drip shield is part of the Emplacement Drift System and it is
necessary to be included in modeling. This criterion is used throughout Section 6.

423 System Closure

The system shall be designed to be closed as early as 30 years after emplacement of the last WP
. (CRWMS M&O 2000r, Section 1.2.1.5). This criterion is used throughout Section 6.

4.2 4 Maximum Heat Load l'or Line Loadmg of Waste Packages

The system shall be designed for line loadmg of WPs wnthm individual cmplacement drifts, -
defined as a maximum heat load of 1.5 kW/m of emplacement drifts, averaged over the entire
emplacement drift at the time of completlon of loading of the emplacement drift (CRWMS M&O
2000r, Section 1.2.1.6). This cntenon is used in Sectlon 6.3.

4. 2.5 Water Dramage A

For 10 000 years, the system shall allow free-hqmd-phase water, from the inflow of 2m® perm
- of emplacement drift, to drain out of emplacement drifts, via the emplacement drift floor
(CRWMS M&O 2000r, Section 1.2.1.8). This criterion is used in Section 6.2.

4, 2.6 lnvert Ballast Material

The invert ballast material shall be granular (CRWMS M&O 2000r, Section 1.2.1.11). This
criterion is used in Sections 6.2 and 6.3.

427 Drip Shield Life

. The drip shield shall have an operatmg life of 10,000 years (CRWMS M&O 2000r, Section
'1.2.1.12). This criterion is used in Section 6.1.

42.8 Water Diversion from Drip Shield

~ The drip shield shall divert water dripping into the emplacement drift around the WP and to the
drift floor (CRWMS M&O 2000r, Section 1.2.1. 13) This criterion is used in Section 6.1.°

429 Emplacement ant Wall Temperature

The system. shall limit the emplacement drift wall temperature to less than 200 degrees C
(CRWMS M&O 2000r Section 1 2 3.1). This criterion is used in Section 6.3.

- 42,10 Heat Removal Dunng Preclosure

The system shall accommodate removal of 70 percent of the heat generated by WPs by the
Subsurface Ventilation System during the preclosure period (CRWMS M&O 2000r, '
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Section 1.2.4.5). This criterion is used in Section 6.3.
4.2.11 Waste Pachge Spacing T

The system shall accommodate a minimum spacing of 10 cm between WPs within individual
emplacement drifts (CRWMS M&O 2000r Section 1.2.4.7). This cntenon is used in Section
6.3.

4.2.12 Emplacement Drift Spacing

The system shall accommodate a nominal spacing of 81 m.between individual emplacement '
drifts (CRWMS M&O 2000r, Section 1.2.4. 8) Thxs cntenon is used in Section 6.3.

A

4.2.13 ' Emplacement Drift Dlameter

The system shall accommodate a nominal emplacement drift excavated diameter of 5.5 m
(CRWMS M&O 2000r, Section 1.2.4.9). This criterion is qsed in Sections 6.1, 6.2, and 6.3.

4. 2.14 Closure and Heat Removal

; At least 70 percent of the total heat generated by thc WPs within the emplacemcnt drifts durmg
the first 50 years of the preclosure period shall be removed by ventilation. (CRWMS M&O
2000w, Section 5.1.3.1). Used in Sectlon 6.3. .

4.2.15 Invert Material

The invert is desxgned‘ to provide sﬁpport for 'thé WP einplacemenf pallets during the preclosure
period. It will be composed of a steel frame filled thh crushed tuff ballast (CRWMS ‘M&O
2000w Section 7.5). Used in Section 6.2.

43 CODES AND STANDARDS

The Water Distribution and Removal Model was prepared to comply with the DOE interim
guidance (Dyer 1999) which directs the use of specified Subparts/Sections of the proposed NRC -
high-level waste rule, 10 CFR Part 63. Relevant requirements for performance assessment from

‘Section 114 of that document are: “Any performance assessment used to demonstrate

- compliance with Sec. 113(b) shall; (a) include data related to the geology, hydrology, and
geochemistry ... used to define parameters and conceptual models used in the assessment. (b)
Account for uncertainties and variabilities in parameter values and provide the technical basis for
parameter ranges, probability distributions, or bounding values used .in the performance
assessment. ...-(g) Provide the technical basis for models used in the performance assessment
such as compansons made with outputs of detailed process-level models ..
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5. ASSUMPTIONS

§.1 WATER DIVERSION MODEL
S.1.1 _ Drip Site

The majority of the pendant drops are assumed to form at rough locations along the trace line of
fractures. Drip site diameter is assumed to be equal to the aperture width of fractures. This
assumption is based on engineering principles and such phenomenon is observed in caves, SO
venﬁcatlon is not reqmred These assumpnons are used in Section 6.1.2.

5.1.2 an Falling Distance

Pendant drop falling distance (H) is deﬁned as the air gap between the arched crowns of the drift
roof and the upper side of the drip shield. H = 2.304 m is calculated based on the assumed EBS ‘
Geometry reported in Tabulated In-Drift Geometric and Thermal Properties Used in Drzﬁ-ScaIe

Models for TSPA-SR (CRWMS M&O 2000u, Table 2). Dimensional variations in the
configuration will have little affect on this model, this assumption does not requlre venficanon
This assumptlon is used in Section 6.1.3.

_ 5, 1.3 Drip Water Redistribution on Drip theld

The: pathways for seepage into the drifts are fractures, and as a result, seepage will vary spatlally
and temporally over the approximately 10,000 waste packages. Drops falling on the drip shield
wet the solid surface by splashing, splashing is neglected in this analysis, and spreading. Kinetic
energy of the falling drops causes the splashing and may lead to the ejection of secondary drops. -
Spreading from the primary and secondary drops produces a thin film of water on the drip shield.
Therefore, the response of groups of waste packages is represented as averages for performance .
assessment. It is assumed that splashing and spreading cause the drip water to be uniformly
redistributed on the drip shield and that any breach is located so that it will collect all fluid that
- drips onto the drip shield or waste package at the same axial location as the breach. This
assumption conservatively ignores the fact that fluid dripping onto the lower portion of the drip
.shield or waste package will not flow through a breach high on the drip shield or waste package.
Because of these conservatism’s this assumption does not require venﬁcatlon This assumption
1susedeect10n6 L5.

5.14 an Shield Dimensions

The drip shield dlmensmnal data are adopted from CRWMS M&O 2000u Table 2, as best |
available information, and does not require verification since dimensional variations in the drip
shield configuration will not affect this model. -

Outside radius (R) = 1,300 mm

Chord = 2,505 mm '

Internal structural reinforcement beam height (x) = 90 mm

Space between two water diversion rings = 245 mm

Space between outer water diversion ring and inner axial seismic stabilizer = 85 mm
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Space between two axial seismic stabilizer = 250 mm

The following d1mens1on is calculated:
Acute angle from the dnp shield arched crown to the plate l/plate 2 connection = 74.46 degrees

(Figure 6.6). - | _ v ' ) :

The dnp shield dimensional data are used in Sectlons 6.1.3 through 6.1.7.
5.1.5 Viscosity

Viscosity is a measure of the shear force between adjacen‘t molecule layers when one layer is
accelerating from the other. In water far away from a solid surface, the force that causes the
shear is the intermolecular attraction. However, water in thin films is also attracted to the solid -
surface by hydrogen bonding and van der Waals forces. These additional forces cause greater
viscosity of water in the thin film than in locations unaffected by the solid surface. Also, the
Newtonian fluid characteristics of water are deviated in the thm film since the viscosity becomes
nonlmear

In the water diversion model analyses, it is assumed that water in the thin film still possesses the
Newtonian fluid characteristics and the viscosity is not affected by the solid surface. This
- assumption is conservative as the smaller viscosity .of water results in less shear force for the
flow. This assumption is used in Sections 6.1.6 and 6.1.7 and does not require verification.

51,6 Maximum Percolanon Rate at the Repository Horizon

The percolation rate at the repository horizon is assumed to be 25 mm/yr. This is based upon a
review of the fluxes in DTN:MO9901YMP98017.001 (unqualified). Using this value and
ignoring the capillary barrier effect adequately establishes an upper bound for the seepage rate
into the drifts. This assumption is conservatxve and does not requlre verification. It is used
Sections 6.1.2 and 6.1.5..

5.1.7 * Parallel Plates

Capillary properties of the crevices are approximate by those of parallel plates. Irregular shape -
cracks possess large surface area and tend to exert greater surface force on water being held than

. parallel plates. This assumption is conservative and does not require verification. It is used in
Sections 6.1.4 and 6.1.6.

518 Water Ponding on Drip Shield -

Depressions or basins on the top of drip shields resulted from rock falls are assumed to occur in
isolated places and do not represent a general phenomenon; therefore water ponding on drip
shields is not considered in this analysis because isolated ponding will not impact model results.
This assumption is used in Sections 6.1.5 and 6.1.6 and does not require verification.

519 Impact Time

~ Impact time (z) between the moment that a drop touches the solid surface and before the drop
- splashes is 2.4 milli-seconds (Mutchler, 1967, p.92). This is assumed to reflect the same
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time as a drop impacts the drip shield. This assumption is used in Section 6.1.3 and does not
require verification. .

5.1.10 Fracture Property of Rock in the Repository Horizon

Mongano et al. (1999, pp.83-84) indicates that most of the fractures are very close and more than
40% of the aperture size are between 0 and 1 mm in the Tptpll unit. This supports using an
assumed aperture width (D) of 1 mm for the pendant drop calculation in Section 6.1.2, This
input is appropriately used, and does not require verification.

S.1. ll Water Evaporatlon

For this model, it is assumed that any water oontactmg the dnp shield or waste package does not
evaporate. Water that contacts the drip shield would evaporate and this evaporation at the drip
shield surface would reduce the potential flow rate, therefore, it is conservative to exclude
evaporation for the purposes of calculation the flow rate through the drip shield at isothermal
temperatures. This assumption is used through out as a bounding condmon

52 WATER DRAINAGE MODEL

The assumptlons used in the Water Drainage Model are to support the backﬁl] case. Tlus model
was developed for the backfill case and was not redone for the no-backfill case. The justification

- for that was that there was more seepage flow into the drift because of the backfill than without

backfill, therefore the conclusion is that since the drainage was adequately addressed for backfill

~ it-did not need to be re-evaluated for the no-backfill case. These assumptions were developed for

the backfill case and may vary from the valués used for the no-backfill case used in other places
in this report. These differences even though they may appear s1gmﬁcant have little or no affect
on the water dramage model results.

521 Drip Shield

" For ease of modeling, the top of the drip shield is assumed to be stair-stepped in shape rather
~ than curved. The technical basis of this assumption is that a flatter shape will result in a
. conservative estimate of the saturation level above the drip shield. This assumption is used in

Sectlon 6.2 and does not requlred verification.

5.2.2 _Hydrologic Properties of Drip Shield

' The drip shield, which is made of titanium, is assumed to be impermeable with properties the

same as the waste package. The technical basis for this assumption is that the drip shield by :
design would limit water. This assumption is used in Section 6.2 and does not require
verification because any leakage through mterlocked sectlons of the drip shleld will not be high
enough to impact nodel results. .

523 Backfill Material and Invert Placement

The Overton sand backfill is assumed to completely fill the outer annulus between the drip shield

- and the drift wall rather than leaving a relatively small air gap on top of the backfill. This
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assumption is conservanve because it allows any mﬂux into the crown of the drift to be in direct
contact with the backfill and, thus, would facilitate flow to the invert of the drift. These
assumptions are used in Section 6.2 and do not required verification.

524 | Tortvuos.i'ty Factors

A factor of 0.0 is assigned to simulated waste packages and drip shields since they are assumed
~to be air and water tight and to be impermeable. A factor of 0.7 is assigned to the invert material
since it is & granular material similar to the lxthostratlgraphlc units at the repository horizon. This
coefficient was estimated for a range of liquid saturation in'soils by Fetter (1993, p.44) and was
found to be 0.66 (~ 0.7) as an average value. This assumption'is used in Sectlon 6.2 and does not
require venﬁcatxon :

525 Thermal-Hydrological-Chemical and Thernial—Hydrqlogicél—Mechanical Effects

The thermal-hydrological-chemical (THC) and thermal-hydrological-mechanical (THM) effects
are accounted for by reducing the intrinsic permeability of the fractured welded tuff directly
‘below the invert to the intrinsic permeability of the matrix for welded tuff. The technical basis
for this assumption is that the THC effects would more likely affect the unsaturated flow
. properties of the existing fractures, and that THM  effects would not likely induce additional
fracturing. This assumption is used in Section 6.2.5. 3 and does not require verification.

-82.6 Location of Model'

Inputs that vary with location are found by using an assumed location of the 14c4 block element,
with coordinates Easting 170500.3 and Northing 233807.3 (Attachment V). This assumption is
used in Attachment V and in all YMESH and NUFT input files. The technical basis for this
assumption is that this point is near the center of the proposed repository (Section 1.3). Since
edge effects are not considered in this model, the center of the repository is used as the
 representative location. This model is not sensitive to this mput. This assumption is used in .
Section 6.2. :

5.2.7 Steady State Two Dimensional Model at Isothermal Temperature

. The NUFT analysis is performed using a steady-state two dimensional model at isothermal
" temperatures. The technical basis for this assumption is that temperatures in the EBS will be less
and water flux rates will be higher than those predicted with repository heating. The heat given
off by waste packages can be neglected for purposes of assessing water drainage. It is
conservative to assume isothermal temperature conditions for the purposes of water drainage.
- This assumptmn is used in Section 6.2.

528 Thermal Conductmty of Stationary Components

The thermal conductmty of the welded tuff as measured in laboratory experiments (Brodsky et

al. 1997, pp.27-34) is assumed to apply to the stationary components. The technical basis for

this assumption is that measured values are in general agreement with values in the literature
(Bear 1988, p.650). This assumption is used in Section 6.2.4 and does not require
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verification. »
529 Model for the Center of the Repository wnth Reflective Side Boundanes

The analys1s assumes that the side boundaries are reﬂectnve with no flow of water, air or heat
occurring across the side boundaries. The technical basis for this assumption is that flow in the
vadose zone is dominantly in the vertical direction for the vertical system of fractures. This is a
common practice for vadose zone flow simulations and does not require verification. This
assumption is used in Section 6.2.3. e

5.2, 10 Modeling of the Rock Mass as a Dual Permeabxlity Medium

The nonhomogeneous rock mass is modeled as two mteractmg materials representmg the matrix, |

and a system of fractures. The interaction between the fractures and the matrix is explicitly
calculated from the local temperature and pressure differences under transient flow conditions.
The technical basis for this assumption is that rock mass is characterized by a matrix and system
of fractures. Under low flux and high absolute moisture potential, flux occurs through matrix.
Under high flux and low absolute moisture potcnnal flux occurs through the fractures. This is a
recognized modeling technique and does not require venﬁcatxon This assumptwn is used in
Sectlon 6. 2 :

_ 5 2. ll Potential Field Theory for Closed Fomi Analyﬁcal Solution

The solution is based upon potcntlal field theory (Phillips 1991 p-67) that assumes a small
perturbation in one part of the field will effect the entire field, not just a local area. The basis for -
this assumption 'is that the flow is irrotational with vorticity equal to zero (Phillips 1991, p.67).
This assumptlon is used in Attachment XII and does not reqmre verification. '

5i2.12 Water Flux Rate under ‘Steady-State Condmons fora Deep Water Table

The water flux rate under a specified percolation rate for a deep water table occurs under steady-
state conditions in which the flux rate equals the unsaturated hydraulic conductivity (Jury et al.
1991, p.127). The basis for this assumption is that over the long term, an equilibrium in
_hydraulic potennal will develop along the boundary of the inclusion with the surrounding host
rock. This is a recognized modeling technique and does not requu'e venﬁcatnon This
assumptxon is used in Attachment XIl. ~

5.2.13 » Inﬁltration ,

It is assumed that infiltration data source estimated for the UZ site scale model (CRWMS M&O'
20000) adequately . describes the glacial climate, These data are from DTN:
MO9911MWDEBSWD.000 and support the computer files *.inf in Attachment VIII. The data-
* contained in the DTN were developed from unqualified sources that do not meet current data
quality requirements. These data are the only available source for glacial infiltration parameters -
and were developed using sound analytical methods. Glacial infiltration is used in this model as a
bounding condition. Thesc infiltration data are appropriately used in Section 6 and do not require
confirmation. :

ANL-EBS-MD-000032 REV 01 ' . 48 November 2000



52.14 Model Geometry for the NBS and EBS

The UZ site scale model (CRWMS M&O 20000) is a three-dimensional model used to estimate
.the thickness of stratigraphic units. A lithostratigraphic column was developed for the 14c4
column with coordinates Easting 170500.3 and Northing 233807.3 in this analysis as discussed
in Section 6.2.2. The assumed thickness at this column is based upon unqualified data from
DTN: LB99EBS1233129.001. This is the best information available and any changes during
data qualification are not expected to beofa magnitude as to 1mpact model results. The data is

used in Section 6.2 and does not required venﬁcahon

Also, additional layout details are required to supplement the global parameters listed in Section
4.2, These are summarized in Table 5-1 below and are assumed to construct the final in-drift

configuration for the water drainage model used in Section 6.2. Any variation in dimensional ‘

data as the current design is advanced is not expected to be of magmtude as to impact model

results. Verification is not necessary.

Table 5-1. Additional EBS Dimensional Details (CRWMS M&O 2000u, Table 2)

Mode! Input Value
- | Waste package outer diameter 167m
Location of waste package center above bottom of drift - 1.945m
Location of waste package center below the springline 0.805m
| Inside radius of drip shield 1.231m
0.606 m

Top of invert as measured from bottom of drift

5.2.15 Temperature and Pressure Boundary condi_tioﬂs

The assumed data for the temperature and preséure boundary conditions at the ground surface

and water table are based on DTN: LB99EBS1233129.003 from the UZ site scale model -

(CRWMS M&O 20000). The derivation of téemperature and pressure boundary conditions based

on the source data is described in Section 6.2 3.

Although the data are from an unqualified source, changes resultmg from data quahﬁcatlon are

* not expected to be of such a magmtude as to impact model results. The data used are the best
available and were deve]oped using sound analytical Judgement This assumption is used in

Section 6.2 and does not require venﬁcatxon

53 THERMOHYDROLOGIC MODEL

53.1 Effective Tortuosity Factor
See Section 5.2.4.

5.3.2 Homogéneous Fracture Continuum

~ In the conceptual basis for NUFT V3.0s, the fracture network is assumed to behave as a
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continuous porous medium with homogeneous properties within each hydrostratigraphic unit.
This assumption is used in development of the UZ model (CRWMS M&O 20000), from which
the unit pmpernes used in this report were obtained, and therefore applies to this model. This
assumption is consistent with the purpose of the TH calculations reported here, which is to
calculate the average response to heating under a range of effective seepage mﬂow conditions.

This assumptlon is used in the calculations descrﬂ:ed in Section 6.3.1. No further justification of
this assumption is required.

53.3 Component Properties -

The properties of components air and water, distributed in the gas and liquid phases, are
incorporated in a NUFT V3.0s input file (vtough.pkg,-attached CD in Attachment XVI). The
values used are approximations that are suitable either because different values would have a
negligible effect on the NUFT V3.0s results, or because they are not used in TH simulations such
as these which do not use the contaminant transport features of NUFT V3.0s. For those
parameters that are used in TH simulations, the assumed values consist of the following:

Equivalent molecular weight of air: 29.0 g/mol
Molecular weight of water: 18.0 g/mol
Binary diffusivity for water vapor into air in the gas phase

D=14S,D, [“273)9 - (Eq. 5.1)

273

where

Dva = 2.13 x 107 m¥/sec
0 = 1.8 (dimensionless)

T = temperature in °C

t = effective tortuosity coefficient

Sg = gas saturation (calculated by NUFT)
¢ = porosity

Diffusivity of air in liquid water: 10-9 m2/sec
Specific heat of air (C;): 1009 J/kg-K

Vapor-pressure lowering is active for these calculatlons This feature of the NUFT V3 Os code
simulates the interaction between capillary water potential and the vapor pressure goveming
water mass transfer between the liquid and gas phases. The vapor pressure is lowered by an
amount determined from the capillary pressure using the Kelvin Equation (Atkins 1990,
Equation 13b, p. 148). The capillary radius for this calculation is computed from the capillary
pressure (Atkins 1990, Equation 12, p. 148). This increases the boiling temperature for partially
. saturated capillary media, which is the point at which vapor pressure equals the total
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pressure. The vapor pressure lowering due to the potential formation of salts within the EBS is
neglected. This is conservative since the effects of vapor pressure lowering due to salt formation
would lower moisture potential and reduce the potentlal for water to be retained within EBS
components.

This assumptlon is used in the calculatlons descn‘bed in Section 6.3.1. No further Jus’nﬂcatlon of
this assumption is required. :

534 Zero Dispersion Coefficients

For TH problems, the use of zero dispersion for the gas phase is equivalent to an assumption that -
dispersive behavior is small relative to diffusion or that velocities are small. For gas-phase mass
flux rates, gas densities, and-fracture porosities and apertures used in this report, the resulting
Peclet Number is much less than unity, therefore dispersion can be neglected in TH sunulatxons
in accordance with established principles (Bear, 1988; p. 608)

This assumptlon is used in the calculatlons described in Sectlon 6.3.1. No further Jusnﬁcatlon of |
this assumption is required.

53. 5 Preclosure Ventilation Effects

For this report, the effects of preclosure ventilation on the TH state of the host rock is taken into
account by running NUFT V3.0s for 50 yr (Sections 4.2.14 and 4.2.3) assuming that ventilation
has effectively removed 70 percent of the heat generation from WPs (Sections 4.2.14 and 4.2. 3).
The drying effects of ventilation on the host rock and preclpltatlon of solutes predominantly in
the rock matrix are neglected in this model. The result is that the LDTH model overpredicts the
water and relative humidity present in the drift environment for the first few tens or hundreds of
years after closure. This tends to shorten the time until return of moisture to the environment,
ahd is therefore conservative in conjunction with the assumed environmental conditions that
promote corrosion (Assumption 5.3.6). This assumptlon is used in Section 6.3.4 and no further
justification is required.

§3.6 Thermal Loading and Aging of Waste Inventory

The heat-generation curves from CRWMS M&O 2000i are modified to account for the reduced
lineal power density assumption for the no-backfill case (relative to the backfill case) and to
account for the influence of ventilation. The assumption is based upon an initial bounded lineal
thermal load of 1.45 kw/m averaged over all of the emplacement drifts in the repository for the
current no-backfill case (CRWMS M&O 2000x, Section 6.2.3.2) and an initial thermal load of -
1.5404 kw/m for the backfill case (CRWMS M&O 2000y, Attachment I-1). Therefore, the heat-
generation decay curve for the LDTH submodels used in the backfill case in the
thermohydrologic . model is multiplied by a factor of 1.45/1.5404 (= 0.94131) to obtain the
revised curves for the LDTH-model calculations for the no-backfill case (LDTH-SDT-0. 3Qheat-
le6y_vent-20). This includes all of the LDTH-model calculations described in this report

In addition, the line source strength (LDTH-SDT-0.3Qheat-le6y_vent520) was mod:ﬁed to

account for the heat-removal effect of ventilation during the preclosure period. These
calculations are based on the 70 percent heat removal ventilation (Sections 4.2.10 and

ANL-EBS-MD-000032 REV 01 ' .5 ‘ November 2000



4.2.14). Accordingly, the heat-generation rates are therefore mutltiplied by a factor of 0.3 during
the 50-yr preclosure period (Sections 4.2.3 and 4.2. 14) Note that the drying influence of drift
vennlatlon is neglected in these caleulatlons

This assumption is used in Section 6.3. It does not required verification because any deviations
from the assumed heat generation curves are not expected to be significant enough to affect
model results. :

5.3.7  Thermal and Hydrologic Propérﬁes for EBS Materials

The EBS invert ballast material is crushed tuff (Section 4.2.15). This material (devitrified, -
welded) is assumed to behave hydrologically as an unfractured medium. When fractured rock is -
crushed, the fracture properties are lost so the crushed material behaves hydrologically as an
unfractured porous medium. But because the NUFT program was used to simulate the entire
unsaturated zone, including the undisturbed host rock, the DKM feature is applied. Since the
invert crushed material does not possess fracture properties, only porous medium properties are -
used. This is represented in the DKM by splitting the total property value between the fracture
‘and matrix continua. Half the porosity is assigned to the matrix continuum, and half is assigned
“to the fracture continuum. Density, specific heat, thermal conductivity, permeability, and other
-hydrologic properties are assigned the same way. The AFC is not used for EBS material
properties. Any deviations from the assumed splits are not considered to be significant enough
to affect model results. Verification is not required. This assumptlon is used in Section 6.3.

5.3.8 Geometry of the Drift and Drip Shield and Waste Package

For the models in this report, it 1s assumed that the waste package, drip shield, and pedestal
supporting the waste package are combined into a single body with outside dimensions
representing those of the drip shield. The rectilinear NUFT V3.0s grid is designed with spacing
so that this composite body as well as the drift, invert, and drip shield are represented. The cross-
sectional areas of each component (drift, invert, waste package/drip shield) in the grid are -
approxunately the same as speclﬁed in Sections 4.2 and 5.2.14. Verification of this assumption

is not required as changes in dimensional data are not expected to be significant enough to

impact model results. The assumption is used throughout Section 6. : -

539 Properties of the Waste Package

The waste package is modeled as a umform solid body, with thermal conductxvnty and heat
capacity scaled to represent the response of the composite body. The waste package is assumed
to have a thermal conductmty of 14.42 W/m-K, specific heat of 488.86 J/kg-K, and densxty of
8189.2 kg/m based on a review of avallable data (CRWMS M&O 2000u, p.11).

These values are based on area-averagmg usmg prescribed geometry and matenals for the waste .
package and drip shield. Treatment of the drip shield, waste package, and waste package
supports as a composite body, is consistent with the objectives of this model, which include
investigation of the bulk environment but not the fine-scale variability of conditions in the spaces
enclosed by the drip shield. In addition, the temperature in the bulk environment during the
~ thermal period will be determined by the processes that convey heat away from the drifts,

but not by heat transfer within the spaces enclosed by the drip shields. The space between
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the drip shield and waste package remains warmer, and therefore drier, than the bulk
environment during cooldown, so aqueous processes will take place primarily outside the drip
shield for these conditions. Finally, the storage of sensible heat by the waste package and drip j
shield will not be significant to the bulk environment, because temperature changes will occur
very slowly. Accordingly, the results are insensitive to the value of specific heat, used to
represent the composite body. This assumption is used in Section 6.3. Verification is not
required because model results are not sensmve to potential small changes in waste package
propertles : : : :

53.10 Thermal Cvondu'ctivity,A the Lower,and Upper Invert Layer -

The thermal conductivity, specific heat and density of crushed tuff are developed in Attachment -
XIV. The invert of the no-backfill case consists of two layers with respect to thermal
conductivity Ks. The lower half of the invert (called the lower invert layer) has a Ky, value for
pure crushed tuff (Section 4.1.6). The document Invert Effective Thermal Conductivity
Calculation (CRWMS M&O 2000n, pp. 15-24) presents a calculation thermal conductivity for a . -
composite upper invert comprised of stecl beams and crushed tuff of various thicknesses.
Because of the orientation of the steel beams, there is directional anisotropy for the effective Ki,
of the upper invert layer. Because NUFT does not handle directional anisotropy in Ky, it was
judged that a lateral value of Ky (1.520 W/m-K) is the most appropriate single value of Ky for
the upper invert layer in the no-backfill calculations in the LDTH models. This assumption is
- used in Section 6.3. Verification is not required because model results are ‘not sensitive to
potential small variations in the conductivity.

53.11 Mass l)ensnty of the Waste-Package/Drip Shield Monolith

The drip shield and waste packagé are repfesented as a monolithic body in the LDTH model. The
mass density of this monolith is based on the respective densities and cross-sectional areas of the

waste package and drip shield (Table 4-1 and Figure 4-2 of CRWMS M&O 2000i). As stated in~

Section 5.3.10, the storage of sensible heat in the drip shield and waste package is neghglble,
~ consequently, it will not significantly affect heat flow in the EBS. This assumption is used in
. Section 6.3 and does not requlre venﬁcatlon

'5.3.12 Thermal Conductivity and Density for the Active Fracture Model

The thermal conductivity and density values of the fracture and matrix are ‘apportioned by the
followmg

fracture conduc_tivity = total conductivity x (fracture porosity)
matrix conductivity = total conductivity x (1 - fracture porosity)
fracture density = total density x (fracture porosity)-

matrix density . = total density x (1 - fracture poros1ty)

There is no common]y accepted approach to apportioning fracture and matrix oonductmty and -
density. However, it is important to note that the total value of conductivity and the total value of
density. Therefore, the total conductive heat flow is the same as a single continuum with the

same total value of thermal conductivity. Similarly, during the transient (heatup) period, '
we honor the correct mass density of the rock mass. - This assumption has no impact on this
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model. This method is used in all submodcls (used throughout) Tlns assumptlon does not
require confirmation.

53.13 Hydrostratigraphic Unit Thickness, 'Centi.u":t' Elevations, and Extents

Thirty one locations were selected to assure that the variability of host-rock units and local
percolation flux were adequately represented in the Multiscale TH Model (CRWMS M&O
'2000i). Integration with UZ model unit thicknesses, contact elevations, and lateral extents was
accomplished using YMESH V1.53 (Table 3-2) to read mesh and gnd files from the UZ model
(CRWMS M&O 20000).

It is assumed that data from an unquahﬂed source (DTN: LB99EBSIZB3129 001) describe
contact elevations for each of the 31 model locations. This information was manually
incorporated into the NUFT V3.0s input files, and is best data available. Any change in this
assumption during the data qualification process is not expected to be of a magnitude to impact
model results. Therefore, confirmation of this assumption 1s not required. This assumptlon is
used in Section 6.3.

5.3.14 Temperature and Total Preseure »Boundary Cc'mditions

For the 2-D models used in these calculations, the model domain extends from the ground
surface to the water table. Temperature and total pressure conditions (Table 5-2) are assumed at
each boundary based upon unqualified DTN: LB99EBS1233129.001. The values were obtained
from the UZ model files “bes_99.dat” and “tspa99_primary_mesh”, which are read dlrectly into
the CHIM_SURF_TP V1.1 soﬁware routine. Inverse-squared distance weighting is used to
interpolate the UZ model information at the required l4cl and 14c4 locations. ,

These files represent the best available data because any change to the data during quahﬁcatlon

is not expected to be of a magnitude as to impact mode] results Confirmation is not necessary
The assumption is used in Section 6.3.

Table 5-2. Temperature and Total Pressure Boundary Conditions - '

Ground Surface Water Table
Mode! Location Temperature (°C) | Pressure (Pa) | Temperature {°C) Pressure (Pa)
4c1 16.954 85,587 32.360 92,000
Med - 15.910 84,511 32.544 92,000
NOTE: Source: Software routine CHIM_SURF_TP V1.1 and CRWMS M&O (2000i)

The air mass-fraction at the ground surface is calculated from the temperature and total pressure
such that the relative humidity is 100 percent. This prevents water from diffusing upward
through the ground surface when NUFT V3.0s calculates initial, steady conditions prior to the
application of heat. The air mass-fraction is calculated from ’
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wW=062—2Y ' (Eq.5.2)
' . Pb =Pv .
where
W = specific humidity, weight of water per unit weight of dry air
pv = partial pressure of water vapor
p = baromelnc pressure

0.622= constant, mole wt HOto mole wt dry air

- At the water table, the air mass-fraction is assxgned a small value (comparable to the solublllty of
air-constituent gases in water). The air mass-fraction boundary condition values used in this
report are shown in Table 5-3. The temperature and total pressure boundary conditions are
appropnately applied.

Table 5-3_. Air Mass-Fraction Boundary Conditions

o : Ground Surface ' » Water Table
" Model Location "Alr Mass-Fraction ’ Air Mass-Fraction
Kcl 0.98584 ' 1.0x10°°
Mcd4 098660 - - : 1.0 x 10

NOTE: Source: Equation 1, using barometric pressure

Vapor pressures are obtained for the ground surface temperatures indicated in Table 5-3, usmg a vapor
pressure table {Weast and Astle 1981, p D-1 68) ,

5.3.15 (Not Used)
5.3 .16 Effective Thermal Conductivity of Cavities Insxde Drifts

Thermal radiative heat transfer inside cavities within the emplacement drifts can be represented

- with the use of an effective thermal conductivity, which is given as a function of time. The only

“available source of effective thermal conductivity versus time. relationships is Eﬁ’ecuve Thermal
Conductivity for Drift-Scale Models Used in TSPA-SR (SN9907T0872799.002). It is assumed
that these data from an unqualified input source adequately describe the effective thermal
conductivity of cavities inside drifts with time. The assumption is justified because the data used

- were developed using sound analytical methods. Any changes to these data during quahﬁcahon‘

are not expected to be of such magmtude as to impact model results. Therefore, verification is

- not required. Thls assumption is used in Section 6.3.

5.3.17 Heat Generatlon Rate

The only avaﬂable source of heat-generation decay curves for the LDTH models is information
in the files 2-Dwpermeterxls and heatTSPA-SR-99184.txt from unqualified DTN:
SN9907T0872799.001. These curves apply directly to the backfill case. These curves are
modified for the no-backfill case and to account for ventilation according to the assumptions in
Section 5.3.6. The heat generation rate is appropriately used in Section 6.3. Any changes
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during data quahﬂcatlon are not expected to be of such 2 magmtude as to 1mpact model results.
This assumptlon does not require venﬁcat:on :

53.18 Net Inﬁltratlon Boundary Conditions s

Software routine CONVERTCOORDS V1. l is used to convert unquallﬁed infiltration grid files
obtained from the U.S. Geological Survey (USGS) (LB99EBS1233129.004) from UTM to
NSPC (metric), while reformatting the file from matrix to column format. Infiltration values at
selected model locations are then - interpolated using software  routine
COLUMNINFILTRATION V1.1. In the climate model represented by these files, the monsoonal -
values are assigned to begin at 600 yr after waste emplacement, and the glacial values are

assigned to begin at 2000 yr (LB99EBSIZ33129 004).

The resulting assumed infiltration values for the model locations are shown in Table 5-4.

Table 5-4. Infiltration Values for Mode! Locations

Glacial (mmiyr)

Infiltration Present-Day Monsoonal
Location Distribution (mmlyr) (mml/yr)
“lower” 0.00 10.13 1.99
14cd mean 1013 28.88 - 42.00
“upper” - 2429 47.61 - 82.01
"lower” 0.18 4.79 3.31
Ke1 mean 4.7¢ 12.09 18.88
“upper” 10.98 19.40 34.45

NOTE: Source: Spreadsheet “inﬁltration.-xls' (Attached CD in Attachment Xviy

These values are included in the NUFT V3 Os mput file (*.in). The infiltration flux values for the
31 locations in the multiscale TH Model, produced in the manner described previously, are _
compiled in the spreadsheet “infiltration.xls” (Attached.CD in Attachment XVI). For comparison
purposes, the average flux values for all 31 locations are shown in Table 5-5. The infiltration
boundary conditions are appropriately applied. ‘

Table 5-5. Average Flux Values for Model Locations

- Present-Day

Location Infiltration Monsoonal _ Glacial (mmlyr)
Distribution (mmiyr) (mmlyr) .
. “ower” - 0.56 5.08 2.99
Average mean 5.98 16.07 2486
(31 locations) - “upper” " 14.56 26.17 46.73

NOTE: Source: Spreadsheet “infiltration.xis” (Attached CD in Attachment XVI)

This assumption is justified because lt is based upon the best available data. Model conclusions
are based upon a range of values and are not sensitive to variation, that may occur as the data is
qualified. Venﬁcatlon is not required. The assumption is used in Section 6.3.
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S4 DRIP SHIELD CO_NDENSATION MODEL

Assumptions used in the drip shield qondehsation model are the same as those discussed in
Section 5.3, thermohydrologic model. o
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6. ANALYSISIMODEL

The purposes of the Water Dlstnbutlon and Removal Model (CRWMS M&O 2000b)- are to
provide analyses that support the development of EBS PMR and FEP screening, which are
important fo waste isolation, repository design, and TSPA for the no-backfill case. Principle
features of the model include the simulations and analyses of unsaturated flow and heat transfer
‘in the geologic materials, temperature and relative humidity environment, and water diversion
and water drainage within the emplacement drifts. This section presents a set of submodels
which describes the movement of water within the emplacement drifts under ambient and
thermally driven conditions. This section combines the results from:

e  Water Diversion Model

¢  Water Drainage Model

¢  Thermohydrologic Model

o . Drip Shield Condensation Model'

This Section also presents the screening arguments for certain FEPs that are related to water
distribution and removal in the EBS, and addresses the apphcable acceptance criteria from the
" IRSRs. :

The water diversion model analyzes the flow of water, resulted from seepage dripping, through
‘breaches in the drip shield, and the thin film flow on vertical walls underneath the drip shield due
to adsorptive condensation. It also investigates the possibility of capillary flow through the gaps
between overlapping drip shield segments. The breaches include mainly fine cracks caused by
stress corrosion and patches by general corrosion. The model uses the term “corroded crevices”
to represent both the fine cracks and the patches. Results of the water diversion model can be
used for evaluating the drip shield design. -

The water drainage model simulates the unsaturated flow through fracture rocks using an -
implicit dual permeability model (DKM) to evaluate drift seepage, water movement in the drift,
and permeability modification in the host rock, that could lead to complete saturation of the
invert. This information is appropriate for evaluating the selection of invert materials, the invert -
configuration, and the needed drainage capacity to ensure free drainage throughout the evolution
.of the host rock. This model was based on the use of backﬁll for the No-backfill case the
justification is.provided in Section 6.2.

In-drift thermal and hydrologic conditions are predicted in the thermohydrologic model. This
model simulates the thermal-hydrologic conditions in the EBS, including: (1) drift crown
temperature and relative humidity; (2) drip shield temperature and relative humidity; and (3) invert
temperature, relative humidity, saturation, liquid flux, and evaporation rate. The spatial vaniability of

liquid saturation, liquid flux, and evaporation rate throughout the invert is of interest for radionuclide =

transport modeling. The temperature and relative humnidity at the invert, drip shield, and drift wall
surfaces are of interest for predicting condensation under the drip shield and from the drift crown. The
model analysis was performed for a range of hydrologic conditions that could be imposed on the
drift environment.

The potential for condensation under the drip shield is evaluated in the drip shield
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condensation model using the vapor pressure lowering in the invert as a model feature. The
invert thermal-hydrologic conditions and drip shield temperatures from the thermohydrologlc
model are used to predict the onset of condensation.

The sources of uncertainty in the WD&R model include the variation in infiltration rates, spatial

variability in drift seepage rates, waste types and waste placement locations, heat generation

rates, thermal-hydrological-chemical (THC) and thennal-hydrologlcal-mechamcal (THM)

effects on host rock fracture plugging, and uncertainties in corrosion propertles for the drip

shield. These uncertainty issues are addressed by the submodels prmented in the following and
are also summarized in Section 7.5.

61 WATER DIVERSION MODEL

The diversion of water within the emplacement drift is important to the long term postclosure
performance of the EBS system. The distribution of seepage water in the emplacement drifts can

be highly variable due in part to variations in the spatial distribution of percolation. The -
performance of the drip shicld may divert the water flux around the waste packages to the invert.
Diversion will occur along the drift wall, at the drip shield, and around the waste package
surface, even after the drip shield and WP have been breached by corrosion. The water diversion
model herein focuses on the drip shield performance based on the waste placement alternative
without backfill. Water diversion on the waste package surfaces is discussed in CRWMS M&O
(20004).

Several seenarios that seepage water enters the underside of the drip shield, in the forms of liquid
and vapor, through capillary flow and adsorptive condensation are investigated, including: .

e capillary flow through drip shield connectors
e  capillary flow through corroded crevices

e ‘thin film flow due to adsorptive condensation. on walls of the internal structural
' ~ reinforcement beams o

Conceptual models are developed in the followmg to describe these ﬂow mechanisms and their
related physical processes.

6.1.1 Model Processes , ,
6.1.1.1 - Capillary Flow through Drip Shield Connectors

Figure 6-1 shows the drip shield connection configuration that is designed to eliminate capillary -
flow through the gaps between overlapping segments (CRWMS M&O 2000g). Although water
could be held in the capillaries between contacting surfaces of two drip shield segments,
capillaries are broken by open spaces, e.g., between the two water diversion rings, between the
outer water diversion ring and the inner axial seismic stabilizer, and between the two axial
seismic stabilizers (Section 5.1.4). “Also, structures and/or materials that could retain water on
top of the drip shield and hence create driving force for the capillary flow do not exist.
Therefore, capillary flow through dnp shield connectors will be prevented by the current joint
design. _
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- Capillary Breaks .
:7 — ri

Figure 6-1. Drip Shield Connection Configuration
* (1=Water Diversion Rings; 2=Axial Seismic Stabilizers}

6.1.12 Capillary Flow through Corroded Crevices

The NUFT simulations for the water drainage model in Sectlon 6.2 indicate that the unsaturated _
flow in the repository host horizon is dominated by fracture flow as the matrix exhibits orders of
magnitude lower hydraulic conductivity. As a result seepage water enters the emplacement drift ©
primarily through fractures in the form of pendant drops. The formation and detachment of a

drop is the result of dynamic equilibrium between surface tension and gravity. Figure 6-2 shows
that a pendant drop is formed at the fracture intersection with the emplacement drift roof as the
fracture flow continues to provide water to the drop. Due to the slow matrix flow and
condensation of water vapor from the air, a thin film of water is developed on the drift roof that

- can also feed the pendant drop. At first, surface tension is in balance with the gravitational force.

With slight incremental increases in the drop weight the hanging drop goes through a sequence
of equilibrium shapes in response to the inflow. Fmally, gravity overcomes the surface tension
and the drop begms to fall (dripping).

Pendant drops tend to form at rough locahons (drip s:tes) because the rough surfaces exert
greater surface forces, and therefore provide more stable sites for water retention. Many drip
sites could co-exist along the trace line of a fracture intersecting the drift roof. Drip site density
is dependent on fracture spacing, trace length, and roughness on the drift roof. Drip sites could
also exist outside the fracture trace line but the water supply is limited to the matrix flow and

. possibly condensation. Drip site density affects the frequency of drops at each drip site because ‘
the volumetric flow rates of seepage and dnppmg should be equal at steady state.

In early stages after ventilation stops, water dnppmg may not occur because any scepage water
reaching the drift roof will evaporate owing to the high temperature and low humidity
environment. As humidity increases the evaporation rate will decrease and dripping may start
where there is sufficient seepage flux. If moisture loss to the host rock by vapor diffusion is
insignificant, the air will eventually be saturated by water vapor. At this point, water dripping
occurs at a rate that equals to the seepage rate.
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Fracture Rock -

Porous Matrx Flow

Porous Matrix Flow -
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Pendant Drop -

Figure 6-2. A Pendant Drob Formed at Fracture Intersection with Drift Roof

Water dripping on the drip shield wets the solid surface by splashing and spreading. Inertia of
the falling drops causes the splashing that leads to the ejection of secondary drops. The
spreading from the primary and secondary drops produces a thin film of water on the drip shield
that very slightly thickens away from the crest (Figure 6-6 and Figure 6-8). "It is assumed that

~ splashing and spreading cause the dripping water to be umformly distributed on the drip shield
(Assumption 5.1.3).

Crevices of various sizes will be developed in the drlp shields due to pitting and crevice
corrosions, i.e., by general corrosion and by stress corrosion (CRWMS M&O, 2000e). Crevices
in the drip shxeld can draw water from the thin film due to capillary suction and gravitational
forces. . Direction of the capillary force changes from downward to upward during the filling
process. Figure 6-3 shows that the contact angle of water in the capillary increases from less
than 90° to greater than 90° to accommodate the weight increase. The capillary force acts against
gravity in holding the water in place when the contact angle is greater than 90°. Maximum
~ contact angle is reached at 180° that corresponds to a maximum water holding capacity. Water
contents in the crevices can vary from saturated, to partxally-saturated to not capable of holding
water (see Table 6-1 for calculation results) as the aperture sizes increase.

Film flows over saturated crevices have little impact to the water held in the crevices due to the

- effect of capillary plug. However, film flows into the partially-saturated crevices can cause -
pendant drops to be formed and released on the underside of the drip shield in a discrete manner. -

In addition, drops falling directly on the crevices (saturated and unsaturated) result in kinetic
energies to be converted to pressure pulses (impulsive force) that break the capillary and

grawtatxonal force equilibrium, causing some or all of the water to be squeezed out of the
crevices. Film flow and falling drops will go through large cracks and patches and therefore are

not analyzed.
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Figure 6-3. Contact Angle in a Crevice (a) Less Than 90° and (b) Greater Than 90°

.6.1.1.3 Thin Film Flow by Adsorptlve Condensatmn :

Water vapor molecules will condense to solid surfaces by chemical and physical adsoxptwn in
addition to thermal condensation (discussions on the thermal condensation are provided in
Section 6.4). In chemical adsorption the dipolar water molecules form covalent bonds with the
positively charged metal surface, while in physical adsorption the water and metal molecules
attract each other by the long-range van der Waals forces (Atkins, 1990, p.884). Physical
adsorption is a weak interaction and the energy released is of the same order of magnitude as the
enthalpy of thermal condensation. The enthalpy for chemical adsorption is much greater than the
one for physical adsorption. A good discussion on adsorption of gases and vapors on solids can
be found in Birdi, 1997 (pp.282-288). Further discussion in adsorptive condensatlon is provided
in Section 6.7.

As a result, a film of water will be formed on the drip shield due to the adsorptive free energy
associated with the interaction of the metal surface with the moisture in the air. The adsorptive
potential for additional moisture deposition will decrease as the film thickness increases. At
‘steady state, adsorption is in equilibrium with desorption and the film thickness becomes stable.

Water adsorbed on horizontal surfaces is immobile because hydraulic gradients for the flow do
not exist. The thickness of films can vary from a mono-layer of water molecules to less than 100
Angstrom (&) depending on the relative humidity in the air (Philip, 1977, p.5074; Lee and
Stachle, 1997, p.37). However, water adsorbed on vertical walls such as the surfaces of the
internal structural reinforcement beams can flow under the influences of gravity (Figure 6-11).
Films thicken along the downward flow paths to accommodate the increase of mass and drops
can form at the bottoms of the vertical walls. The rate of film flow under such condition is
controlled by the rate of adsorptive condensation.
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6.1.2 Drop Size, Drip Site Densxty and Drip Rate V

Tate s law (Middleman, 1995 p.94) gives a solutlon for predxctmg the maximum size of a
pendant drop simply by equating the capillary force to the weight of the drop (Equation 6.1). It
assumes that the capillary has a diameter (D,) and the maximum drop volume (V) that could
exist is when the contact angle 6 = 180° (Equation 6.2). .

-0wnD,c0sO = pygV - (Eq.6.1)
where:
Cw & surface tension of water (N/m);
pw - =density of water (kg/m’);
) = contact angle (degrees);
D, = aperture w1dth (m); and
v = volume (m*);

Negative sign indicates that surface tension and gravitational forces are in opposite directions, or

V max = T2 (Eq.62)
PwE
If the released drop were a sphere, then |
: o\ _ ,
De =(6V"“) | (Eq. 6.3)
P , .
t - o
where:
Dg = diameter of péndant drop (m); and

Vmax = maximum drop volume (t'n’).

However, studies show that some residual liquid remains attached to the capillary when a

pendant drop falls. Hence, the drop volume is lower than the one predicted by Equation (6.3).

- Harking and Brown (Middleman, 1995, p.170) introduced a correction factor to the Tate’s law
based on experimental data. The correction factor is a function of the surface tension and drop

diameter and is found to be between 0. 5 and 0.8.

A larger drop will carry higher kmetlc energy when it falls. To be conservative in estimating .
: drop size, correction factor is not used in this analysis. Usmg D, =0. 001 m (Section 4.1.1.1), the

maximum drop volume Vy, is determined to be 2.2x10% m® (22 mm’) while the drop diameter

Dy is 0.0035 m (3.5 mm).
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The drip site density will depend on the roﬁghness spacing, trace length, and spacing of the rock
fractures on the drift roof. The drip rate is defined as the number of drops per drip site per time
and is determined by

0

o= (Eq. 6.4)
NV max
-where:
n = drip site density (sites/m?),
Q = maximum seepage rate to the drift (m/yr), and

Q' = drip rate (drops/yr/dnp site).

As mentioned prevmusly, the dlstributnon of seepage water in the emplacement dnfts can be

highly variable due in part to variations in the spatial distribution of infiltration. To account for

the uncertainties, a wide range of secpage rate values is applied to-Equation (6.4). The

percolation rate at the repository horizon is assumed to be 25 mm/yr (Assumption 5.1.6, DTN:

MO9901YMP98017.001). Figure 6-4 shows the drip rate as a function of dnp site density at
seepage rates of 10 mm/yr, 20 mm/yr, and 40 mm/yr.

Note that the range of estimated seepage flow rates are presented in the Abstraction of Drift -
Seepage (CRWMS M&O 2000a, Table 11). These estimated seepage rates indicate that the
‘median seepage rates are much less than the values used in this analysis. The seepage rates used
in this analysis are therefore conservative in est:matmg water diversion in and around the drip
shield. :

1 ) 3 4 s 3 ? 3 9 10
Drip Site Density {sitcsim’)

Figure 6-4. Drip Rate vs. Drip Site Density

6.1.3  Impulsive Force, Impact Time and Splashing
The maximum pressure (impulsive force) from a falling drop is achieved during the drop

compression period (impact time) between the moment that the drop touches the drip shield and
before the drop splashes. Neglecting air drag, the final velocity of a drop depends on the
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falling distance from the drift roof to the drip shield surface

U = (2gH)"? ' (Eq. 6.5)
where:
U = final ‘velocity (m/sec); and
H = falling dlstance (m)

The distance from the drift roof to the top of the drip shield i is 2 304 m (Section 4.1.1 .2), so the -
maximum final velocity of a falling drop is 6. 72 m/sec. -

The maximum pressure (Pms;) €xerted on the dnp shield surface equals to pugH, or , _
" Pmax=22,223Pa , (Eq. 6.6) .

High-speed photography has been used to study splashes from water drops on rigid surfaces with
and without standing water (Mutchler, 1967; Rochester and Brunton, 1974). Generally, drop
splashes are produced within milli-seconds (ms), depending on the depth of the standmg water.
The impact time () of 2.4 ms (Assumption 5. 1 .7) is used in this analysis.

Splashmg on the drip shleld surface depends on drop size, final veloclty, and surface roughness.

CRWMS M&O (2000d, p.II-10) presents an equatlon for determining the threshold velocxty for
splashing

1
where:

o o (DY*® - '

U= 33(—2—) ' - (Eq.6.7)
U, = threshold velocity for splashmg (m/sec)

. Dy is the drop diameter in mm. Usmg D4 = 3.5 mm as determined in Section 6.1.2, the threshold _
‘velocity for splashmg is calculated to be 2.37 m/sec, smaller than the final velocity of 6. 72 m/sec
as calculated using Equation (6.5), therefore, splashing will generally occur.

- 6.14 Crevice Water Holding Capacity at Equilibrium

As shown in Figure 6 9a the capillary force is in statxc equilibrium w1th grav1ty in holdmg water
in the crevices. It is assumed that the crevices can be represented by parallel plates (Assumptlon
~ 5.1.5). The ‘upward caplllary force in the parallel plate is (Corey, 1977, p.18)

~ (Eq.68)

while the downward gravitational force is
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Faon=pug (At +h) | (Eq. 6.9)

where:

B; = crevice width (m);

At = drip shield thickness (m); and
h = thin film thickness (m).

Equating Equations (6.8) and (6.9), we have -

_PuEBI+R)B
20

w

(Eq. 6.10)

cosg =

Neglecting the thin film thickness (h = 5.6x10° m, see Figure 6.8), the contact angle can be
calculated as a function of crevice width and thickness using Equation (6.10). Table 6-1 shows
that B; = 0.916 mm is the maximum crevice width that can hold the full column of water (At = 15
mm) when the maximum contact angle 6; is reached at 180°. Less than 10 mm of water can be
held when crevice width increases to greater than 2 mm. Capnllanty breaks if air becomes
interconnected from top to bottom when the water holding depth is thin, i.e., B;> 5 mm..

. Table 6-1. Contact Angle and Water Holding Capacity as a Function of Crevice Width

Crevice - Water Holding Contact
Width Capacity Angle
B, H; : L
(mm) (mm) (degree)
0.001 15 90.06
0.01 - 15 - 90.63
~ 0.1 15 96.27
0.2 15 102.62
0.3 15 109.12
0.4 15 ‘ 115.90 -
0.5 15 - 123.10
0.6 15 130.84
07 - { . 15 139.86
0.8 15 150.89
0.9 15 169.38
0.916 15 180
1.0 13.74 180
20 6.87 180
3.0 4.58 180
4.0 3.43 180
5.0 2.75 180
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6.1.5 Crevice Flow By Interception of Film Flow

As shown in Table 6-1, crevices become unsaturated when aperture width increases to greater
than 0.916 mm when capillary force can no longer support the weight of a 15 mm column of
water. Under such circumstances, film flow on top of the drip shield will be intercepted by the
unsaturated crevices and pendant drops will be developed on the underside of the drip shield
(Figure 6-5). The dripping is discrete and the process is similar to the dripping from the fracture
rock to the drip shield. For example, a drop is released when the maximum holding capacity is

reached so the volume of water in the crevice is reduced by V. As the film flow continues to

feed the crevice under the influence of capillary force and gravity, the volume of water in the

crevice increases and so is the weight, which lead to the grow of a new pendant drop. If we

ignore this transient process and focus on longer-term average, the dripping flow rate shall equal
to the film flow being intercepted, depending on the orientation of the crevices.

Figure 6-6 illustrates the thin film profile on top of the drip shield due to splashing and spreading

of water from the emplacement drift roof. The flux (q) from dripping is uniformly distributed on
‘the drip shield not because of the primary drops, but the redistribution of secondary drops from
splashing (Assumption 5.1.3). Section 6.1.3 concludes that splashing will generally occur on the
 drip shield because the final velocity of the drops is almost three times faster than the threshold
velocity for splashing.

Figure 6-5. Film Flow as the Source of a Pendant Drop in an Unsaturated Crevice
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Figure 6-6. Control Volume for Foroe-Momentum Balance for Thin Film Flow down the Cylindrical an
Shield Surfaoe

The flow of thin film down the cylmdncal drip shield surface can be derived through a force-

' momentum balance on the control volume

pug sind (R + r)d6(8 )= %0 R+1)30 + 1:,(R + S)de (Eq. 6.11)
where: | |
o' = angle for the arc length from the drip shleld crown (radlans),
R =drip shield outside radius (m);
T = distance from drip shield surface to the bottom surface of control volume (m),
- do = finite angle for the control volume (radians);
o = film thickness at angle 6 (m);

to  =shearat(R+r)and angle® (N/m?);and - ’
T =airdragon the film surface at (R + §) and angle 8 (N/m?).

Iftyis assumed to be negligible, Equation (6.11) reduces to

o= pugsind(s- ) | (Eq.6.12)
;0 can also b¢ writ_tcn.as | | |
" To= pu dugldr | ) 7 (Bq.6.13)
~ where: 7
Ug = ﬁﬁn flow veio‘city atrand angle 0 (m/sgc). - E
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Combine Equations (6.12) and (6.13) and rearrange, we have

due = _e!g__s_m_g_r(é. —~r)dr ) (Eq 6.14)

w

Integrate Equation (6.14) once and apply boundary condition ug = 0 at r = 0, we have

uo=LwESHO (5 1.2y . (Eq.6.15)

He 2
The volumetric flow rate of the thin film is obtained by }ntegraﬁng Equation (6.15)

0(6) = [ wdr - PugSinG g5 - (Eq. 6.16)
0 3#!\' . v
where: ' '

" Q(0) = volumetric flow rate of film (m*/sec).
Q(0) can also be obtained by integrating the flux (q) ﬁ'om splashmg

L 00)= ja qua gRO (B 6.17)

Equate Equations (6.16) and (6.17) and rearrange, we have

Assume an unsaturated crevice (aperture width greater than 0.916 mm) is perpendlcular to the

film flow, use p, = 4.7x10™* Pa.s and p,, = 983.2 kg/m® at 60 °C (Section 4.1.1.3), R= 1.3 m

(Section 4.1.1.4), and q = 25 mm/yr (Assumption 5.1.4, this bounding drift seepage rate is used

' to determine the maximum film flow rate and thickness on the drip shield), the volumetric flow

rate Q(0) and film thickness (d) are calculated in Attachment I and the results are summarized in
Figures 6-7 and 6-8.
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Figure 6-8. Film Thickness vs. Crevice Location

6.1.6 Crevice Flow by Impulsive Force

Figure 6-9 shows the balance of forces on the water body within the crevice prior to the impact
of a falling drop and when the contact angle () reaches 180°, respectnvely These forces are
presented for the water Wlth a unit length as follows , -

Gravmmonal force '

p W.g.At-Bj'
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Capillary force in equilibrium with the gravity before a drop hits (90° < §; <180°)
-2'c W.' cos (91)

Impulsive Force
P maxfB i

Capillary force poténtial corresponding to oontéqt angle increase from 6; to 180°
-2¢ w‘(l + cos(ej))

Vlsoous force (Mllne-Thomson, 1968, pp 650-651)

12p wUYo

Bj

“where:

U, = averagé velocity of the flow proﬁlerat' time t (m/sec).

() - LN
Figure 6-9 Foroe Balances (a) Pnor to the Impact ofa Falling Drop (b)

When Contact Angle Reaches 180°

Write Newton’s Second Law of Motion : , .
du
F=m— .6.19
2 = | (Eg. 6.19)

where:
F = force (N); and

-m = mass (kg).
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Apply the forces shown in Figure 6-9b and use the mass m = prtBj

Pmax Bj 2aw(1+cos(3)) ’; Lwlo p,— f;; (Eq. 6.20)
B :

Rearrange Equation (6. 20) and mtegrate

12 o
£1 du= (Pmax 20’w(1+c°8(3)) 'quO)dt (Eq' 6'2])

0 PyAIB; prj

 Pow 20,0 cos)

- At - p AIB;

y, == Pl (Eq. 6.22)
-1 12p, '
et

prj.

Equation. (6.22) is, valid only if the impulsive force (PmaxB;) is greater than or equal to the
capillary force potential discussed previously in this Section. Negative velocitieés will be resulted
if PraxB; is less than the resistance force. In this case, the contact angle increases but not enough
to reach 180° so water is not released from the crevice, or velocity is zero.

The average velocxty of water over the drop impact tlme period is

L [ e o
U, =2 (Eq. 6.23)
T
Vo ’
and the capillaty flow through corroded crevices during the impact period is
Qj =U,Bjwr  (Bq.624)
“where: |
T =impacttime (sec), '
U, = - average velocity over nnpact time (m/sec),
w. = crevice flow width (m); and

Q" = crevice’ flow induced by a drop (m /sec)

Set w, = Dy and use 1 = 0.0024 sec (2.4 ms), Q”is calculated in Attachment II and the results are
* shown in Figure 6-10. Table II-2 in Attachment I shows that the crevice flows can vary from 0.0

mm®/drop for B; < 0.01 mm to the entire column of water in the capillary for B; 2 4 mm.
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 Figure 6-10. Crevice Flow Induced by a Drop

617 Thin Film Flow by Adsorptive Condensation

Philip (1977 p.5072) used the partial specific Gibbs free energy to correlate the adsoxptlve
potential of a solid surface to the thickness of a water film

AGr = _ER(;SZ'. " . (Eq.625)

where:

AGr - = Gibbs free energy (J/kg);

A =aconstant (10" m);

R = gas constant (461.8 J/kg-°K for water vapor),
T = absolute temperature (°K); and

8 = film thickness (m). :

“The film thickness can also be associated with the vapor pressures by applymg AGr to the Kelvin
Equatlon (Philip, 1977, p.5070)

AGF A o ‘
P, =F,e AT = R, s I (Eq.6.26)
where:
P, = water vapor pressure in the liquid and gas interface (Pa); and

Pt = saturated water vapor pressure at temperature T in the drift (Pa).
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The water vapor pressure in the drift (Po) can be calculated using the relative humidity (RH) as

Py =Py -RH'

(Bq.6.27)

With the known pressure difference (P» - P;), the rate of adsorptive condensation can be
determined. Figure 6-11 shows a thin film profile on the side wall of a parallel plate system, in
“which the thickness is controlled by the rates of adsorptive condensation and downward flow.
Solvmg the momentum and mass transport equations will prov1dc the solution for the mass flow

rate in thc film.

Write the Navier-Stokes equation in x-direction (Thibodeaux, 1979, p.99)

oy Oy O ) oy 0p
LI L7 i U"=Lx—¢-£+
ot  ox oy az p, P, Ox

where:

.X,¥,z = dimensional values (m);

= velocity (m/sec),

=body force (N/m®);

= pressure (Pa);

= kinematic viscosity (m%/sec); and
= time (sec).

A< UM

i‘{‘-.‘
Metal ;

Figure 6-11. Thin Filfn Flow due to Adsorptive Co_ndensation
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Because the flow is one-dimensional and only occurs in the x-direction

At stéady state

Oux

— =0

or

0 2
._Uﬁ=o atf‘:o
Oox ox

arn 2 ,
U, P,
0z Oz :

Therefore, Equation (6.28) is simplified as

=—Z _~x (Eq. 6.29)
The body force X is equal to
X=p,g (Eq. 6.30)
Usethe boundary layer approximation (Incropera and DeWitt, 1981, p.486)
P eps o ' (Bq.631)
7 S P8 N Eq. 6. )
Substitute Equations (6.30) and (6.31) to Equation (6.29)
a*Ux
P

Integrate Equation (6.32) twnce using tbe followmg no-sllp and no-flow boundary conditions,
respectively

=£ Y . (Eq.632
e (py—pPw) (Eq. 6.32)

U.x’y=0=0‘

OyUx

'y:é‘(x):o
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the thin film velocity profile becomes

Ux(y) = g(pwk :v)é 2 [5 _ ;(_g_ﬂ | (Eq.6.33)
The mass ﬂow rate at distance x in the'thin film is
ri(x) - I: (*_) P -Us(y)dy | (Eq.6.34)
where: | |
n'?(x) = mass flow rate at distance x (l;g/sec).
or .
()= LeE (e =p)o® o | (Eq. 635)

3#., :

" The adsorptive condensation in Figure 6-ll can be expressed by the Flck’s First Law of
diffusion

dm(x | '
dfi ) = —D‘,JB —dy—ly =&(x) (Eq. 6.36) |
where:
-~ dA  =finite area (m ); ‘
- Dap = binary diffusion coefﬁcxent (mzls) as given by (Ho, 1997, p.2665)
| Jf1:10°Y 7 ¢ o
D,=D : .637
5. [ P 1273.15) (Eq )

and the negative sign states that dlﬂ‘usmn occurs in the direction of decreasing concentration.
The left side of Equation (6.36) can be obtained from Equation (6. 35)

diir(x) _ ut(Pu )57 d6 | (Eq. 6.38').
dx My dx

To obtain the nght side of Equanon (6. 36), it is necessaxy to solve the Fick’s Second Law of
diffusion
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ac_, (a’c 82C azc}
=D, +

+ .6.39)
o R (Eq )
where:
C = water vapor concentration (kg/m®); .-

Because of the steady state condition and one-dimensional diffusion in the y-direction

oc

-a—z—- - L)
o’C d%c

P A

’C_o - (Bq. 6.40)

Integrate vKuation (6.40) twice using the following boundary conditions

e )=C,

e
where:
C; = = water vapor concentration at film-air interface (kg/m’); and-

Cwo_ = water vapor concentration in the drift (kg/m’)

For capillary systems, the concentration of water vapor C(y) between the ﬁlm surface at 6 and
the centerlme of a parallel plate at B/2 is ~ :

VCCB
55, 2"

For non-caplllaxy surfaces, B/2 is the boundary layer thickness of air where water vapor
diffusion occurs. Therefore, the right side of the Equanon (6. 36) is ,

Cy) = /°° (Eq. 6.41)
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e D, (C,~C.) n
-D, “‘l y=b(x) = e (Eq. 6.42)
/ _B/ -
@' 8- B/
Express C; - Co in pressure terms using Equations (6.26) and (6.27)

1.

s _ -
-D, %‘ﬂ(x) = D“g"i(;/z) RTR%I) (Eq. 6.43)
Equate Equations (6.38) and (6.‘43_) and rearrange, we have
®% ~3° 5t i #,D Py x | |
. |
s .g LRH g pwg(pw“ PR o (Beoed

Average velocity of the flow proﬁle can be derived by mtegratmg Equatlon (6.33) in respect to y
and dividedby &

- 2 .
v.=& (p*3#p 2 - . (Eq.649)

‘where:
U = avérage velocity of the flow prbﬁle (m/sec).”

Equation (6.44) presents an implicit solution for the adsorptive condensation film thickness as a
- function of flow distance, relative humidity and temperature. It is our particular interest to know
- the mass/volumetric flow rates at the bottom of the internal structural reinforcement beams on
‘the underside of the drip shield (x = 90 mm, Section 4.1.1.4). Using the drip shield temperature
and relative humidity histories for the 14c4 location with-an approximate AML of 56 MTU/acre
(CRWMS M&O 2000s, Section 2.3.1), the mean infiltration rate distribution, and 0% seepage as
shown in Figure 6-34, the film thickness in Equation (6.44), average velocity in Equation (6.45),
and mass flow rate in Equation (6.35) can be solved as a function of relative humidity. Mathcad .
7 is used to solve the nonlinear, first-order integral equation as shown in Attachment IIl. Figures .
6-12 through 6-15 illustrate the drip shield temperature, film thickness, mass flow rate,
volumetric flow rate, and average film- ﬂow velocity- as functions of relative humldxty,
respectively. ~ '

Results show that as temperature drops in time, relative humidity in the drift rises that creates 8
stronger driving force for the adsorpnve condensation. As a result, the film thickness increases
and that is associated with the increases in mass and volumetnc flow rates and average film flow
velocity.
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Figure 6—15_. Average Velocity as a Function of Relative Humidity
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618 Model Vahdanon |

The Water D1vers1on Model was prepared using sta.ndard analytic techniques and corroboratlve
information. In accordance with AP-3.10Q, the model was validated by reviewing model
calibration parameters for reasonableness and consistency. This included documentation and
explanation of parameter inputs (Section 4.1.1), assumptions (Section 5.1), development
(Sections 6.1.1 through 6.1.7), and calculations (Attachments I, II, and III). The information
presented will allow independent repetition of the model results. The model is appropriate for its
intended use.
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6.2 WATER DRAINAGE MODEL

Water drainage from the emplacement drift is essential for the performance of the EBS.
Hydrologic properties of the fractured rock beneath the invert determine how well the water will .
* be drained naturally. The purpose of this water drainage model is to evaluate the capability of the
drift to remove water resulted from a glacial infiltration under various conditions, inchiding one
case with engineered drainage features. The glacial infiltration rate is used as the upper bound
for the water influx to the repository hydrolog:c system to provide the worst case scenario for
water drainage ana]ys1s

The analyses presented in the following sections are based on the simulations with backfill. -
However, the results for the ability of the EBS to drain water should not change based on the
belief that without backfill, the drift opening will function as a capillary barrier for the flow in
the host rock above so water is diverted around the drift, resulting in less water entering the
invert. At steady state, the water flux at any cross section perpendicular to the flow equals the
infiltration rate at the ground surface with or without backfill. Simulations presented in the -
following show that the backfill materials actually draw water into the drift laterally from the
near-field host rock, resulting in greater volume of water at the invert that need to be drained.

6:2.1 Methodology

- A two-dimensional, steady state NUFT model was used to simulate the snmultaneous water flow
and heat transfer in the fractured porous media. NUFT is based on the numerical technique called
the integrated finite difference method or the finite volume method. This method allows for
arbitrary. polyhedral shapes. This method reduces to the standard finite difference method for a
standard rectangular mesh. Because of the high degree of non-linearity in the van Genuchten
constitutive relation for relative permeability for the fluid phase, NUFT uses various welghtmg
approaches. The saturated permeability of a fluid phase between two adjacent cells is
harmonically weighted, while the relative permeability is upstream welghted This approach is
used throughout the model domain.

. The key optlons used for the NUFT simulations include the dual permeablhty model (DKM) and
the active fracture concept (AFC). These modeling methods are NUFT options selected in the
'NUFT input files (see Attachment XI, files: *.in). o

The DKM conceptuahzes the fractured rock as having two interactihg materials, one
- representing the matrix and one representing the fractures. The interaction between the fractures
and the matrix is explicitly calculated from the local ‘temperature and pressure differences, thus

allowing transient behavior to be predicted. The DKM underestimates the fracture-matrix |

interaction for steep temperature and pressure gradients (Birkholzer and Tsang 1998, p.2). There
are no steep temperature or pressure gradients simulated in this model. Therefore, the DKM is.
appropriate for the mode] developed in this document.

The active fracture concept accounts for the contact area between the fracture and the matrix, as
well as the frequency of fractures. The AFC is that fracture flow only occurs through some of
the fractures. This is more conservative than assuming the influx flows evenly through all
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fractures. The flux through a fracture is greater when it has higher saturation ahd, therefore,
focusing flow through a portion of the- fractures (i.e., to active fractures) maximizes flux and
results in fast pathways for flux through the mountain,

During repository excavation, the in-situ state of stress is-relieved, and the potential exists for
movement to occur due to elastic or elastoplastic deformation (Case and Kelsall, 1987, p.1). The
stress redistribution and TBM excavation- combine to form a modified permeability zone that
depends upon the in-situ state of stress, rock deformational and strength properties. The drainage
of the fractures might also be affected by rock fines resulting during TBM excavation. Further,
during repository heating and .cooling in the post-closure period, the potential exists for '
additional stress redistribution that would affect the retention and flow characteristics of the

- - surrounding media. These combined effects result in alteranon of the properties due to thermal
and mechamcal effects. . .

The effect of stress relief and dilatation on fractures would tend to result in an increase in the
saturated hydraulic eonductivity with an attendant reduction in retention characteristics. These
combined effects may result in a lowering of unsaturated hydraulic conductivity. Rock fines
resulting from TBM excavation will reduce the saturated hydraulic conductmty while increasing
. the retention characteristics of the fractures.

This model analysis takes into consideration the ’Ihennal-Hydrological-Chemical (T-H-C) and
the Thermal-Hydrological-Mechanical (T-H-M) effects and addresses the issues of fracture
plugging. The heat transfer process was simulated under the natural temperature gradients and
the heat output from the waste packages was not considered. Eliminating the temperature effects
from the waste packages that lead to the increase of the water content in the vapor phase due to
evaporation allows the model to simulate the flow with maximum water content in the hquxd
phase.

6.2.2 Model Domain and Grids

The reposuory block model (Attachment 1V) is represented by a rectllmear array of 31
“chimney” locations, or columns of rock. Each location has a unique identifier, e.g. 14c4, which
signifies the 4th row and the 4th column in the array. The locations of these columns are”
described in Attachment V. The 14¢c4 location is near the center of the repository layout, where
‘the infiltration flux and rock properties are typical of much of the repository area. A
lithostratigraphic column was developed for the 14c4 column with coordinates Easting 170500.3
and Northing 233807.3 (Attachment V) by the preprocessing software YMESH V1.53, which
develops the lithostratigraphic cross section (Table 6-2) from the computer file LBL99-YMESH
(Attachment XI) based upon the source data from the UZ (unsaturated zone) site scale model
(Section 4.1.2.1). The repository is located at a depth of 343.131 m in the TSw35 umt that

corresponds to the Tptpll unit. A

The EBS model geometry is developed from the License Applxcation Des:gn Selection (LADS)
EDA II design (CRWMS M&O 2000r, p.2, Section 2.2.2.2 and Section 2.3).

Because.of symmetry, & two-dimensioﬁal model of NUFT is constructed to include only half of
. the waste package and the drift spacing (40.5 m) according to the EDA II design (Section
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4.2.12) and the two vertical edges are treated as no-flow boundaries (Section 5.2.9). The model
extends from the ground surface to the water table about 340 m below the reposxtory invert level
(CRWMS M&O 2000v). A simulation grid for the entire section is presented in Figure 6-16,
~ with the spacing varying from 0.02 to 45.0 m. Figure 6-17 is a section of the emplacement drift .
with the drip shield and waste package in place A correspondmg model grid (derived from the
main grid) that represents the drift with various EBS components is also shown in Figure 6-17.

+
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Table 6-2. Hydrostatigraphy for 4c4

Model Unit

Thickness (m)

tew11 33
tew12 89
tcw13 5
ptn21 6
ptn22 3
ptn23 - 2
ptn24 7
ptn25 14
ptn26 16
tsw31 2
- tsw32 - 42
tsw33 89
tswd4 30
tsw35 112
tsw36 27
tsw37 14
 tsw38 23
tsw39 4
ch1vl 10
chavi 0
ch3vi 0
chavi 0
ch5Vi 0
ch1Ze L 0
ch2Ze 14
ch3Ze 14
chdZe 14
ch5Ze 14
ch6 20
pp4 8
pp3 34
pp2 15
pp1 61
b3 17
bf2 .0
Tota! 739

~Source: Aftachment X! file: 14¢4.col.units
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6.2.3 Boundary Condmons

The temperature and pressure boundary condmons for the 14c4 chlmney were obtained from the
output of Chim_Surf_TP V1.0 as detailed in Attachment VI. The source data for inputs to the
Chim_Surf TP V1.0 is from Section 4.1.2.1 (DTN: LB99EBS1233129.003). Table 6-3 presents |,
the ground ‘surface and water table conditions used in the model.

Table 6-3. Ground Surféde and Water Table Conditions

Temperature at ground surface k : 1591°C -
Pressure at ground surface : ' : 0.845¢5 Pa
Temperature at water table . 3254 °C
Pressure at water table a S 0.92e5 Pa

Source: Attachment Xl file: outpt and outpt_wt

The normalized mean glacial infiltration rate at 42 mm/yr (Table IX-1) was apphed on the
ground surface as a flux boundary condition.

624 Hydrologic and Thermal Propert_ies -

Sections 4.1.2.2 and 4.1.2.3 present hydrologic and thermal properties for the model units listed
in Table 6-2. These data were developed from an inverse modeling technique The thermal
conductivity of the NBS is based upon the multiple linear regression analysis that in turn is based
upon the measurement of thermal conductivity through a direct application of Fourier’s Law.
The thermal properties are assumed to apply to the stationary components for tuff, and water
(Assumption 5.2.8). The wet thermal conductivity of the more porous non-welded PTn tuff are
higher than the less porous welded TSw2 tuff.

6.2.5 Simulations and Case Studies

The NUFT model runs include the use of grids, hydrologic and thermal properties of the
geologlc materials, and boundary conditions discussed prevnously The glacial infiltration rate
used is 42 mm/yr as calculated for the chimney location l4c4 in Attachment IX, and provides a-
bound to the water in-flux.

A base case scenario (Case 1 in Table 6-4) was created to evaluate the water drainage without
fracture plugging and the use of sand drains. Fracture plugging was simulated in Case 2 by
reducing the intrinsic permeability of the fractured welded tuff directly below the invert to the
intrinsic permeability of the matrix for welded tuff (Assumption 5.2.5). No drain is used in Case
2. To demonstrate how drains would enhance the drainage performance of the EBS system,

- Case 3 was developed with drains, that extended approximately 6 meters below the invert and
were filled with crushed tuff, under the plugged conditions. - :
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Table'6-4_. Summary of Case Studies for the Water Drainage Mode!
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6251 Base Case(Case1)

~ The results of the NUFT analysis for the base case (Case 1) at isothermal temperature are
presented in Figures 6-18 to 6-21 for the absolute value of the matrix caplllary pressure (Pa),
fracture and matrix saturation levels, and fracture mass flux rates (kg/(s-m )), respectively. '

Below the drip shield, the absolute value of the “capillary. pressure is mcreased from
approximately 36,000 Pa (370 cm) to approximately 50,000 Pa (510 cm). As predicted by the
conspectus and exclusion analysis for cylindrical cavities (Philip et al. 1989, p.21), a “dry
shadow” forms below the drip shield in which the absolute value of the capillary pressure is
increased and the saturation levels are reduced N

Flgure 6-20 shows that the matrix saturatron levels are hlgh (exceedmg approxrmately 0.90),
~while fracture saturation levels (Figure 6-19) are low (near the residual level) in the host rock.
Saturation levels in the invert underneath the drip shield are generally less than 0.3, indicating no
water ponding. Figure 6-21 illustrates that the fracture mass flux rates are increased adjacent and

spmewhat below the drip shield because of water diversion that creates a localized wet zone (i.e.,

saturation level is less than 0.6). Dramage capac1ty of the dnﬁ ﬂoor is sufficient for the removal
of seepage water to the invert. : o

The fracture and. matrix mass ﬂux rates at three horizons above the repository, and at three
locations within each horizon, are presented in Tables 6-5 and 6-6. It is found that the fracture
mass flux rates are generally two orders of magnitude greater than those of the matrix, therefore,
the unsaturated flow is dominated by fracture flow as the matrix exhibits lower hydraulic
conductivity for the glacial climate percolation rate.

6252 F racture Pluggmg (Case 2)

The thermal-hydrologro—chemrcal (THC) and thcnnal-hydrologrc-mechamcal (THM) effects are
accounted for by reducing the intrinsic permeability of the fractured welded tuff directly below.
the invert to the intrinsic permeability of the matrix for welded tuff. In Case 2, the fracture
permeability was set equal to the matrix permeability in a 3-meter zone extending below the
drift. Figures 6-22, 6-23, 6-24 and 6-25 show the absolute value of the matrix capillary pressure,
fracture and matrix saturation levels, and fracture mass flux rates, respectlvely These figures
can be compared directly to the results from the base case.
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Table 6-5. Fracture Mass Flux Rate -

Horizontal Distance from Center Line {m)

[ Direction of Mass Depth Hor
Flux {m) 5.27 15.65 33.82
Fracture Mass Flux Rate 100 9.70E-08 2.80E-10 8.10E-12
(kg/m?sec)inthe 200 2.30E-10 3.50E-10 1.20E-10
Horizontal Direction 350 - 1.80E-10 2.90E-10 8.90E-11
1 Fracture Mass Flux Rate 100 2.00E-06 - 6.30E-08 1.40E-08
(kg/m®lsec) in the 200 1.20E-06 1.20E-06 1.10E-06
Vertical Direction 350 1.20E-06 - 1.20E-06 1.10E-06
Table 6-6. Matrix Mass Flux Rate
" Direction of Mass Depth Horizontal Distance from Center Line (m)
Flux {m) $27 15.65 33.82
Matrix Mass Flux Rate 100 2.50E-12 . . 1.20E-12 1.90E-13
(kglmzlsec) inthe 200 3.90E-10 8.20E-10 . 3.50E-10
Horizontal Direction 350 6.00E-11 1.20E-10 -4.90E-11
| Matrix Mass Flux Rate 100 1.00E-09 .9.90E-10 9.90E-10
| (kg/m¥sec) in the 200 3.50E-08 . 3.40E-08 3.30E-08
Vertical Direction 350 3.50E-08 3.50E-08 3.40E-08
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Figures 6-23 and 6-24 show that the plugging of the floor rock increases the saturation levels in
the invert and the surrounding floor rock. - Saturation levels in the invert directly above the
plugged floor rock are increased to near saturation with the absolute value of matrix capillary
pressure near zero. Saturation levels through the rock matrix in the floor rock are increased from
0.88 to 0.98 or near saturatlon Saturation levels in the invert increase from 0.15 to 0.98 or near
saturation.

6.2.5.3 Drains (Case 3)

The results of the NUFT analysis for the pluggéd fractures with a drain (Case 3) are presented in °

Figures 6-26 to 6-29 for the absolute value of the matrix capillary pressure, fracture and matrix

saturation levels, and fracture mass flux rates, respectively. These figures can be compared :

directly to the results from Case 2 for plugged fractures (Fi 1gures 6-22 to 6-25).

.The results show that a drain strongly influences the ﬂow regime in the invert and below the
repository horizon. The distribution of the absolute value of capillary pressure (Figure 6-26_)
shows lower absolute values of capillary pressures than the surrounding tuff matrix, which is
reduced near the base of the drain. The saturation levels within the drain’are hlgher, and show

_ nearly saturated conditions near the base of the drain.

The drain also drastically increases the mass ﬂux 'rate into the floor as shown in Figure 6-29.
The results show that mass flux rates locally are high relative to the fractured media and flow
* through the backfill. The high mass flux rate in the drain results in an increase in the absolute
value of capillary pressure, and an attendant reduction of saturation level in the invert directly
above the plugged fractures. The absolute value of:the capillary pressure is of the order of

20,000 Pa (200 cm) for this case while for the case of plugged fractures without drains, the -

absolute value of the capillary pressure in the invert was near zero. A further discussion of the
- influence of the drains on invert mass flux rates is presented in Section 6.2.5.4.
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6.2.54 Flow Through Invert

Secpage water ﬂow within the invert is summanzed in Table 6-7 where the travel time is
measured from the top to the base of the invert. A comparison between Case 1 and Case 3 shows
that the placement of a sand drain for the plugged floor significantly reduces the water presence
in the mvert The volumetric flow rate below the drip shield decreases from 0.16 m /yr to
1.6x10°° m*/yr while the travel time increases from 19.4 years to 13,150 years when a sand drain
is used. Figures 6-30 and 6-31 present the fracture and matrix pore water velocities for Case 1.
Within the invert away from the drift boundary, the velocity vectors in the fracture are close to
those in the matrix while for grid blocks near the boundary, the flow is dommantly into the’
fractures. The pore water velocity in the adJacent column’ of grid blocks is increased by an
approximate factor of 2.4.

Table 6-7. Summary of Invert Flew Charac_terisﬁce

Flow Variables Case Number

1 3
| Fiow below Drip Shield (m°/yr) 0.16 1.6E-5
| Flow outside Drip Shield (m/yr) ' 0.25 0.36
[ Travel Time (yr) . 194 13,150
| Average Pore Water Velocity {(mm/yr) - 31 4.6E-2
Average Saturation Leve! 0.13 0.12

"For Case 3, Figures 6-32 and 6-33 of the fracture and matrix pore water velocities show that
dominant drainage occurs vertically downward through the sand drain.

6.2.6 Impact of Backfill to Drainage ‘

An examination of the flow direction vectors in Figures 6-21, 6-25, and 6-29 for Cases 1, 2 and
3, respectively, indicate that water in the host rock fractures are drawn into the backfill in the
drift laterally. The explanation is that the capillary pressures in the backfill are more negative -
than the capillary pressures in the fracture which create the driving force for lateral flow. It is
believed that without backfill, the drift opening will function as a capillary barrier for the flow in
the host rock above so water is diverted around the drift, resulting in less water entering the
invert. -
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6.2.7 Model Vahdatlon

Validation requires review of the Water Dramage Model calibration parameters and
corroborative information for reasonableness and consistency. In accordance with AP-3.10Q,
this is documented internally in parameter inputs (Section 4.1.2), assumptions (Section 5.2) and
development (Sections 6.2.1 and 6.2.2). The model uses a finite difference technique (i.e., the
NUFT code) supplemented by other standard calculations. The model is based on appropriate
inputs, including properties and boundary conditions. Grids, convergence, and other model
settings are oon51stent with past practice. :

In addition, a-comparison of the base-case model output to a closed—form solution was made -
(Attachment XII). Data trends and magnitudes from both the closed-form solution and the model -
qualitatively agree. That is, the calculations show an increase in flux within the drift, and a
decrease in flux outside the drift. These criteria are appropriate for demonstrating that the model
results are reasonable and that the model is therefore validated and appropriate for its intended
use. ' . : :

When EBS pilot-scale testing results become available, this quantitétive test data can be
compared to predicted model results using NUFT to provide further validation of the model.
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6.3 THERMOHYDROLOGIC MODEL

The purpose of the lme-averaged-heat-source dnft-scale thennohydrologlc (LDTH) model
calculations is to support modeling of the in-driff phys1ca1 and chemical environment. It is
intended to provide estimates for the changes of temperature, relative humidity, liquid flux and
saturation level, and rate of evaporation with time during the repository thermal evolution.
Sensitivity analysis was performed to account for the uncertainties of waste placement locations,
heat generation rates, and infiltration rate distributions. Thermal hydrologic conditions were
investigated at the center and edge of the repository, for infiltration rates resulted from the

present-day climate, Monsoon weather, and glacial melting, and for different heat generation '

rates in terms of areal spent-fuel mass loading. This model generates abstracted results for use as
input to reaction cell models. The objectives to be met by the TH Model include the following:

¢ Identify the processes and model inputs that control TH performzinée measures.

o Use the active-fracture model for nonequilibrium fracture-matrix interaction, consistent with
the unsaturated-zone site-scale hydrologic model to perform LDTH-model calculations for
representative locations within the reposntory layout.

-« Evaluate calculated results and select LDTH-model cases for further analyms of the EBS
chemical environment.

‘o Develop values of TH performance tneasures exfen'ding to 1,000,000 years

All NUFT calculations and postprocessed results described in this subsection pertain to the

half-drift symmetry model, unless specified to be full-drift results. Thus, the calculated
zone-to-zone fluxes and zone evaporation rates should be doubled to represent full-drift results.

For other variables including temperature, saturation, air mass-fractlon, and gas-phase vertical -

mass flux, the half-drift and full-drift results are 1denncal ’
63.1 Background for the LDTH-Model Calculations Usingb NUFT

i

| .

The LDTH predictive model that forms the basis of these caléulati'ons utilizes the NUFT V3.0s- |

code (Nitao 1998). NUFT (Nonisothermal Unsaturated Flow and Transport) has been used to
. model a wide range of problems. NUFT was used for simulating waste-package environment
conditions for Total System Performance Assessment-Viability Assessment (ISPA-VA)

(CRWMS M&O 1998; Section 3.2) and has also been used for calculations in support of field--

scale thermal testing (e.g., calculations reported in Buscheck et al. 1997). The implicit DKM
version of NUFT that includes the Active Fracture Concept (AFC) is used in these calculations.
General descriptions of physical principles used in NUFT V3.0s, with references for addmonal
information, are provided in Hardin, E.L. 1998 (Sections 3. 3 3,3.3.4,and 3.3. 5)

The DKM conceptualizes fractured rock as having two mteractmg continua, one representing the
matrix and the other representing the fracture network. Fluxes of mass and heat between the
fracture network and the matrix at each point in the model domain, are calculated from the local
temperature and pressure differences. - These differences can be nonzero; thus, nonequilibrium
~ conditions can exist at that point. This feature of the DKM allows for more realistic treatment of
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transient behavior when conditions such as saturation and temperature are changing with time.

The AFC is a scheme for dynamic modification of the contact area between the fracture network
and the matrix (Liu et al. 1998). The underlying concept is that fracture flow occurs through .
some, not all, of the fractures at a given location and time. For transient condmons, this tends to
produce stronger nonequilibrium response than does assuming that flux is uniformly distributed
through all fractures. Flow through a fracture is greater when it has higher saturation, and
focusing of flux through a limited population of active fractures tends to maximize the
saturation, thereby enhancmg fast pathways for flux through the mountam

The hydrologic properties obtained from DTN LB990861233129. 001 were developed for the
unsaturated-zone site-scale model (herein called the unsaturated zone (UZ) model) using a
procedure that assumes they will be applied in DKM employing AFC with the modified Brooks
and Corey gas permeability function (Brooks and Corey 1966, Equation 33). That is how they
are applled in this model

A limited comparison of the LDTH model used in thls report with other TH models, mcludmg
the Multiscale Thermohydrologic Model (CRWMS M&O 2000i), the Drift-Scale Coupled
Processes (DST anid THC Seepage) Models (CRMWS M&O 2000k), and the Mountain-Scale
Coupled Processes (TH) Models (CRWMS M&O 2000p) is prov1ded as follows:

-« Thermal and hydrologic properties for the rock units are the same for all the models. The
same stratigraphic model i is used, but the oontact elevations depend on geographnc loeatton

¢ The Multiscale Model and the Mountain-Scale Model represent the entire repository layout,
either in 2-D cross section, or 3-D. The Drift-Scale THC Secpage Model, and the LDTH-
model cases developed for this report, represent only one or two representative locations.

¢ The models use the same infiltration flux distribution, and the same variation of flux with
‘climate states that switch at 600 yr and 2,000 yr after emplacement. Infiltration flyx varies
with location, so the Multiscale Model and Mountain-Scale Model have spatial functions
representing flux. The Drift-Scale THC Seepage Model uses the value of the average flux
over the entire repository layout, while the LDTH-model cases run for this report use the
predicted flux at typical center and edge locatlons

e The other boundary;condltlons mclude surface temperature, pressure, and humidity, which
are all handled consistently among the different models. The lower, constant-temperature
boundaries of the Multiscale Model and the Mountain-Scale Model are situated 1,000 meters

below the water table, with fixed temperature values represented using estimates for the

geothermal gradient. The other models use the water table as the lower, constant-
temperature boundary ' '

o Gnddmg is similar for the Multiscale Model the Drift-Scale THC Seepage Mode), and the
LDTH-model cases developed for this report; the elements that define the drift opening are
on the order of a few tens of centimeters in size. Gridding for the Mountain-Scale Model is
much more coarse, and the calculated results vary accordingly.
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. Lme-averaged—heat—source, drifi-scale, thermohydrologlc (LDTH) model calculatlons are
reported here for the 14c4 and 14cl locations (Figure V-1 in Attachment V). These model
calculations -are performed using the same approach developed for the Multiscale
Thermohydrologic Model (MSTHM) (CRWMS M&O 2000i) with minor modifications to
represent different seepage scenarios. The Multiscale Model represents variation of TH
conditions throughout the repository, anchored by .LDTH-submodel calculations at 31
‘geographic locations uniformly distributed throughout the repository area. The LDTH-model
calculations described in this report are limited to two of those 31 locations, the 14c4 and 14cl
locations. The rationale for selectmg the 14c4 and 14cl locatlons for investigation of the in-drift *
physical and chemical environment, is as follows:

e 14c4 is typical for locations internal to the repository layout. It is located near the geographic
center, where temperatures and evaporation rates will be relatively high. Thermal loading for
the 14c4 model is equivalent to the average for the repository layout (corresponds to areal
spent-fuel mass loading of 56 MTU/acre required by CRWMS M&O 2000s, Section 2.3.1.
The projected infiltration flux is near the average for the layout, as discussed subsequently.

e l4cl is located at the repository edge, where the rate of cooling will be greatest because of
conductive heat loss to unheated external regions. 34 MTU/acre thermal loading is used for
the 14c1 model whlch is appropriate for edge locations subject to cooling effects.

For each of these locations, TH conditions are simulated, using the “lower”, mean, and “upper’
infiltration distributions described in the Multiscale Model (CRWMS M&O 2000i), for different
flux conditions. Note that the data used to describe the “lower”, mean, and “upper” infiltration
distributions were obtained from the same sources used for the Multiscale Model, and not
directly from the Multiscale Model. Different hydrologlc property sets are associated with the
different infiltration conditions.

For calculated postclosure results, there also are separate output files for fracture and matrix data.

Further discussion of the NUFT V3.0s inputs for th¢se models is provided in the followmg '

subsections. The selection of locations 14c4 and 4cl is appropriate.

The two locations in the potentlal reposxtory layout, for which the LDTH-model calculations are

performed for this report, are described in Section 4.1.1. The l4cl location is along the eastern
-edge of the repository layout, and increased drift spacing is used to represent edge cooling effects
~in 2 2-D model. Thus the drift spacing is increased by a factor of 56/34 or 167 percent of the

" nominal value (1.67 x 81 m = 135 m). The model domain width i is half the drift spacing because

of symmetry.
6.3.2 Prescnbmg Drift Seepage in the LDTH Models

'

i

Over nearly the entire range of mﬁltratlon-ﬂux conditions considered in the Multiscale -

Thermohydrologic Model calculations of the no-backfill case (CRWMS M&O 2000i), seepage
into the drift is not predicted to occur. Nonzero drift-seepage fluxes are only predicted to occur
in regions of the repository having the highest infiltration (and percolation) flux for the “upper”
infiltration-flux case. An important reason for the very low occurrence of predicted drift seepage
is the assumption of a uniform fracture continuum within any given hydrostratigraphic unit
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(Section 5.3.2). This assumption is equivalent to assuming no drift-scale heterogeneity of
fracture properties in the host rock. This assumption, together with the use of a 2-D LDTH
model, reduces the tendency for drift seepage to be predlcted to occur,

To overcome the tendency of the LDTH models to predlct little or no seepage, the LDTH models
described in this report are modified to allow for seepage to be “prescribed” (or 1mposed) within
the drift. Two sets of LDTH seepage models are used. In the first set, drift seepage is prescribed
to occur uniformly over the entire upper drip-shield surface. Thus, sources of liquid water are
specified at each of the grid blocks overlying the drip shield, including the grid block overlying
the column of grid blocks adjacent to the vertical side of the drip shield. In the second set of
LDTH drift-seepage models, drift seepage is prescribed to occur directly onto the drift floor (i.e.,

upper invert surface) between the base of the drip shield and the intersection of the drift floorand =

lower drift wall. Thus, a source of liquid water is specified directly above the drift floor at the
base of the drip shield. In effect, the second set of calculations assumes that seepage entirely
bypassing the drip shield.

Three values of seepage percentage are considered: 0, 3, and 30%'. For the purpose of this report,
the seepage percentage is taken to be the percentage of the incident percolation flux in the host
rock which directly overlies the invert that is prescribed to be entering the drift. Note that the
invert is modeled as having a lateral width of 3.2214 m (see Figure 6-2 of CRWMS M&O
2000i). Therefore, the seepage percentage is based on the incident percolation flux over a lateral -

- width of 3.2214 m (rather than the entire 5.5-m width of the drift). Note that because the LDTH

models have lateral no-flow boundaries (which prevents any. lateral diversion from occurring),
the percolation flux in the host rock is equivalent to the infiltration flux that is specified at the top
of the LDTH model. Referring to Table 4-6, the infiltration flux at the 14c4 location is 10.13,

- 28.88, and 42.00 mm/yr for the present-day, monSoonal, and glacial climate states, respectively..
For the 30%-seepage case, the resulting seepage fluxes are 3.04, 8.66, and 12.6 mm/yr
(calculated over a footprint which is 3.2214 m wide). These seepage flux values are uniformly
speclﬁed in the grid blocks in the 3.2214-m-wide strip directly overlying the drip shield and
invert. Consequently, all of the seepage flux drains down the side of the drip shield before
reaching the invert. -

The second set of LDTH drift-seepage models are equivalent to the first set except that the mass
flux of water that was uniformly distributed -over the 3.2214-m-wide strip overlying the drip
shield and invert in the first set is now entirely focussed onto the two 0.3597-m-wide drift-floor
strips to either side of the base of the drip shield. This results in the local seepage flux on the
drift floor being 4.4779 (= 3.2214/2 x 0.3597) times greater than the seepage flux that was.
uniformly distributed over the 3.2212-m-wide strip in the first set of models. Thus, for the mean-
_ infiltration 30%-seepage case, the local seepage flux that is directly imposed onto the drift floor
(and into the invert) is 13.61, 38.78, 56. 42 mm/yr Note that none of this seepage flux contacts
the drip shield. :

Another 1mportant consideration in the speclﬁcatlon of drift seepage, is prescnbmg enthalpy -
values for the : seepage flux that does not amﬁclally add or subtract sensible heat from the drift.
An assumption is made that the water seeping into the drift has equilibrated with the host-rock
temperature at the crown of the drift, with & maximum allowable temperature of 96°C for the
seepage flux. The maximum temperature is set to assure that the seepage flux enters the
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drift as liquid water. This assumption is implemented by extracting the temperature history for |,
the host rock at the crown of the drift for the case with 0% seepage (i.e., no prescribed seepage
into the drift). The temperature history is used to linearly interpolate an enthalpy history from the
steam tables (Keenan, et al., 1969). For the 0%-seepage case, there are six unique tem

histories considered in this report, resultmg from two reposﬂory locations (l4c4 and l4¢c1) and
three infiltration-flux cases. Thus, it is neoessaxy to generate six enthalpy histories.

633 LDTH-Model Results

The purpose of this section is to investigate the influence of infiltration flux, proximity to thé
edge of the repository, and seepage percentage on TH conditions in the EBS. The focus of this
investigation is the influence of these factors on TH conditions on the drip shxeld and in the:
invert. Table 6-8 lists all of the plots of TH conditions that are glven in Sectlon 6.3.

Table 6-8. Summary of Figures and Associatgd Source _Flles {Attachment XV1)

Figure TH Variable Source Flle Name
Number ' ]
Figure 6-34 | Drip-shield temperature and Mo4-LDTH58-mi-OO £EBS.ext
‘ relative humidity Mc4-LDTH56-mi-03 LEBS.ext
. Kc4-L DTH56-mi-30.1.EBS.ext
Figure 6-35 | Drip-shield temperature and Mo4-LDTH56-i-00.f£. EBS.ext
' | refative humidity 14c4-LDTHS6-1i-03.1.EBS. ext
: . 4c4-LDTHS56-1-30.1.EBS..ext
Figure 6-36 | Drip-shield temperature and Kc4-L DTH56-ui-00.f.EBS . ext
relative humidity ‘| ¥o4-LDTH56-ul-03.FEBS.ext
Ko4-LDTHS6-ul-30.£ EBS.ext
Figure 6-37 | Drip-shield temperature and #4c1-LDTH34-mi-00.f.EBS.ext
‘ relative humidity KMc1-LDTH34-mi-03.£.EBS.ext
: l4c1-LDTH34-mi-30.1.EBS.ext
Figure 6-38 | Drip-shield temperature and 4c1-LDTH34-1i-00.f EBS.ext
relative humidity A Kc1-LDTH34-1-03 £ EBS.ext
Kc1-LDTH34-i-30.£.EBS.ext -
Figure 6-39 | Drip-shield temperature and Kc1-LDTH34-ui-00.£.EBS.ext
relative humidity | 14c1-LDTH34-ui-03.f EBS.ext

#4c1-LDTH34-ul-30.LEBS.ext

Figure 640 { Invert temperature and relative #4c4-LDTH56-mi-00.fEBS.ext
humidity . MoA-LDTHS6-m-03 £EBS.ext
: | McA-LDTH56-mi-30.f.EBS.ext

Figure 6-41 | Invert temperature and re!atwe 14c4-LDTH56-1i-00.f.EBS.ext
humidity M4c4-LDTH56-4i-03 £ EBS.ext
4c4-L DTH56--30.£.EBS..ext

Figure 6-42 | Invert temperature and relative Kcd-LDTH56-ui-00.£.EBS.ext
humidity HMcA-LDTHS6-ui-03.1.EBS .ext
McA-LDTH55-ul-30 £.EBS.ext
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CRWMS M&O 2000i). This location is relatively close to the geographic center of the

ANL-EBS-MD-000032 REV 01

Figure 643 | Invert temperature and relative | Mc1-LDTH34-mi-00.£EBS.ext
humidity Mc1-LDTH34-mi-03.1.EBS.ext
o i4c1-LDTH34-mi-30.f EBS.ext
Figure 6-44 Invert temperature end telatlve 14¢1-LDTH34-1i-00.£.EBS.ext
hurmdltv Kc1-LDTH34-1i-03.1 EBS.ext
Kc1-LDTH34-1-30.£.EBS.ext
Figure 645 | Invert temperature and relative 14c1-LDTH34-ui-00.f.EBS.ext
' humidity 1c1-LDTH34-ul-03 £ EBS.ext
. , 4c1-LDTH34-ui-30.fEBS.ext |
Figure 6-46 | Drip-shield temperature vs. Mc4-LDTH56-mi-00.1.EBS.ext
' relative humidity _{ Kc4-LDTH56-ml-03 £.EBS. .ext
Ho4-LDTHS56-mi-30.f. EBS.ext
Figure 6-47 | Drip-shield temperature vs. Kod-LDTHS6-H-00.£.EBS.ext
relative humidity Ko4-LDTHS6-41-03.£. EBS.ext
1404-LDTH56-i-30.£. EBS.ext
Figure 648 | Drip-shield temperature vs. - Mc4-LDTHS6-ul-00.f. EBS ext
s relative humidity 4c4-LDTHS6-ul-03.£.EBS.ext
' ' Mc4-LDTHS6-ul-301.EBS.ext
, Figure 649 Drip-shield temperature vs. #4c4-LDTH56-mi-00.f.EBS.ext
. ‘ relative humidity - Mc4-LDTHS56-1-00.L.EBS.ext
o . Mc4-LOTHS6-ul-00.f EBS.ext
Figure 6-50 | Drip-shield temperature vs. Mc4-LDTHS56-mi-03.f£.EBS.ext
| relative humidity Mo4-LDTH56-1i-03.£.EBS ext
. . 14c4-LDTHS6-ul-03.£ EBS.ext
Figure 6-51 | Drip-shield temperature vs. "I McA-LDTHS6-mi-30.£.EBS.ext
| relative humtditv Mc4-LDTH56--30.1.EBS.ext
) . M4c4-LDTH56-ul-30.£EBS.ext -
Figure 6-52 | Drip-shield temperature vs. TSPA_SR00nbf_mean_jnfiltration.ext
.| relative humidity o S -
Figure 6-53 Invert liquid saturation 4c4-LDTH56-mi-00.{. EBS. ext
14¢c4-LDTHS56-mi-03.£EBS.ext
: Kc4-LDTH56-mi-30.f EBS.ext
Figure 6-54 | Invert liquid saturation Kc1-LDTH34-mi-00.1.EBS.ext
' Kc1-LDTH34-mi-03.LEBS.ext
14¢c1-LDTH34-mi-30.1.EBS.ext
Figure 6-55 | Liquid-phase fiux at bottom of Kc1-LDTH34-mi-00.f.EBS.ext
invert Mc1-LDTH34-mi-03.£EBS. ext
4c1-LDTH34-mi-30.1 EBS.ext
6.3.3.1 Temperature and Relative Humnhty on the an Sbield
- Figures 6-34 through 6-36 show the mﬂuencc of drift seepage percentage and the magmtude of
infiltration (and percolation) flux on temperature and relative humidity on the drip shield at the
14c4 location in the Multiscale Thermohydrologic Model of the repository (see Figure 5-2 in
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repository and experiences. slightly higher than average infiltration (and percolation) flux
conditions. Drift seepage flux is seen to have very little 'inﬂuenceon drip-shield temperature.
However, the magnitude of infiltration (and percolation) flux is seen to significantly influence
peak temperature, as well as the duration of boiling. Peak temperature and duration of boiling
both increase with decreasing mﬁltratxon flux.

Drift secpage is seen to have a minimal influence on relative humidity RH on the drip shield
during the boiling period (Figs. 6-34b, 6-35b, and 6-36b). However, during the post-boiling
period, drift seepage strongly influences RH on the drip shield for the mean and “upper”
infiltration-flux cases, while drift seepage only weakly influences RH on the drip shield for the
“lower” infiltration-flux case. In general, the duratlon of reduced RH on the drip shield decreases
with i mcreasmg drift seepage percentage

L]

Figures 6-37 through 6-39 show the mﬂuence of seepage peroentage and the magmtude of
infiltration (and percolation) flux on temperature and relative humidity on the drip shield at the
14c1 location in the Multiscale Thermohydrologlc Model of the repository (see Figure 5-2 in
CRWMS M&O 2000i). This location is relatively close to the eastern edge of the repository and
experiences slightly lower than average infiltration (and percolation) flux conditions. Seepage
_flux is seen to have very little influence on drip-shield temperature. However, the magnitude of
“infiltration (and percolation) flux is seen to significantly influence peak temperature, as well as
the duration of boiling. Peak temperature and duration of boiling both increase with decreasing
infiltration flux. A comparison of Figures 6-34a, 6-35a, and 6-36a with Figures 6-37a, 6-38a, and
6-392a show that the duration of boﬂmg conditions decreases with proximity to the edge of the

repository.

Drift seepage is seen to have a minimal influence on relative humidity RH on the drip shield
during the boiling period (Figs. 6-37b, 6-38b, and 6-39b). However, during the post-boiling
period, drift seepage strongly influences RH on the drip shield for all three infiltration-flux cases.
In general, the duration of reduced RH on the drip shield decreases with i increasing drift seepage
percentage. A comparison of Figures 6-34b, 6-35b, and 6-36b, 6-37b, 6-38b,and 6-39b show that
the duration of reduced RH on the drip shield decreases with increasing infiltration flux and also
decreases with proximity to the edge of the repository.

6332 Temperature and Relative Humidity in Invert

Figures 6-40 through 6-42 show the influence of drift seepage percentage and the magnitude of
infiltration (and percolation) flux on temperature and relative humidity in the invert at the 14c4
location. Seepage flux is seen to have very little influence on invert temperature. However, the
magnitude of infiltration (and percolation) flux is seen to significantly influence peak
temperature, as- well as the duration of bmlmg Peak temperature and duratxon of boiling both
increase with decreasing infiltration flux. :

Drift seepage is seen to have a2 minimal influence on relative humidity RH in the invert during
the boiling period (Figs. 6-40b, 6-41b, and 6-42b). However, during the post-boiling period, drift
seepage strongly influences RH in the invert for the mean and “upper’ infiltration-flux cases,
while drift seepage only weakly influences RH in the invert for the “lower” infiltration-flux case
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In' general, the duratlon of reduced RH in the invert decrmses with mcreasmg drift 'seepage
percentage.

Figures 6-43 through 6-45 show the inﬂuenoe of seepage percentage and the magnitude of
infiltration (and pereolation) flux on temperature and relative humidity in the invert at the 14cl
location. Seepage flux is seen to have very little influence on invert temperature. However, the
magnitude of infiltration (and percolation) flux is seen to significantly influence peak
temperature, as well as the duration of boiling. Peak temperature and duratlon of boiling both
increase with decreasmg infiltration flux.

ant seepage is seen to have a minimal 1nﬂuence on relative hum1d1ty RH in the invert during -
the boiling period (Figs. 6-37b, 6-38b, and 6-39b). However, during the post-boiling period, drift -
seepage strongly influences RH in the invert for all three infiltration-flux cases, with the duration

of reduced RH in the invert decreasing with increasing drift seepage percentage. A comparison

of Figures 6-40b, 6-41b, and 6-42b, 6-43b, 6-44b,and 6-45b show that the duration of reduced

RH in the invert decreases with increasing mﬁltratlon flux and also decreases with proxnmty to
the edge of the repository. :

6.3.3.3 _Temperature versus Relative Humidity Trajeetories on the Drip Shield

Figures 6-46 through 6-50 show the influence of drift seepage percentage and the magnitude of
. infiltration (and percolation) flux on drip-shield temperature versus relative humidity trajectories
at the 14c4 and M4cl locations. At the 14c4 location, drift seepage percentage has very little
influence on the shape of the trajectories until RH exceeds 95% (see Figures 6-46a, 6-47a, and 6-
48a). At the l4c] location, drift seepage percentage has very little influence on the shape of the
trajectories untxl RH exceeds 90% (see Figures 6-46b, 6-47b and 6-48b).

A comparison of Figures 6-49, 6-50, and 6-51 show that as a function of relative humidity,
témperature decreases with decreasing infiltration flux. In other words, for lower infiltration -
fluxes result in a lower temperature at a given relative humidity value. For the 14¢c4 location, this
trend holds until RH exceeds 95%. For the Mcl locahon this trend holds until RH exceeds 90%.

Figure 6-52 gives the temperature versus relative humldlty relationship for three geographlc ’
“locations and two WP types in the Multiscale Thermohydrologic Model (CRWMS M&O 2000i).
These combinations of geographic locations and WP types were chosen to envelope the entire
range of temperature versus relative humidity trajectories encountered in the repository area. The
temperature versus relative humidity trajectories predicted by the LDTH models in this report
(Figures 6-42 through 6-47) fall close to the upper two curves in Figure 6-52. '

6334 Liquid Saturation and Liquid-Phase Flux in the Invert

- Figures 6-53 and 6-54 show the influence of drift seepage percentage on liquid saturation in the
invert for the 14c4 and 14cl locations. At the top of the invert, the duration of zero liquid
saturation decreases with increasing drift seepage percentage (Figures 6-53a and 6-54a). The
terminal (i.e., long-term steady-state) value of liquid saturation increases with increasing drift
secpage percentage. At the bottom of the invert, the duration of zero saturation increases weakly
with seepage percentage, while the terminal value of liquid saturation -increases strongly with
drift seepage percentage (Figures 6-53b and 6-54b). A comparison of Figure 6-53 and 6-54

*
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also shows that the duratnon of zero liquid saturation decreases \mth proxumty to the edge of the
repository.

Figure 6-55 shows the influence of drift seepage percentage on the liquid-phase flux in the invert
for the 14c4 and 14cl locations. The period of zero liquid-phase flux corresponds to the duration
of the boiling period. Consequently, the 14c4 location has a longer duration of zero liquid-phase
flux than the l4cl location. After the end of the boiling period, there is a period of negative
‘liquid-phase flux, corresponding to a period when water is being imbibed into the invert.
Eventually the influence of gravity-driven seepage flux overwhelms imbibition, resulting in a

final long-term, steady-state period of positive liquid-phase flux. For the 14c4 location, the long- *

term, steady-state liquid-phase flux is 0.58, 2.37, and 17.8 mm/yr for the 0%, 3%, and 30%

seepage cases, respectively. For the 14¢l location, the long-term steady-state liquid-phase flux is -

0.60, 1.82, and 16.5 mm/yr for the 0%, 3%, and 30% seepage cases, respectively.
6335 Evaporat:on in the Invert

Figure 6-56 shows the average evaporation rate in the invert for the 14c4 location with the mean
‘infiltration dlstributlon The peak evaporation rates for the 0%, 3%, and 30% seepage cases
reach about 200 kg/m? /yr at roughly the same time. However, the evaporation rate for the 30%
" seepage case drops to zero much earlier than the other cases because the invert temperature
recedes at a faster rate and the duration of boiling is shorten as discussed previously. In general,
this pattern applies to the “Jower” and “upper” infiltration distributions and to the l4cl location.

633.6 Temperature and Relative Hunﬁdﬁy in Drift Crown

Figure 6-57 compares the drift crown temperanire,and’relative humidity for the “lower”, mean,

and “upper” infiltration rate distributions. Generally, the temperature and relative humidity
histories follow the same patterns for different infiltration rates. Temperature is higher and
relative humidity is lower at the drift crown for the lower mﬁltratxon rates.

6.3. 4 Thermohydrologic Model Validatmn

The hydrologic properties used for these models are taken dlrectly from the Unsaturated Zone -
(UZ) Flow and Transport Model (CRWMS M&O 20000). Thermal -properties are based on
. laboratory-measured data (DTN: LB990861233129.001). It is noted that values for “wet”
“thermal conductivity are currently under review. Thermal output of the emplaced waste is based
on best-available information for the cha:actenstlcs of spent fuel and defense high- -level waste
(DTN: SN9907T0872799 001).

The temperature and pressure boundary conditions used for these models are based on averages
for the ground surface and water table, constrained by measured data. Values for average
infiltration flux are also taken directly from the UZ Model, for representative center and edge
locations. Alternative infiltration flux boundary conditions are selected from the “lower”, mean,
and “upper” infiltration distributions developed for the UZ Model, to represent the range of
uncertainty. These alternative values are used comparatively in several cases discussed in this
section.
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The LDTH models were conducted using an mdustfy’ standard finite-difference method that
includes mass balance and energy balance. The model validation includes various vahdatxon
techniques described below: : '

1. Comparison of NUFT TH model results against the Large Block Test. The Thermal
- Tests Ihennal-HydroIogical Analysis/Model Report (CRWMS M&O 20001, Section 6.2.4.)
documents the comparison of NUFT TH model calculations agamst measurements made in
the Large Block Test. A brief summary of this comparison is given in Section 6.13.1 of the
Multiscale 'I‘hermohydrologlc Model AMR (CRWMS M&O 20001)

2. Comparison of NUFT TH model resu]ts against the Drift Scale Test. The Thermal Tests -
Thermal-Hydrological Analysis/Model Report (CRWMS M&O 20001, Section 6.2.3)
documents the comparison of NUFT TH model calculations against measurements made in
the Drift Scale Test. A brief summary of this comparison is given in Section 6.13.2 of the
Multiscale Thermohydrologic Model AMR (CRWMS M&O 2000i). '

3. Imspection of model inputs and outputs. A detailed visual inspection of the model input
files was conducted to verify that the models faithfully represented the intended conceptual
model and accurately included all source-input data. A detailed and comprehensive analysis

. was conducted (Section 6.3.3) that carefully compared the relationship between the model
inputs and the model outputs. This comparison uncovered no unexpected or difficult to
explain model results; the relationships between the model outputs and the model inputs (for
the range of inputs considered in this AMR) are consistent with the physxcal processes that
are accounted for in the LDTH model.

6.3.5 Altemanve Models and Approacbes

The models presented in this report represent an evalutlon from previous TH and TH seepage
models (see Chapter 3 of Hardin 1998). Noteworthy changes relate to the representation of
fracture-matrix interaction, with a dynarmc coupling approach, called the Actlve Fracture
Concept, now bemg used.

A useful alternative model is the 3-D dxscrete-heat-source drift-scale thennohydrologlc (DDTH)
‘mode]l with spatially heterogeneous fracture properties. The DDTH model could without
prescribing seepage in the drift to investigate whether extreme examples of highly focussed
percolation flux result in drift seepage durmg the boiling period. The DDTH model could also be-
run with prescnbed seepage conditions in the drift as was done in the LDTH drift-seepage
models described in this report. Whereas the LDTH drift-seepage models effectively assume a
“lme-averaged” seep, the DDTH drift-seepage model could be used to investigate the influence
of “discrete’ (or “pomt”) seeps that are sparsely dlstributed along the axis of the drift.
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an AML of 56 MTU/acres, and the Mean Infiltration-Flux Distribution Are Plotted for the 0%, 3%, and 30%
Seepage Cases
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Figure 6-38. Temperature (a) and relative humidity (b) histories on the drip shield for the l4c1 location, an
AML of 34 MTU/acres, and the *lower” infiltration-flux distribution are plotted for the 0%, 3%, and 30%
seepage cases :
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Figure 6-40. Temperafure (a) and relative humidity (b) histories in the upper invert below the WP for the

l4c4 location, an AML of 56 MTU/acres, and the mean infiltration-fiux distribution are plotted for the 0%,
3%, and 30% seepage cases
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Figure 6-42. Temperature (a) and relative humidity (b) hisfon'&s in the upper invert below the
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distribution are plotted for the 0%, 3%, and 30% seepage cases
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Figure 6-46. (a) Drip-shield température versds drip-shleid relative humidity for the i14c4 Iocattbn an AML

of 56 MTU/acres, and the mean infiltration-flux distribution is plotted for the 0%, 3%, and 30% seepage
cases. (b) The same is plotted for the l4ct locabon and an AML of 34 MTU/acre
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Figure 6-47. (2) Drip-shield temperature versus drip-shield relative humidity forr the l4c4 location, an AML

of 56 MTU/acres, and the “lower” infiltration-flux distribution is plotted for the 0%, 3%, and 30% seepage
cases. (b) The same is plotted for the 14¢1 tocation and an AML of 34 MTU/acre
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Figure 6-48. (a) Drip-shield terhperature versus drip-shield relative'humid'ity for the Mc4 location, an AML
of 56 MTU/acres, and the “upper” infiliration-flux distribution is plotted for the 0%, 3%, and 30% seepage
-cases. (b) The same is plotted for the 14¢1 location and an AML of 34 MTU/acre
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Figure 6-49. (a) Drip-shield temperature versus drip-shield relative humidity for the 4c4 location, an AML
of 56 MTU/acres, and the 0% seepage case is plotted for “lower”, mean, and “upper” infiltration-flux
distributions. (b) The same Is plotted for the 14c1 location and an AML of 34 MTU/acre
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Figure 6-50. (a) Drip—shiéld température versus drip-shield relative humidity for the 4c4 Iocation, an AML
~ of 56 MTU/acres, and the 3% seepage case is plotted for “lower”, mean, and “upper” infiltration-flux

distributions. (b) The same is plotted for the l4¢1 jocation and an AML of 34 MTU/acre
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Figure 6-51. (a) Drip-shield temperature versus drip-shield relative humidity for the l4c4 location, an AML

of 56 MTU/acres, and the 30% seepage case is plotted for “lower”, mean, and “upper” infiltration-flux
distributions. (b) The same Is plotted for the l4c1 location and an AML of 34 MTU/acre
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Figure 6-53. Liqdid saturation at (a) the top of the invert and (b) the bottom of the invert at the centerline
of the drift for the 14¢4 {ocation, an AML of 56 MTU/acres, and the mean infiltration-flux distribution is

plotted for the 0%, 3%, and 30% seepage cases
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Figure 6-54. Liquid saturation at (a) the top of the invert and (b) the bottom of the invert at the centerline -
of the drifi for the 14c1 location, an AML of 34 MTU/acres, and the mean infiltration-flux distribution is
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64 DRIP SHIELD CONDENSATION MODEL

During the heating penod of the reposuory when its temperature has become above-boiling, a

dry-out zone occurs in the drift and its close proximity. Upon the onset of cooling which starts in

about a thousand years and beyond, liquid and gas from the surrounding rock will drift back to
the repository. It is during this cooling penod when condensation underneath the drip shield may
be possible. _

For condensation to form undemneath the ,'drip shield, several conditions must exist '

simultaneously. Firstly, either gas or liquid water has to enter the air space below the drip shield

through the invert material. Secondly, the temperature of the invert material has to be warmer
than that of the drip shield and thirdly, the partial vapor pressure in the invert material has to be -

high enough that its dew-point temperature will be the same or above the drip shield temperature.

To assess the condensation potential underneath the drip shield, a condensation index has been
designated to represent the ratio (R) of partial vapor pressure in the invert material (Vp..,) to the .

saturated vapor pressure at the drip shield temperature (Sat. Vpgs), namely:

R = Vp,./ Sat. Vpgs S (Eq. 6-46)

Vpa=RHpxSet.Vpw  (Bq.647)
whére: | o |

‘RHip = re!aii\;e humidity at the invért. B

Then condehsatién is possible if R is equal to. or' greater than 1.0.

Nine locatlons are selected throughout the repository area to represent the variation of conditions
that would exist for the assessment of condensation potential below the drip shield. These
locations are shown in Figure 6-58. The conversion from model grid indices x and y to Nevada
State Coordinates is contained in the file “repos_to_Nvcentral” in attached CD (Attachment
- XVI) under “dscondensation” directory. The time-history data of average RH;,, Sat Vpiy,, and Sat.
Vpas for the nine locations are extracted from the results of the Multiscale Thermohydrologic
Model (CRWMS M&O 2000i) as shown in files “wdrdsc.xls” and “wdrdscu.xls” in the attached

. CD, and the corresponding R ratios are calculated as a function of time in these Excel files. The.
R versus time plots are presented in Figure 6-60 which shows condensation for the mean-.

infiltration case is not expected untll after 40,000 years.

As for the upper-mﬁltranon case (no scepage 1mposed), only three locations are calculated.

(based on no significant differences between the 9 locations) in Figure 6-59 which shows the
results are not sensitive to infiltration fluxes. These results are consistent with those from an
earlier report (CRWMS M&O 2000i), which modeled the backfill case and predicted there
would not be any condensation underneath the drip shield for the first 10,000 years.
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Output from the MSTHM shows the RH, temperature within the invert méteridl and on the
underside of the drip shield vary approximately by 1% or less at any given time during the

cooling period. This suggests that the use of average RH and temperature in pred:ctmg .

condensatnon is adequate.

Condensate formed on the underside of the drip shield would start its downward flow from the
“top of the drip shield and along the vertical surface of the shield. This film of condensate would
thicken as it continues its course downward and accordingly, would provide a resistance to heat
transfer between the vapor and the drip shield (Incropera and Dewitt, 1996). As the total rate of

condensation is proportional to the overall heat transfer rate, this thickened film of condensate '
would tend to prohibit further condensation (Bejan, 1995). The MSTHM does not consider ﬁlm '

condensation and thus the results are conservative.

L]

Addxtlonally, the’ assumptlon of the dnp shxeld as an impervious bamer in assessmg
condensation underneath the drip shield is also conservative due to the following:

. Outward transport of moisture through a leaking drip shield wouId decrease the possibility of

condensation under the drip shield because input to the drip shield is ﬁmte and any outward
transport would decrease the humidity there. :

e Inward transport of moisture would decrease the possibility of condensation under the drip .

shield because the air outside the drip shield is closer to moisture equilibrium with the drift
wall, which is the coolest part of the in-drift system, so that the mole fractlon of water must
be smaller than that under the dnp shield. :

6.4.1 Model Validation

Validation requires review of the Drip Shield Condédsatibn Model calibration parameters and

corroborative information for reasonableness and consistency. The input parameters (Section

4.1.4) and assumptions (Section 5.4) and software are the same as used in the 'I'hermohydrologlc
model. An additional calculation to asses condensation potential is fully documented in Section

6.4. Model results are’ also compared in Section 6.4 with output from the Multiscale

Thermohydrologic Model (CRWMS M&O 2000i) and found to be consistent. Therefore, in
_accordance with AP-3.10Q, the Condensation model is appropriate for its intended use.
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Condensation Index R vs. Time (Upper lnfilti'ation) _'
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Figure 6-59. Condensation Index vs. Time for Upper Infiltration (No Seepage Imposed)
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Figure 6-60. Condensation Index R vs. Time for Mean Ihﬁ!tration (No Seepage Imposed)
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6.5 INCLUSION AND EXCLUSION OF FEPS

Under the provisions of the DOE interim gmdance (Dyer 1999), DOE must provide a reasonable ‘_
assurance that the regulatory-specified performance objectives for the Yucca Mountain project
can be achieved for a 10,000-year post-closure period. The assurance must be demonstrated in
the form of a performance assessment that: (1) identifies the features, events, and processes
(FEPs) that might affect the performance of the geologic repository; (2) examines the effects of -
such FEPs on the performance of the geologlc repository; and (3) estimates the expected annual

dose to a specified nearby population group. The performance assessment must also provide the

technical basis for inclusion or excluswn of spec1f1ed FEPs. -

An FEP must be cons1dered in the TSPA, un]ess it can be demonstrated that one of both of the
following two cntena are met:

¢ Exclude on the basis of “Low Probablhty’ if a FEP has less than one chance in 10,000 of .
occurrence over 10,000 years.

. Exclude on the basis of “Low Censequence”, if omission of the FEP does not significantly
change the expected annual dose. ' ' T .

- This section summarizes the rationale for determining which FEPs should be “included” in, or
“excluded” from the TSPA. The input for the analysis are the EBS FEP subset extracted from
CRWMS M&O (2000h) that are applicable to the water distribution and removal aspects of the
repository design. The screenmg arguments are for the “mcluded” and the “excluded™ are
provided in Table 6-9. :

6.6 - IRSR ACCEPTANCE CRITERIA

The kcy technical acceptance criteria from the Issue Resolution Status Reports (IRSRs)
developed by the U.S. Nuclear Regulatory Commision (NRC 1999a; 1999b; 1999c, and 1999d)
~ are addressed in Table 6-10.
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Table 6-9. Inclusion and Exclusion of Features, Events, and Processes Related to the WD&R Mode!

Conslderatloqs torA" i e

10 AT ZE0000-AN-SEI-INV

11020000

Excavation/
construction

This FEP is concemned with the effects
associated with excavation/construction of the
underground regions of the repository on the
long-term hehavior of thé engineered and
natural bamiers. Excavation-related effects
include changes to rock properties due to boring
and blasting and chemicat changes to the rock
and incoming groundwater due to potentiat
axplosives residus, Excavation and other
construction activities could also directly cause
groundwater chemistry changes withinthe =
tunnel due to the impact of such contaminants

as diesel exhaust, explosives residues, or other |

organic contaminants (Secondary FEP

1.1.02.00.03). Finally, oxidizing water introduced |
- |into the repository during

excavation/construction coutd impact reposttory
conditions/performance (Secondary FEP
1.1.02.00.04).

[NFE, UZ]

Chemical effects of excavatlon are

negligible; contamination will be limited |
through the use of tunnel boring (instead |-
of drill-and-blast) and electrically -
powered equipment, which will limit
microbial effects caused by excavation,
as well as abiotic chemical
contamination (CRWMS M&O 20001,
Sections 6.3 &6.4).

Sufficient dralnage capacny in the drift
floor will remain even after fines

* |migration associated with excavation,

based on observed drainage behavior in
exploratory tunnefs (this report Section
6. 2) : ‘

'[Rockfall modets are based on *

observation of rock characteristics in the
as-built (post-excavation) condition, so
that excavation effects, if any, are
included. Other effects of excavation on
rockmass response are minor (CRWMS
M&O 2000c, Section 6).
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Table 6-9. Inclusion and Exclusion of Features, Events, and Processes Related to the WD&R Model (Continued)

Regulatory exclusion

Site flooding |Flooding of the site during construction and (this report,
- |(during operation could introduce waterinto the Section 6.2)
construction |underground tunnels, which could affect the :
and long-term performance of the repository. (Note
operation) [that this is a specific example of an accident or
unplanned event discussed under FEP
[1.1.12.01.00.) -
‘ _ Z) ‘ v . e .
1.1.02.02.00  |Effects of [The duration of preclosure ventilation acts Heat removal by ventilation is included in
‘ ~ |preclosure. |together with waste package spacing (as per '~ [TH models for TSPA (this report, Section
ventilation  jdesign) to control the extent of the boifing front  16.3). ' :
: .. |within the NFE, - o ; . ‘
1.1.03.01.00 |(Emorin  |Deviations from the design and/or errors in Regulatory exclusion. See CRWMS
. |wasteor |waste and backfill emplacement could affect M&O 2000h (Section 5.1.2, Assumtions,
backfill long-term performance of the repository. A Repository Closure) for discussion.
emplace-  |specific example of such an error that has been ‘
ment raised involves erroneously emplacing the waste

packages In the saturated zone of the repository
(Secondary FEP 1.1.03.01.04). This would ‘
clearly impact the repository performance both
by impacting container corrosion and failure as
well as by impacting radionuclide transport.

Wwej_
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Table 6-9. Inclusion and Exclusion of Features, Events, and Processes Related to the WD&R Model (Contlnued)

10 ATY Z€0000-ON-SHI-INV

the backfill

" Imay not preclude hydrological, chemical, and

thermal interactions between waste packages
within a drift.

, R R A onsiderations for - Conslderationafor
: InclustonIn TSPA - *- - |& Exeluslon from TSPA :
YMPF.E?# FEPName i [O " ".eetosectlonlnthls raport) (Refereneetosectlon lnthls report)
1.1.07.00.00 - Repository Thrs tztegory oontains FEPs related to the Regulatory exclusion (CRWMS M&o
design  [design of the repository, and the ways in which : 2000h Section 6). -
the design contributes to long-term performance. -
Changes to or deviations from the specified
design may affect the long-term performance of
the disposal system.
’ [SYSI o
1.1.08.00.00 |Quafity This category contains FEPs related to quality Regulatory exclusion (CRWMS M&O
control assurance and control procedures and tests 2000h, Section 6).
: during the design, construction, and operation of o 4
the repository, as well as the manufacture of the
waste forms, containers, and engineered
features. Lack of quality control could resuitin -
material defects, faulty waste package
fabrication, and faulty or non-design-standard
construction, afl of which may lead to reduced -
effectiveness of the engineered barriers. ) T
: [sysp._ . .
1.1.12.01.00 |Accidents |The long-term performanoe of the drsposal Regulatory exclusion (CRWMS M&O
: and system might be seriously affected by unplanned 2000h, Sectlon 6)
unplanned |or improper activities that take place during
events construction, opefation, and closure of the
during repository. - ’
operation .
- [SYS] - — :
2.1.04.01.00 |[Preferential |Preferential pathways for ﬂow and diffusion may ‘|Backfill is not included in the current
pathways in |exist within the backfill and may affect long-term design (CRWMS M&O 2000h).
performance of the waste packages. Backfill o
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Table 6-9. Inclusion and Exclusion of Features, Events, and Processes Related to the WD&R Model (Continued) |

' Consld‘eraﬂons for ‘7
g Exclustor from TSPA
AR P BN i ,(Referaneo to sectlon In this npoﬂ)
2.1.04,04.00 Mecr_tanical Backfill may alter the mechanical evolution of the Backfill is not Included in the current
' effects of  |drift environment by providing resistance to rock design (CRWMS M&O 2000h).
backfil - |creep and rock fafl, by changing the thermal _
o ' properties of the drift, or by other means.
Impacts of the evolution of the properties of the
|backfill itself should be considered.
' N
Note that this FEP also encompasses FEP ebs #
. |5 from table 3[EBS FEP AMR Rev00, see FEP
o : 2.1.06.05.00). - ‘
2.1.04.05.00 |[Backfill Properties of the backnll m may change thmugh Backfill is not included in the current
evolution . [time, due to processes such as sifica design (CRWMS M&O 2000h).
- * |cementation, alteration of minerals, thermal - ‘ )
effects, and physicat compaction, These -+ -
changes could then affect the movement of '
water and radionuclides in the backfill. '
Note that this FEP also encompasses FEP ebs #
5 from table 3 (EBS FEP AMR Revoo see FEP
2.1.06.05.00]. . ‘
2.1.04.08.00 |Diffusionin |Diffusion processes in backiil may aﬁect waste Backfill is not included in the current
' backfill package performance and radionudlde design (CRWMS M&O 2000h).
, : transport. : _
2.1.04.09.00 |Radio- Radionuciide transport in the dritt environment Backfill is not included in the current
' _|nuclide [may be affected by the presence of backfifl, design (CRWMS M&O 2000h),
transport  |Transport of both dissolved and colloidal )
through species, advective and diffusive effects and
|backfill sorption processes should be considered.
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Table 6-9. Inclusion and Exclusion of Features, Events, and Processes Related to the WD&R Mode! (Continued)

YMPFEPS

cpns!deraﬂons for”
: ,Excluslon from TSPA

7.1.06.04.00

Groundwater ﬂow may ocour through the liner.

“IA concrete finer 1s not inciuded in the

processes should be considered. Effects of the
drip shietd on the disposal region environment
T(for axample, changes in relative humidity and .
temperature below the shield) should be
considered for both intact and degraded
conditions. Degradation processes specific to
the chosen material should be identified and
considered. For example, oxygen embrittiement
should be oonsidered for titanium drip shields

Note that thls FEP a!so encompasses FEPsebs
#2,9, 10, 11, 15, 17, 19, 20, 24, 30, 31, and 32
fromtableleBs FEP AMR Rev00, see FEPs
2.1.06.05.00, 2.1.06.07.00, 21070100
2.1.07.02.00].

WP].

intact conditions (this report, Section 6.4).
Seepage leaking through degraded drip
shields is considered (this report, Section

. |6.1; also see the CRWMS M&O 2000t).
- |See the WP PMR, and associated

abstraction AMRSs, for discussion of |

icorrosion modes and rates, and

assumptions made regarding microbial

.|degradation modes, for TSPA. _

through the cument design (CRWMS M&O 2000h).
liner ’
2.1.06.06.00 |[Eflectsand (The drip shield will affect the amount of water | Water diversion performance of the Drip shield corrosion will occur slowly,
‘ degradation [reaching the waste package. Behavior of the degraded drip shield is considered (this [and degradation potentially significant to
of drip drip shield in response to rockfall, ground report, Section 6.1). The environment environmental conditions will not occur
shield motion, and physical, chemical degradation -junder the drip shield is evaluated for until after cooldown. Thus the

temperature and relative humidity on the
waste package would not differ much:
from elsewhers in the drift, or from the
lintact drip shield catculation resutts (this
fBPOft. Section 6.3).-
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Table 6-9. inclusion and Exclusion of Features, Events, and Processes Related to the WD&R Model (Continued)

Rockfall models are based on sne

evolution of the waste and barrier system.
This FEP Is not relevant for the YMP design,

which calls for emplacement in the

2.1.07.02.00 Mechanieal Partial of complete ool!apse of the dnfts as
o degradation |opposed to discrete rockfall, could occur as a characterization data, and extend to
or collapse __|result of seismic activity, thermal effects, conditions that can represent drift
of drift stresses related to excavation, or possibly other collapse. Probabilistic descriptions of
‘ mechanisms. Drift collapse could affect stability rock size and rockfall frequency are
of the engineered barriers and waste packages. provided for use in engineering design
. |Drift coltapse may be localized as stopping at analyses (CRWMS M&O 2000c). )
faults or other geologic features. Rockfalf of Standoff criteria will be used to limit or
small blocks may produca rubble throughout part prevent waste emplacement in the
or all of the tunnel immediate vicinity of faults, The effects
of rubble would be similar to analyzed
Note that this FEP aleo encompasses FEPs: ebs cases involving larger blocks.
#9, 11, and 37 from EBS FEP AMR Rev(0, , .
Table 3; also see FEPs 2.1.06.05.00, .
12.1.06.06.00, 2.1.06.07.00. and 2.1.07.01.00.
: [DE] : ‘
2.1.07.03.00 |Movement |Waste packages may move as a resuit of Included by assumptions made for Rockfall models are based on site
. seismic activity, degradation of the invert or radionuclide transport from the waste ~  |characterization data, and extend to
containers |pedestal, rockfall, fault displacement, or other  |package to the top of the invert (CRWMS |conditions that can represent drift
processes (also see FEP 2.1.06.05.00). - - [M&O 2000h). collapse. Probabilistic descriptions of
‘ o rock size and rockfall frequency are
Note that this FEP also encompasses FEP: ebs " |provided for use in engineering design
# 3 from EBS FEP AMR Rev00, Table 3; also analyses (CRWMS M&O 2000¢).
- see FEP 2.1,07.03.00, : : .
2.1.07.04.00 [Hydrostatic [Waste packages emplaced in the saturated zone Free drainage conditions will prevail in
pressure on |will be subjected to hydrostatic pressure in the potential repository (this report,
container.  |addition to stresses associated with the Section 6.2).
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Table 6-9. Inclusion and Exclusion of Features, Events, and Processes Related to the WD&R Model (Continded)_

10 AT 7€0000-AN-SHI"INY

e Excluslo,p f[omi_.TSPA
YMPTER® tosectlon,ln'thfs,
S s O : )
2.1.08.01.00 |Increased |An increase in the unsaturated water flux at the |Increased flux representing the increased flux is oonsidered in models of|
unsaturated |repository affects thermal, hydrological, uncertainty as to future climate change, is|drainage (this report, Section 6.2). Free |
water flux at |chemical, and mechanical behavior of the considered in thermal-hydrologic models [drainage Is expected to prevail in the -
the’ |system. Extremely rapid influx could.reduce (this report, Section 6.3). potential repository.
repository  |temperatures below the boiling point during part
‘ or all of the thermal period. Increases influx
could resutt from climate change, but the cause
of the increase is not an essentlal part of the
FEP.
INEE U e _ -
2.1.08.02.00 Enhanced An opening in unsaturated rock alters the See the UZ PMR for discussion of drift
influx hydraulic potential, affecting local saturation ' |seepage models. The possible presence
(Philip's - |around the opening and redirecting flow. Some |of seepage is included in models for the
drip) of the flow is directed to the opening where itis  |chemical environment (CRWMS M&0O
avaitable fo seep into the opening. : 2000h), and water diversion perforrance
‘ of the drip shield and waste package (thfs ‘
[NFE, UZ] report, Sectlon 6.1).
2.1.08.04.00 [Conden- Emplacement of waste in drifts creates a large | The effects of condensation on the ~ |By analogy to the effects of seepage
g : sation forms |thermal gradient across the drifts. Molsture |chemical environment at the surface of - |during the thermal period, such
on backs of |[condenses on the roof and flows downward the drip shield, is included in current condensation would be Inoonsequenﬁal
drifts through the backfill. ,rmodels (CRWMS MB&O 2000f, Section . |to the performance of the intact drip
o . 6.7), ~ |shield and/or drip shield (this report,
: ‘ _ R : ‘ . |Section 6.3).
2.1.08.05.00 [Flow The invert, consisting mostly of porous, crushed |Unsaturated flow in the invert is includeq
through tuff, separates the waste package from the in thermal-hydrologic models, and the
invert bottom of the tunnel (boundary to the UZ). effects of seepage on this flow are
: oo evaluated (this report, Section 6.3).
Water may flow through the invert, either in its ' : :
intact or degraded state, either in fractures or
lmatrlx porosny
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Table 8-9. Inclusion and Exclusion of Features, Events, and Processes Related to the WD&R Model (Continued)

10 ATY TE0000-AN-SHI"INY

- weMisq)

AT :A, M " 2 g F » R -4
2.1.08.06.00 |[Wicking in Capmary rise, or wicking, s a potential Unsaturated caplllary ﬂow is Included in
waste and |mechanism for water to move through the waste [thermal-hydrologic models for TSPA (this
EBS and engineered barrier system. - |report, Section 6.2), and in models for
drainage (Section 6.2). Capillary
processes are also included in models for
water diversion performance of the drip
shield and waste package (Section 6.3).
2.1.08.07.00 |Pathways _|Unsaturated flow and radionuclide transport may [EBS radionuciide transport models for
- [for occur along preferential pathways in the waste |TSPA are developed using a lumped-
unsatursted {and EBS. Physical and chemical properties of  |parameter approach that accommodates
fiow and the EBS and waste form, inbothintactand ~ |preferential pathways in the invert
|transportin [degraded states, should be considered in (CRWMS M&O 2000h). Breaches in the
the waste evaluatlng pathways, drip shield and waste package are also
and EBS treated as preferential pathways, in an

average sensse that holds for many waste
packages (this report, Section 6.1).
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Table 6-9. Inclusion and Exclusion of Features, Events, and Pfooessee Related to the WD&R Model (Contimjed)A

YMPFEP A,

0qnslderatlons for
-Excluslon from TSPA
! n thls

10 ATA TE0000-AN-SII"INV .

2.1,08.08.00

Thenna! chemlcal and n mechanical processes .

' Coupled prooesses can only decrease

-linduced
hydrological [related to the construction of the repository and the transmissivity of breaches in the drip
changes in [the emplacement of waste may induce changes shield or waste package, and are not
the waste [in the hydrological behavior of the system. considered in these models developed
and EBS . for TSPA (this report, Section 6.1). See
: Note that this FEP also encompasses FEPs: ebs the WP PMR for discussion of material
# 13 and 14 from EBS FEP AMR Rev00, Table degradation modes for the drip shield
3; also see FEPs 2.1.08.08.00. and waste package. The effects of
' minerals and salts that may be
[WFMisc] deposited by evaporation In the invert
- jare limited (CRWMS M&O 2000f,
Section 6.3). See the NFE PMR for
discussion of potential THC effects in
the host rock adjacent to the drift -
openings.
2.1.08.09.00 |Saturated [Saturated flow and radionuclide transport may The EBS outside the waste package wull
groundwater joccur along preferential pathways in the waste remain unsaturated because free
" [flow in. and EBS. Physical and chemical properties of drainage conditions will be maintained
waste and |the EBS and waste form, in both intact and |(this report, Section 6.2).
EBS - |degraded states, should be considered in ' : _
evaluating pathways.
2.1.08.11.00 |[Resatur- [Water content in the repository will increase Retumn of moisture to the EBS
ation of following the peak thermal period. environment is included in thermal-
|repository hydrologic modets (this report, Sectlon :
[NFE) 6.3). '
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Table 6-9. Inclusion and Exclusion of Featutes, Events, and Processes Related to the WD&R Model (Contipued)

51.08.92.00

Analysis indlcates that drainage capaclty

Drainage Norma! functioning of dramage in the drifts is not
with established, so how drainage will change if will be sufficient to handle extreme
Transport - |fractures are plugged is unclear, Suggestions - seapage into the drifts (this report,
Sealing and [include ponding until fractures in the wall are Section 6.2).
Plugging  |[reachiéd by the water level or until there is
sufficlent head to clear the fractures,
2.1.08.13.00 brains Water accumulation in the drift would wet the _|Engineered drains are not included in
invert materials, possibly pond, and provide a the current design (this report, Section-
confinuing source of water vapor beneath the 8.2).
drip shield and backfill for interaction with waste :
. |packages and their supports. Engineered drains
" lare a consideration for mitigating such water
accumulation and ponding
2.1.09.12.00  |Rind Thenno-chem!cal processes involving - [The potential for changes in properties
' (altered - |precipitation, condensation, and redissolution of the crushed tuff invert, caused by
20n8) alter the properties of the waste, EBS, and the {local avaporation, s fimited (CRWMS
formation in |adjacent rock. These alterations may form a - IM&O 2000f, Section 6.3).
waste, EBS, |rind, or aftered zone, in the rock, with :
“lamd hydrological, thermal, and mineralogical
|adjacent  |properties different from the current conditions.
rock

[NFE, WFMisc)
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Table 6-9. inclusion and Exclusion of Features, Events, and Processes Related to the WD&R Mode! (Continued)

31.11.01.00

“[Heat output/ | Temperature in the waste and EBS will vary

temperature [through time. Heat from radioactive decay will be
in waste andthe primary cause of temperature change, but
EBS other factors to be considered in determining the

o temperature history include the in-situ

al gradient, thermal properties of the

rock, EBS, and waste materials, hydrological
effects, and the possibility of exothermic
reactions (see FEP 2.1.11.03.00).
Considerations of the heat generated by -
" Jradioactive decay should take different

. |properties of different waste types, includmg

DSNE, into account.

Heat and mass transfer processes are T
included in thermal-hydrologic models for
TSPA (this report, Section 6.3).

[NFE, WFMisc] ‘
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Table 6-9. Inclusion and Exclusion of Features, Events, and Pf_ogesses Related to the WD&R Model (Continued)

2.1.11.0400

ture effects/

e

processes in
waste and
EBS

This FEP broadly encompasses all coupled-
process effects of temperature changes within
the waste and EBS. Technical discussions
relevant to this FEP are provided individuafly for
each relevant process. See FEP 2.1.11.01.00 for
a discussion of the temperature history of
repository, See FEP 2.1.11.03.00 fora

‘|discussion of possible exothermic reactions. See

. |FEP 2.1.11.05.00 for a discussion of the effocts

of differential thermal expansion of repostitory

- lcomponents. See FEP 2.1.11.07.00fora -
" |discussion of thermally-induced stresses in the

waste and EBS. See FEP 2.1.11.08.00 fora
discussion of thermal effects on chemicat and -
microbial processes. See FEP 2.1.11.09.00 fora

. |discussion of thermal effects on fluid flow in the

waste and EBS. See 2.1.11.10.00 fora
discussion of the Soret effect.

[WFMisc]

EBS are addressed in the models that
support TSPA (this report, Section 6.3;
CRWMS M&O 2000f, Sections 6.2, 6.3,
6.4, and 6.7).

2.1.11.05.00

Differing
thermat
expansion
of repository
components

Themnally-induced stresses could alter the
performance of the waste or EBS. For example,
thermal stresses could create pathways for
preferential fluid flow in the backfill or through
the drip shield.

we, WFMisc_:]

.Jaccommodate thermal strains. Design

The EBS components are designed to

analyses indicate that the drip shield wili
maintain ‘modeled water diversion
performance through changes in
temperature (this report, Section 6.3).
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Table 6-9. Inclusion and Exclusion of Features, Events, and Processes Refated to the WD&R Model (Continued)

10 AFY TE0000-AN-SHI "INV

31110700

Thermally-induced stress.changes in the waste

Probabilistic descnptnons of rock SIze

- |[Thermatly-

|induced and EBS may affect performance of the and rockfall frequency, for conditions

stress . [repository. Relevant processes include rockfali, - |representing elavated stress and

changes in |drift stability, changes in physical properties of temperature, are provided for use in

waste and |the disturbed rock zone around the repository, engineering design analyses (CRWMS

EBS and changes in the physical properties of the M&O 2000c). No credit is taken for
surrounding rock. ground support (which could be _

impacted by thermal stress especially in
[WFMisc] the post-closure period) in rockfalt
|modets.
2.1.11.09.00 |Thermal Temperature differentials may result in ~[Two-phase flow is Included in thermal-

effects on  |convective flow in the waste and EBS. - {hydrotogic models (this report, Section

liquid or ‘ ‘ . 16.3), such that the indirect effects of such

two-phase [[WFMisc] flow on other processes-are also included

fluid flow in (CRWMS M&O 2000f, Sections 6.2 and

the waste 6 7) .

and EBS :

2.2.07.06.00 |Episodic/ - |Episodic release of radionuclides from the Water diversion and drainage response
. pulse . repository and radionuclide transport in the UZ (of the EBS has been evaluated over a
|release from [may occur both because of episodic flow into  |range of infiltration/seepage conditiions

the repository, and because of other factors (this report, Section 6.1). Increased

repository

including intermittent failures of waste
packages.

Note that this FEP also encompnsses FEP ebs #
|16 from table 3 [see EBS FEP AMR Rev00,
table did not transfer, see FEP 2.2.07.06.00).

vz}

infiltration/seepage associated with
climate change is included in models for
TSPA (this report, Section 6.3). The
radionuclide release and transport -
models developed for TSPA represent
the average response of many waste

|packages (CRWMS M&O 2000h, Section
- 16).




Table 6-10. Key Technical Issue Acceptance Criteria Addressed by the WD&R Model

Subissue  [Crit.#] T Descriptnon (Comments)

COntaIner Life and Source Term KTi

, i 1 The collection and documentation of data, as well as development and documentation
CLST : of analyses, methods, models, and codes, were accomplished under approved quality

(Applicable to all assurance and control procedures and standards. .
6 subissues) , . : S , L
(NRC 1999a) - { (Activities associated with development of this report were determined to be subject to

the quality assurance program as described in the Quality Assurance Requirements
and Description [DOE 2000] document.)

2 Expert elicitations, when used, were conducted and documented in accordance with
the guidance provided in NUREG-1563 or other acceptable approaches.

(No expert elicitation was conducted for this report.)

3 Sufficient data (field, laboratory, and natural analog) are available to adequately define
relevant parameters for the models used to evaluate performance aspects of the
subissues.

(This report together with the other, referenced reports describe ﬁeld. Iaboratory. and

natural analog data that are applied to geological, thermal, mechanica!, hydrological,

. | chemical, and biologlcal characterization of potential repository performance.)

4 Sensitivity and uncertainty analyses (including consideration of alternative conceptual
- | models) are used to determine whether additional data would be needed to better

deﬁne ranges of input parameters. .

' (This report describes a set of sensitivity enalyses designed to address uncertainties.
Where additiona! data could be used to reduce uncertainty in key areas. these needs
are identified as assumptions with to-be-verified status.)

5 Parameter values, assumed ranges, test data, probability dtstnbutlons. and bounding
| assumptions used in the models are

‘technically defensible and can reasonably account for known uncertamhes

(The selection of input data, and the basis for each assumption, are justified in this
i : ' report.)

6 Mathematical model - limitations and uncertainties in modeling were defined and
documented. : o

(Model limitations and uncertainties are identified in this report. where they may have
important implications for use of model results.)

7 Primary and altemative modeling approaches consistent with available data and current
scientific understanding were Invesﬁgated and lhelr results and fimitations considered in .
evaluatmg the subissue.

(Altemative modellng approaches. scoping calculations, and other methods consistent
with current understanding are used in evaluating the subissue.)

8 Model outputs were validated through comparisons w:th outputs of detalled process
: models, empirical observations, or both.

{Mode! validation is documented in this report, following the guidance in AP-3.10Q.)

9 The structure and orpanization of process and abstracted models were found to |
adequately incorporate important design features,’ physseal phenomena, and coupled |
processes.

{The process models developed In this report are considered to adequately represent
important design features and processes.)
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Crit. #
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Subissue Descrlptlon (Comments)
CLST 6 Effects 4 | DOE has identified and considered the effects of drip shields (with backﬁH) on WP
of Alternate lifetime, including extension of the -humid-air corrosion regime, environmental effects,
Features on breakdown of drip shields and resulting mechanical impacts on WP, the potential for
Waste Package crevice corrosion at the junction between the WP and the drip shield, and the potential |
Life and - for condensate formation and dripping on the underside of the shield.
Radionuclide {The thermal-hydrologic environment under the drip shields is a major focus of this
Release (NRC | report. The drip shield is modeled as an functioning barrier throughout the 10,000-yr
1999a) performance period because this is a requirement on the design.) _
. Evolution of the Near-Field Environment KTi
ENFE 1 Effects 3 Sufficient data were collected on the characteristics of the natural system and
of T-H-C on Data & | engineered materials, such as the type, quantity, and reactivity of material, to establish
Seepage & Flow | Model | initial and boundary conditions for conceptual mode!s and samulatlons of THC coupled
(NRC 1999b) .é:ts_tlﬁ- prooesses that affect seepage and ﬂow
ion
(Propemes of engmeered materials and the potential effects from ﬁnes msgratuon on
drainage, are considered in this report. The effect of invert properties on the
environment under the dnp shield, and the potentla! for radionuclide transport, are also
considered.)
3 Not all THC couplings may be determined to be important T performance, and DOE
Integra- | may adopt assumptions to simplify PA analyses. if potentially important couplings are
“tion | neglected, DOE should provide a technical basis for doing so. The technical basis can
include activities such as independent modelmg. laboratory or field data, or sensitivity
studies. )
{This report focuses on sensitMty analyses which provide -a technical basis for
treatment of certain coupled processes, ‘including coupled chemieal processes that
could affect flow.)
1 Appropriate models, tests, and analyses were used that are sensitive to the THC
- | Model | couplings under constderatton for both natural and engineering systems.
Uncert.
{This report considers important changes in EBS performance that could result from in-
drift THC processes, particularly plugging of fractures and the resulting loss of invert
drainage capacity. it also considers the sensitivity of in-drift conditions to seepage
during the therma! period. In other cases, such as the analysis of flow through cracks |
and breaches, no credit is taken for coupled pmoesses that could mitigate the quantity
of water contacting the waste package.
3 Alternative modeling approaches consistent With available data and curent scientif C |
Model | understanding were inveshgated and their results and limitations were appropriately
Uncert..| considered.
{Altemative models oons!stent with current understanding, and model limitations and
uncertainties, are considered in this report.)
4 DOE provided a reasonable description of the mathematical models Included in its
Model | analyses of coupled THC effects on seepage and flow. The description included a
Uncert. | discussion of alternative modeling approaches not considered in its final ana!ysis and
the mitations and uncertainties of the chosen modet.
(A!tematave models consistent with current understanding, and model limitations and
uncertainties, are considered in this report. Models are described using a mathematical
' basis where practicable.)
1 The mathematica! models for coupled THC effects on seepage and flow were
Mode! | consistent with conceptual models based on inferences about . the near-field
Verifica-| environment, field data and natural alteration observed at the site, and expected
engmeered materials.

tion

(Mathemahcal and conceptual models presented in this report are oonsnstent)
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Subissue Crit. # Description (Comments)
2 | DOE appropnately adopted accepted and well-documented procedures to construct
Mode! | and test the numerical models used to simulate coupled THC effects on seepage and
Verifica-| fiow. : P :
tion
(The models described in this report were constructed, tested, and documented using
' accepted and well-documented procedures.)
ENFE 4 Effects 3 Sufficient data were collected on the characteristics of the natural system and
of Coupled Data & | engineered materials, such as the type, quantity, and reactivity of material, in
Thermal- Model | establishing initial and boundary conditions for conceptual models and simulations of
Hydrologic- Juzhﬁca— THC coupled processes that affect transport of radionuclides in the near ﬁeld
on
ghemlcal (Propemes of engineered materials are considered in this report, includmg those that
rocesses can contro! the mode and rate for radionuclide transport in the invert.)
on Radionuclide 2 Uncertainty in data due 1o both temporal and spatial variations in condiions afiecting
Transport Data | coupled THC effects on radionuclide transport in the near field were considered.
Through. Uncert. : : ' :
Engineered and }& Verifi-| (Uncertainty and variability in the temporal and spatial distributions of percolation flux,
Natural Barriers | cation | heat generation, and other variables are considered in this report. Location within the
(NRC 1999b) repository layout is also considered.) .
4 The initial conditions, boundary conditions, and computational domain used in |
Data | sensitivity analyses involving coupled THC effects on radionuclide transport in the near
Uncert. | field were oonslstent with available data.
& Verifi-

1 cation | (The thermal-hydrologic conditions affecting radionuclide transport in the EBS are
analysed in'a manner that is consistent with available data, and with other predlctive
models.)

2 Models reasonably accounted for known temporal and spatial variations in conditions
Integra- | affecting coupled THC effects on transport of radionuclides in the near field.
tion : ' S
{The thermal-hydrologic conditions affecting radionuclide transport in the EBS -are
, analyzed using boundary conditions that account for possible future climate conditions,
| and variation of hydrologic oonditcons and rock properties throughout the repository
layou.)
3 DOE provided a reasonable description of the mathematical models included in its
Mode! | analyses of coupled THC effects on radionculide transport in the near field. The
) JUncert. | description included & discussion of altemative modeling approaches not considered in
' its final analysis and the limitations and uncertainties of the chosen model.
{The thermal-hydrologic conditions affecting radionuclide transport in the EBS are
predicted using a well-documented model. Altemative modeling approaches,
particularly the evolution of thermal-hydrologic modeling in conjunction with field
thermal testing, are considered in this report.)
| ~___Thermal Effects on Flow KTl v
TEF 1 Is the DOE 1.1 Thermohydrologic tests are designed and conducted with the explicit objectwe of
Thermohydrologic| Tech. | testing conceptual and numerical models so that critical thermohydrologic processes
Testing Program, |Accept. | can be observed and measured.
Including Perfor- . :
mance Confir- (The thermal-hydrologic models used to described environmental conditions in the EBS
mation Testing, for this report, are validated by comparison to field therma! test data. The models
Sufficlent To presented in this report also address the sensitivity of environmental conditions to
Evaluate The _processes that have been inferred from, although not necessarily observed dlrectly. in
Potential For field tests.) ‘
Thermal Reflux To| 1.2 | Thermohydrologic tests are designed and conducted with exphcut consideration of TH,
Occur in The Near Tech. | thermal-chemical, and hydrologic-chemical couplings. ‘
Field? (NRC _ Accept. . ,
1999¢c, NRC " (The thermal-hydrologic models used to describe environmental conditions in the EBS
1999d) for this report, are validated by comparison to results from field tests that are designed

w:th explicit consideration for coupled processes.)
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Description (Comments)
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Subissue Crit. #
1.3 | Thermohydrologic tests are designed and conducted at different scales to discemn scale
Tech. | effects on observed phenomena.
Accept. CoL :
(The thermat-hydrologic models used to described environmental conditions in the EBS
for this report, are validated by comparison to results from field tests that have been
performed at different scales up to and including the drift-scale test.)
14 | Thermohydrologlc tests are designed and conducted for temperature ranges expected
Tech. | for repository operating conditions.
Accept. ‘ -
{The thermal-hydrologic model results discussed in this report were validated by
comparison to results from field tests designed to produce temperature conditions
. representing those which are expected in the potential repository.)
1.5 | Thermohydrologic tests are designed and conducted to determine if water reﬂuxes back
Tech. | to the heaters during the heating or cool-down phases of the tests. .
Aooept » )
‘(The thermal-hydrologic models used to described environmental conditions in the EBS
for this report, are validated by comparison to results from field tests that have been
designed to investigate the processes that could cause water to reflux back to the
drifts.)
1.6 | Thermohydrologic tests are designed and conducted to evaluate the possibility for
Tech. | occurrence of cyclic wetting/drying on WP surfaces.
Accept. | . ' . -
{Sensitivity studies documented in this report show the limiting effects of episodic
hydrologic conditions represented by seepage, on temperature, humidity, and
evaporation in the EBS.)
1 17 Thermohydrologic tests are deslgned and conducted to account for all mass and
Tech. | energy losses/gains in the thermal test system.
Accept.
{The thermal-hydrologic models used to described environmental condttlons in the EBS
for this report, are validated by comparison to results from field tests that have been
esigned to control mass and energy fluxes.)
1.8 Thermohydrologic tests are designed and conducted such that the thermal test
Tech. | environment s sufficiently characterized so that uncertainty in property values does not
Accept. | result in unacceptable uncertainty in thermal test results Interpfetabon
(The thermal-hydrologic models used to describe envnronmental oondltzons in the EBS
for this report, are validated by comparison to results from. field tests that have been
supported by measurement of properties for natural and engineered materials.)
1.9 | Thermmohydrologic tests are designed and conducted such that the accuracy in the:
Tech. | measurement of the test environment saturation is sufficient to discem the relative
Accept. | ability of different conceptual models to represent TH processes in heated partial!y
saturated fractured porous media. )
(The therma!—hydrologlc models used to describe environmental conditions In the EBS
for this report, are validated by comparison to results from field tests that have been
. su| by measurement of saturation and humidity.) - '
.TEF 2 Is the DOE 1.1 Sufficient data are available fo adequately define relevant parameters, parameter
Thermohydrologic Tech. | values, and conceptual models. Specifically,  DOE should demonstrate that
Modeling |Accept. | uncertainties and variabllities In parameter values are accounted for using defensible
Approach methods. The technical bases for parameter ranges, probability distributions or
Sufficlent to bounding values used are provided. Parameter values (single values, ranges,
.| Predict the Nature probability distributions, or bounding values) are derived from site-specific data or an
| and Bounds of analysis is included to show the assumed parameter values Iead to a conservative
Thermal Effects effecton performanee ,
on Flow in ' '
the Near Field? {(The parameters and propef'(y values used in this report were developed using
(NRC 1999¢, NRC technically defensible, documented analyses and models. Alternative sets of properties
1999d) represent uncertainty. Conceptual models have evolved from field thermal testing.

Conservatism is clearly identified in the model development.)
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Subissue

Crit. #

Description (Comments)

1.2

Sufficient data are available to adequately define relevant parameters, parameter

Tech. | values, and conceptual models. Specifically, DOE should demonstrate that analyses
Accept. { are consistent with site characteristics in establishing initial conditions, boundary
conditions, and computational domains for conceptual models evaluated.
(The model inputs and constraints documented In this report are eonslstent v.nth site
characteristics.)
21 Models are based on well-accepted principles of heat and mass transfer appliwble to
Tech. unsaturated geologic media. o
- |Accept.
(Models used in this report for heat-mass transfer are bas.ed on accepted principles.)
2.2 | Models include, at a minimum, the processes of evaporation and condensation and the
Tech. | effects of drscrete geologic features
Acept.
(The effects seepage caused by fracture fiow, and. dramage from the drifts through
fractures, are considered in this report.) .
5 Equivalent continuum models are acceptable for the rock matrix and small discrete
Tech. | features, if it can be demonstrated that water in small discrete features is in continuous
Accept. | hydraulic equilibrium with matrix water. Significant discrete features, such as fault
zones, should be represented separately unless it can be shown that inclusion in the
equivalent continuum modet (ECM) produces a eonservat:ve effect on calculated
overall performance. _ _
-} (This report refies on dual-permeability, non-equitibrium thermal-hydrologic models
. | because they have been shown to better represent observations from field tests.)
TEF 3 Does The 3.1 Performance-affecting heat and mass transfer mechanisms, including processes
DOE Total System | Tech. | observed in available thermohydrologic tests and experiments, have been identified
Performance Accept. | and incorporated into the TSPA. Specifically, it is necessary to either demonstrate that
Assessment - liquid water will not refiux into the underground facility or Inoorporate refluxing water into
Adequately the TSPA and bound the potential adverse effects of: (i) corrosion of the WP; (ii)
Account For accelerated transport of radionuclides; and (iil) alteration of hydraulic and transpon ’
Thermal Effects -| pathways that result fmm reﬂuxing water. ,
On Flow? (NRC |
1999¢c, NRC 1999d) (This report focuses on sensitivity testing for the thermal-hydmlogic models used for
TSPA-SR. The effects of therma! refluxing, represented as seepage during the thermal
{ period, on the in-drift environment are evaluated.) .
3.2 | Significant Geologic Repository Operations Area (GROA) underground facility design
Tech. | features, such as the addition of backfill or drip shields, that can result in changes In
Accept. | TSP have been iklentified and incorporated into the TSPA. o
(The EBS process models are consistent with the current conceptual design. Small
differences between the geometry of in-drift features such as the invert and drip shield,
are not expected to produce important differences in performance.)
3.5 | Altemative models and modeling approaches, consistent with available data and
Tech. | current scientific understanding, are investigated; limitations are defined, and results
Accept. | appropriately considered.
(This report-together with companion EBS reports- evaluates sensitivity of the thermal-
: hydrologic models used for TSPA-SR, fo altemative approaches and mode! limitations.)
3.6 | Results from different mathematrcal models have been compared {o judge robustness
Tech. | of results.’ ’
" |Accept. .
. . (Comparisons between different formulations for thennal-hydrologic models are
____| available and support the models presented in this report.)
| 7 .| Sensitivity and importance analyses were conducted to assess the need for additional
-| Tech. | data or information with respect to TEF.
Accept.

(This report-together with companion EBS reports- evaluates sensitivrty of the thermal-
hydrologic models used for TSPA-SR, to altemative approaches and mode! limitations.)
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7. CONCLUSIONS
71 WATER DIVERSION MODEL

Four poten'tia’l flow mechanisms that move the seepage water to the underside of the drip shield,
in the forms of liquid and vapor, through capillary flows and adsorptive condensation are
investigated. These potential flow mechanisms include:

 capillary flow through drip shield connectors;
unsaturated crevice flow due to the interception of ﬁlms on top of the drip shield;
saturated and unsaturated crevice flow due to the impulsive force of dripping; and - ,
film flow and dripping due to adsorptxve condensatlon on the mternal structural' '
reinforcement beams. :

Analyses show that the current drip shield connection: conﬁguration effectively prevents water
from flowing through the apertures between two overlappmg drip shield segments. The open
spaces between the water diversion rings and the axial seismic stabilizers form capillary breaks
that discontinue the hydraulic connections between the upper side and the lower side of the drip
‘shlelds

It is concluded that seepage water enters the emplacement drift primarily through fractures in the
form of pendant drops. Water dripping on the dnp shield form a thin film on the solid surface by
splashing and spreading. Crevices of various sizes will be developed in the drip shield by pitting
and crevice corrosions. The apertures in the drip shield draw water from the thin film due to
capillary suction and gravitational forces. Water content in the crevices can vary from saturated,
to partially-saturated, to not capable of holding water as the aperture sizes increase. For the 20-
mm thick drip shield, it is calculated that the crevices will be saturated when the aperture widths
are 0.687 mm or smaller. Capillary water depth in the crevices decreases to 2.75 mm when
~ aperture width increases to 5 mm. Crevices with aperture width greater than 5 mm are unlikely .

to hold any water as the capillaries break easnly when air becomes interconnected from top to
bottom. :

Saturated crevices act like plugs for the film flow because the capxllary force can support the
,addmonal weight of the thin film. Water will not be released from the underside of the saturated
crevices due to film flow, but only if the water drip directly on the saturated crevices.

Water falling on the drip shield surface results in the conversion of kinetic energy to pressure
energy such as the impulsive force. Depending on the aperture widths of the crevices, water held
in the apertures by capillary force will be unmoved, or partly or completely pushed out of the
crevices due to the impulsive forces. ‘The crévice flows can vary from 0.0 mm*/drop for B; <
0.01 mm to the entire column of water in the capillary for B; 2 S mm. -

Unlike the saturated crevices, unsaturated crevices will release water from the underside of the-
drip shield because of the film flows and dnppmg When unsaturated, film flow on top of the
drip shield will be intercepted by the crevices and pendant drops will be developed on the
underside of the drip shield. The film flow rate equals to the crevice flow rate which depends on
“the crevice locations and orientation in the drip shield. The farther apart the crevice is
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from the drip shield crown, the more water it will intercept. For the seepage rate of 25 mm/yr,
the film thickness is determined to vary from 5 to 6 micro-meters as shown in Figure 6-8 and the
volumetric flow rate as a function of crevice location can be found in Figure 6-7 in Section 6.1.5.

Water vapor molecules will condense to the drip shield surface by chemical and physical

adsorption that create ultra-thin water films. Water adsorbed on horizontal surfaces is immobile
because hydraulic gradients for the flow do not exist. However, water adsorbed on vertical walls
of the internal structural reinforcement beams beneath the drip shield will flow under the
influence of gravity. The film thickens along the downward flow path to accommodate the
increase of mass. Pendant drops will be formed at the bottom of the vertical walls that fall to the
waste packages. The film ﬂow and dnppmg are controlled by the rate of adsorptive
condensation. '

Because adsorption is a function of temperature and relative humidity, the film thickness, mass
and volumetric flow rates, and maximum velocity are calculated using the temperature and
relative humidity histories predicted by the thermohydrologic model. With the temperature -
drops from 94.2 °C to 21.5 °C from year 1,500 to year 1,000,000 after closure, relative humidity
rises from 96.0% to 99.9%. In response, the film thickness at the bottom of the internal
structural reinforcement beams i mcreases from 0.0025 P.m to 0.260 um, the mass and volumetric
flow rates increase from 4.9x10° kg/m/yr to 1.3x10"" kg/m/yr and from 5.0x10? liter/m/yr to
1.3x10"! liter/m/yr, re _Bectlvely Average film flow veloclty increases from less than 6.5x107""
© m/sec to about 3.9x10™ m/ ,

72 WATER DRAINAGE MODEL

)

Water drainage of the drift floor are simulated with a glacial infiltration rate (normalized mean)
for various drainage conditions. The glacial infiltration rate was used to bound the water influx
to the reposnory geologlc system. The heat output from the waste packages was not considered
in order to minimize evaporation and to simulate the flow with maximum water content in the
liquid phase. The THC and THM effects were accounted for by assuming fracture plugging.
Fracture plugging is assumed to extend 3-meters below the drift floor. The drainage condmons

- evaluated mclude _ , v

‘e Unplugged drift floor without sand drain (Case 1);
e Plugged drift floor without sand drain (Case 2); and
. Plugged drift floor with sand drain (Case 3)

For unplugged dnft floor, dramage capactty of the fractures is sufficient for the removal of
seepage water, and the invert is prevented from becoming saturated. Saturation levels in the.
invert are generally low, especially under the drip shield due to water diversion. A drip shield
lobe which is defined as the zone of increased flux rate is evident. The fluxes in the zone
adjacent to the drip shield are increased by a factor of three to four with respect to farfield flow.

The most significant effect due to plugging of the ﬂoor rock is to increase saturation levels in the
invert and the surrounding floor rock. Saturation levels in the matrix of the floor rock are
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increased from 0. 88 to 0 98 or near saturatlon Saturation levels 1 in the mvert increase from 0.15
'to 0.98 or near saturation.

The placement of a sand drain for plugged floor resuits in a s1gmﬁcant reduction of flux rates in
the invert, and the extension of the dry shadow below the rock. Results show an increase in the
absolute value of capillary pressure, and an attendant reduction of saturation level in the invert
directly above the plugged fractures. The sand drain also provides a high degree of capillary
dnven flow in the same wclmty of the drip shlcld lobe.

' With backfill in the emplacement drift, water i is drawn laterzilly into the drift from the fractures in '

the host rock due to the more negative pressure in the backfill materials. It is our belief that

without backfill, the drift opening will function as a capillary barrier for the flow in the host rock -

so water is diverted around the drift, resultmg in Iess water entermg the invert.
73 THERMOHYDROLOGIC MODEL

The line-averaged-heat-source, drift-scale thennohydrolo’glc (LDTH) model used in the
‘Multiscale Thermohydrologic Model was utilized in this study to investigate the influence of
drift seepage on thermohydrologlc (TH) conditions in the EBS, with an emphasis on TH
. conditions on the drip shield and in the invert. The LDTH model was modified so that drift
seepage could be prescribed to occur on the drip shield. Various levels of drift seepage
percentage (0%, 3%, and 30%) were considered for two different geographic locations in the
repository, including one close to the repository center and another close to the eastern edge of
the repository. Three infiltration-flux cases were also considered, mcludmg *“lower”, mean, and
“upper” infiltration-flux cases. ‘

Secpage onto the drip shield has a negligible effect on temperature on the drip shield and in the
invert. Seepage onto the drip shield has a negligible effect on relative humxdxty on the drip shield

and in the invert during the boiling period. The only significant' change is to substantially B

increase the evaporation rate on the drip shield and in the invert. During the post-boiling period,
drift seepage significantly shortens the duration of reduced RH conditions, particularly for the

mean and “upper” infiltration-flux cases, with a smaller influence for thc “lower” infiltration

casc.

. The magnitude of peak temperatures and the duration of boiling conditions are found to increase
with decreasing infiltration flux and with decreasmg proximity to the edge of the repository. The
duration of reduced RH conditions is also found to increase with decreasing infiltration flux and
with decreasmg proximity to the edge of the reposntory ’

Temperature versus relative humidity trajectories are relatlvely unaffected by drift seepage until

relative humidity exceeds 90 to 95%. Temperature as a functlon of relative humidity decreases

with decreasing mﬁltratlon flux.

The liquid saturatlon in the invert is zero during the boiling period. Consequently, the duration of
zero saturation in the invert increases with decreasing proximity to the repository edge and with
decreasing infiltration flux. The period of zero liquid saturation in the invert also decreases with
increasing drift seepage percentage. The magnitude of the final steady-state liquid saturation
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increases with increasing seepage percentage.

The liquid-phase flux in the invert is zero during the boiling. period. After the boiling period,
there is a period during which water imbibes upward into the invert; thereafter, the influence of
gravity-driven seepage overwhelms 1mb1b1txon and the seepage flux drains out of the bottom of
the invert. ,

74 DRIP SHIELD CONDENSATION MODEL

The onset of condensation is controlled more by the amount of séepage imposed on the drift than

" by infiltration at the ground surface. Condensation would start earlier as seepage increases. -
Condensation would also be triggered to form earlier in areas closer to the edge of the repository -
due to an earlier start on the cooling process, as compared to areas close to the center.
Condensation is also controlled by the amount and direction of gas and liquid fluxes through the
invert other than the temperature distribution within the EBS.

7.5 UNCERTAINTY ASSESSMENT

As discussed in Section 6, the sources of uncertainty in the WD&R model mainly include the
variation in infiltration rates, spatial variability in drift seepage rates, waste types and waste

placement locations, heat generation rates, thermal-hydrologic-chemical (THC) and thermal- =~

- hydrologic-mechanical (THM) effects on-host rock fracture plugging, and uncertainties in
corrosion properties for the drip shield. These uncertamty issues are addressed in the submodels
in Section 6 and are summarized below. Uncertainty issues relating to the use of unqualified
data corroborating assumpt:ons are described in Sectlon 7.6. :

For the water diversion model, the major uncertamtles are the spanal variation of in-drift secpage
rates and the drip shield corrosion. Uncertainty in in-drift seepage rates was eliminated in the _
dnp shield water diversion analysis by the use of the maximum seepage rate that could occur at
the repository horizon (Section 5.1.6). The uncertainty in drip shield corrosion was accounted
for by calculating the crevice flow with a wide range of crack apertures, i.e., from fine cracks
- thatresultina caplllaxy plug, to large openings that can pass any amount of water.

'Uncertainties for the water drainage model include the yanatlon in mﬁltratlon rates, the degree
of host rock fracture plugging on the drift floor due to the THC and THM effects, and the effects
of backfill vs. no-backfill. The drainage capacity of the drift floor was evaluated with the
boundmg infiltration rate based on glacial melting conditions and with thc drift floor fractures
varying from no pluggmg to completely plugged :

Sensmvxty analyses were performed in the. thennohydrologlc model to account for the
uncertainties, such as the variation in infiltration rates, spatial variability in drift seepage rates,
waste types and waste placement locations, and heat generation rates. Uncertainties associated
with the drip shield condensation mode! are the same as those in the thermohydrologic model -
and were addressed in the sensitivity analyses. _
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7.6 DISCUSSION OF DTNS AND '-I'BVS

The thermohydrologic information and data within the emplacement drift with emphasis on
conditions on the drip shield and invert are provided as a function of time in Figures 6-34
through 6-57. Appropriate developed data was submitted to the TDMS, this output data was
assigned the following DTN: 'LL000903512342.003. The Water Drainage model part of the
Water Distribution and Removal Model was not repeated for the no-backfill case (Section 1.2).

This document may be affected by technical product input information that requires
confirmation. Any changes to the document that may occur as a result of completing the '
confirmation activities will be reflected in subsequent revisions. The status of the input
information quahty may be confirmed by review of the Document Input Reference System
database. -

There are two To Be Verified (TBV) data reqmrements in this repon This unquahﬁed data
consists of measured thermal and physical properties of crushed tuff invert material and is found -
in input DTNs:GS000483351030.003 and GS000683351030.006. Any changes in this mput data
during qualification will requu'e reproducing the model.

- Other unqualified data was used in the model as the basis for assumptions 5 2 13,5.2.14,5.2.15,

5.3.6, 539, 5.3.13, 5.3.14, 5.3.15, 5.3.16, 5.3.17, and 5.3.18. These were addressed through
bounding calculations or sensitivity analyses. Any changes during data qualification are not
considered to be of a magnitude as to significantly affect model results. .
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Attachment V., Calculatlonl of the Coordmates of the Cmmey Locationé |
Attachment VI. Verification ofSoﬁwaLré Routines CHIM_SURF_TP V1.0

Attachment VI Verification of Software Routine COLUMNINFILTRATION Vi1

Attachment VIIL. Verification of Software Routine RME6 Vl 1 |
Att#hment IX. : Calculatlon of the Normalized Inﬁltratlon Rates

| Attaéhment X Hydrologic and Thermal Propertles of the Overton Sand

~ Attachment XL Computer Files for Water Dramage Model

Attachment XII. Comparison of NUFT Fl_ux Rates_w1th a Closed Form Solution
¢ ‘ for Flow near a Cylindrical Inclusion

Attachment XIIL. Verification of Excel 97 Macro expand
© Attachment XIV. Hydrologic and Thenﬁal Properties of the Invert
Attachment XV. RETC Analysis for the Crushed Tuff Invert

Attachment XVI.  Attached Compact Disk (CD)

*

+
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ATTACHMENTI
Crevice Flow by Interception of Film Flow -
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' A'ITACHMENT l
CREVICE FLOW BY INTERCEPTION OF FILM FLOW

~Section 6.1.5 describes this calcutation and its inputs. Electronic file of this
attachment is saved as "crevice_flow_f.mcd" in attached CD in Attachment XVI.

= 9832~ kg By = 4.665-10"“Pas |
m o
we = 1.0-m ©  R=13m
2 =6
g = 9.80665 ms pum:=10.- m
0= 0,057 .75 |
180 180
Q(e) = qR0-1'm (Equation 6.17)
3 —
3-pyq-RO

(Equation 6.18)

30 - [l

Results
Spot check Mathcad calculations at g =10";/180 -
8110 —l\ = 5.32p.m

I 180)

\ liter
2 e s61—
Q(IO 180'} 5. v

| Results using a calculator at = 10°%/180
5{e)=5.32 ym, and
Q(g)= 567 teryr
(Check)

*

ANL-EBS-MD-000032 REV 01 12

November 2000



wor
-2 §
5 a®
g e
» y
E —
S
0 - . ‘
0 20 40 60 80
o ,
. .
Angle from Drip Shield erwn {degrees)
Figure I-1 Volumetric Flow Rate vs. Crevice Location
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Figure I-2 Film Thickness vs. Crevice Location
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| ATTACHMENT II.
Crevice Flow by Impulsive Force
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ATTACHMENT 1. )
CREVICE FLOW BY IMPULSIVE FORCE

Section 6.1.6 describes the calculation and inputs presented bebw. electronic
_ file of this attachmeht is saved as “crevicd_flow_p.mcd” in attached CD:

.= 0066248 o =0832.K8 . 4665.10°%Pas
m mw -
Puax=22223Pa 1:=2410"%s  At:=15mm
j=1,2..17 we := 3.5.-mm

Table i-1 Input Parameters for Calculation (from Table 6-1') ;

Bj:= Hj = 0j=
0.001 . mm 15.-mm 90.06
| 0.01.mm 15-mm 90.63
0.1-mm 15-mm 96.27
0.2.mm 15-mm| - |102.62
03.mm 1Smm| |[109.12
0.4.mm 15.-mm 115.90
0.5-mm © 15-mm 123.10
0.6-mm | 15-mm 1130.94
0.7-mm 15.mm 139.86
0.8-mm 15.mm 150.89
0.9-mm 15.mm 169.38
10.916- mm 15.mm 180
- I.-mm 13.74mm 180
2.mm 6.87-mm 180
3.mm 4.58-mm 180
4.mm 343.mm}|’ 180
Smm| |2.75-mm 180
Solving Equations

" Paax 2:Gw{1 + cos(8))
pwAt PwitBj
1, 12-py
t Pw(Bj)z

Uo; = =2 ‘ " (Equations 6.22 & 6.23)
. L C )
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Negative velocity implies that the impulsive force is Insufficient:
Uoj = if{Uo; > 0,Uo; 0) to overcome the resistance forces, hence no water flows in the
i ! 37 crevices (See discussions in Section 6.1.6). This conditional
statement is to set negative velocity to zero.

Qj := UojBj-wet (Equation 6.24) :

Vj = Bjw H; . Vjisthe volume of water being held in the capillarity, or the
! maximum flow that could be induced by a drop.

. ‘ Set Q] = Vjifthe crevice flow induced by a drop is greater than. '
Q; = if{Qj> Vj,Vj,Qj) the volume of water being held in the capillarity.

Results

Table 1-2 Capillary Fiow Induced by a Drop

B: Q Y Uoj = : .
. T3 3 m The capillary flow Qjis
mm mm mm s used for graphic
0.001]. 0}’ o] . 0 presentation in
0.01 o] [ " o002 Figure 6-10.
0.1 08] |[5 0.95] .
0.2 24| I 146
0.3 4.1 16 1.63
0.4 57 21| - 1.7
‘[ 05 7.3 26 1.74
-~ 06 87| [31] - [173
07} [104] [37 1176
08 18] - [42] ~ [1.76].
0.9 133 47 1.76
0.916 137 48 1.78
1 15 48 1.79
2 303 48] 18
3] [455 48 18
4 48| [48] - [181

Check the abdw)_e calculations using the integrated equation
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Set parameters

 Puax 20,{1+cos(6))
= P oAt h P w-At-B;j

12y

by = —
pw(B)’

"

The integrated equation for Udj can ‘bev expressed as

(:j'j),(b,-«-mw,-«))

Uoj =
T

Uoj = ' ,

. [52210 4], Set negative velocity equal to zero, the
0.02 velocities calculated using the integrated
0985] - equation are the same as those calculated
1.46 in Table lI-2. ' : T
1.63
1.71 (Check)
1.74

"1.73]

1.76
1.76
1.76
1.78
1.79

1.8
1.8
1.81
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- ATTACHMENT III. |
Thin Film Flow by Adsorptive Condensation
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ATTACHMENT lil.
THIN FILM FLOW BY ADSORPTIVE CONDENSATION

Section 6.1.7 discusses the theory development and equation derivation
presented in the following and the electronic file of this attachment is
~ saved as"adsorptive_film.mcd" in attached CD.

Input thermophysical properties of water ta define interpolation functions.

Data in matrix A include: (0) temperature; (1) saturated vapor pressure;

(2) specific volume of liquid water; (3) specific volume of water vapor; and

(4) viscosity of liquid water.

A = READPRN ("properties.prn” ) ‘
Table -1 Thermophysical Properties of Water ‘

6.11-10 3| 1] 3] 175101

275| 698710 3 1 181.7| 1.652-108
280 9910’3 1 130.4| 1422103
285 0.014 1 99.4| 1.225-10°
290 0018]  1.001]  69.7] 1.0810°

" 265 0.026 1.002 51.94] = 959
300 0.035 1.003 39.13 855

- 305 0.047 1.005 20.74 769
310 0.062] 1.007|  2293] @ 6%
A= 315 0.081 1.009 17.82 631
EE0) 320 0.105 1.011 1388] 677
325 0.135 1.013] 11.06 " 528
330 0172 1.016 8.82 489
335 0217 1.018 709] . 453
340 0271 1.021 5.74 "420
345 0.337 1.024 4683 . 389
350 0416]  1.027 3.845 365
355] | 051 1.03 3.18 343
~360| 0621 1.034 2645 324
ass|  0.751 1.038] 2212 306
373.15 1.013 1.044 1.673 284

Note: Data adopted from Incropera and DeWitt 1996, bage 846
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1) Locate the electronic source file(s) in chO:\DoccentroI\Ecopies\[foldcr by DC trackixig].

2) Locate and move the zip file into the FI'P server by DC tracking number, hative(s).

' 3) Verify electronic source file (native file).

' Items to check:

2)
b)
<)
d)
€)

4) Resolve discrepancies.

2)
b)
c)
d)

e)‘

f)

Headers/Footers

page numbers

first line/last line of each page ‘

hand written notes, get approval before proceeding

electronic file for attachments (TWPs may have scanned attachmcnts)

"

Check the entire document and flag before discrepancy notification.
Prepare discrepancy using Lotus-Notes, no phone calls.

"Give a copy of Lotus-Note and the document to QC'r prior to sendmg to document owner.
Use the following format:

To: [Document Owner]
Cc: Linda Mantor
Subject line: [Document ID},[DC trackmg number]

During the AP-6.1Q Controlied Document Acceptance process (Sectnon 5. 3)
“the following discrepancy was identified: =

* (List discrepancies in this area. Ifm_ore than one, please number them)

Please note that this document is being placed on hold. If the discrepancy is not _
resolved by cob (three days away), the document will be returned to you.

if you have any questions about this issue, please contact’ myself at (your number)
or Linda Mantor at (702) 295-7162. '

Follow up on &ll discrepancies at the begmmng of your shift. Please follow up with a Lotus-Note
and a phone call, cc supervisor on all follow-up botus-Notes .

If you receive no response send a final Lotus-Notes mformmg the Document Owner that their
document will be returned to them, cc supervisor.

5) When discrepancies are resolved, replace electronic source file (native file) m the FTP Server, as
necessary.

6) Pdf using the Document Control Tracking number as the file name. Create one pdf file for the entire
document, unless the document is divided into sections, volumes, books, or have their own tables of
contents. Operator may have to create separate pdf files and merge them into one.

Note: = Pdf creation may be shghtly dlﬁerent on ‘each computer Every effort is bemg made to

unilaterally make pdf creation standard on each computer. Please be patient during this
process. ‘



"“Method 1:

1) With the electronic file opened Select File>Print from the text menu. Once the print dialog appears,
select from the pull-down menu on the Printer Name and select Adobe PDFWriter. Click OK. The
"Save PDF File As" dialog box will appear. Ensure you are in the correct location for the document.

‘ 2) Save the file inlthe O:\DocControl\Ecopies\{tracking number subset, for example 24000]-. Use the DC
tracking number as the new pdf file name. Click Save. Adobe Acrobat will launch,

. m‘mdwhmwmw
’ PROCEDURE
L LUDLUM MODEL 2929 DUAL CHANNEL SCALER
« CALIBRATION, SOURCE RESPONSE CHECK, AND
; " OPERATION -
LP-RP-605-M&0

-hv(s&m..laVO




Method 2

1) If available from any Microsoft soﬁware (MSWord, MSExcel, etc.,) select the Adobe Acrobat PDF
-Maker Icon.

S’hrinosu!l\\'ord NewDuklxmmmrdm: e
> PN Py

(=12 x]
3

3) Several Dialog boxes wrll appear. If you need to stop the PDF process at any time click “Cancel”. The

final dialog box will prompt you for a file name. Insure you are m the correct menu locanon for the
procedure/document you are saving. Cllck “Save.”

Save PDF Fue As
T :
Pecer

5 24030
ie-a24052 -
ﬁm 24179
#1= 24265
24742

R S




Method 3 — (Will be used upon the approval of AP—6 1Q, Revision 6 and the mstallation of new -
Adobe Acrobat 4,05 software.) ,

1) From Windows Explorer locate the electronic files and insure all electronic files, which create the
document, are present in the O:\Document Conttol\Ecoples\[DC Tracking number subsection]\by
DC Tracking number.

2) Open Adobe Acrobat. Create the pdf by click>hold>drag>drop from Windows Explorer to Adobe
Acrobat. The “Open All Transform Status” dialog box will appear. Allow the programto run
uninterrupted. This may take a few seconds to 2 few mmutes dependxng on size and intricacy of
the documcnt .

3) Repéat step 2 for all rerhaining electronic file in the “O” drive.

. 4) If the document require merging several p&fs, go to the Merge Pdfs section.



7) Merge pdfs:

For all Methods used merging the pdf"s created whlch make up the document may need to be done.
Follow these steps.

1.} From Adobe Acrobat, open the first pdf that creates the document. From the text menu select
“Document” . From the drop down menu select “Insert Pages”. The “Select File to Insert” dialog
box will appear. Select the next file to insert. Click “Open“ The “Insert” dlalog box will appear.
Ensure thc file locatlon is setto “AFTER” and the page is set to “Last pa Chck OK

2.) Continye merging until all pdfs are inserted. Save.
. Note: Do not Vmerge files for Pdfs, Which are'extreme'ly large, beyond a 100mb files size, and

are intended to be divided into sections, volumes, books, or have their own tables of
. contents and are directed not to merge.

3) For all documents except procedures and technical work plans “Bookmarking” is mandatory.



7) Create Bookmarks for the PDF file as follows:

NOTE: A bookmark is a Table of Contents that allows hypertext links to connect one instantly to a
section of the PDF file without scrollmg to locate desired information within the document.

a) Open the navigation wmdow in Adobe Acrobat, by clicking the Show/Hide Navngatlon Pane icon on
the button bar menu.

AdoDs Acrosd - (137001

e VORI

c) Select the black text tool from the button menu.

Note: The Button bars appears here on the top and side. Button bars can be moved any where -
on the working screen as the operator so desires.



' d) Withthe blaék text tool selected place curser on text to be used for the bookmark label.

Note: Text on a scan page cannot be select without mnmng “Paper Capture” first. Go to section on
“How to Page Capture

¢) -Bookmarking can still be achieved on a scanned page by selecting the black text tool, placing it on
the page and right mouse click. When the floating dialog box appears select New Bookmark.

S

Black text tool s . o . -—~n-—nm—---—.. ' ',

Bookmark label

Floating dialog box

'

darapaszaeezes g cxs amrp iy f mmnmnmn—rm-nnrﬁ

f) For scanned page type-in the title 6f tbc_dqc'umént for tﬁc first Bookmark. If using highliéhted text
the bookmark label will appear in the “Bookmarks” window automatically.

53 Adahe Acrobet - [21728pdr]

Highlighted text

Floating dialog box

Auto Booluhérk label



g) Continue for each heading in the document. Include header numbering, signature péges, revision
history, summary, disclaimers, acronyms, tables, figures, references and appendices/indexe;

3 Adobe Acrobat - 123129.000

Tabie 1, Bounding and Average Curies per Canis 11
Table 1-1. Curles ACT27, AM241, Am243, C14, Ol‘ e

) Table 2-2. Curles ACTIT, AMM1, AM743,C14,
Table 2-2-1. Curtes Ac22T, Am241, Am243, C14,
Table 2.2-2. Cuvies POH0, Pu238, Pu238, Pu24)

T nmnmnmnmmnm’

h) Indent thé bookmarks by dragging and dropping into place within the bookmark strucﬁxre..



g) ‘the middle). Select blue (all bookmarks and links, within the document, must be blue).

h) Select the Link Tool from the vertical toolbar. Pressing the left mouse button, drag a tight box

i) around the selected text. A dmlogue box will appear. Select Invisible Rectangle in the Type drop-
down

j) -menu. Scroll down to the correct page where the text should link to (i.. If my selected text is .

k) Appendix A, scroll down to the actual Appendix A. This will allow the user to simply click on the -

1) Appendix A link and be transported to the actual Appenchx A page). Select Set Link to create the

m) hypertext link. _
n) Create the hypertext links for the title of the document the content page of the document, the first
0) level sections inside that content page, all figures, all tables, and a link to the appendix. -

p) NOTE: Critical documents receive special treatment and may require additional links. Check with

. Sandi
q) Moore.

1) Scan signature, ECN pages, Blues Sheet or any other pages thh hand wntten notes (Get approval

for hand written pages before scanning.)
5) Merge all pdfs associated to procedme/document
t) Verify pdf against the hard copy -
u) Bookmark all documents. (Do not bookinark planslprocedures ) v
v) Load the pdf onto the FTP Sever, with the exception of procedures.
w) Create a OPDD cover page (splash page)
x) Make copies for Master file, RTN (Q procedure only), CSR, ongmal document to records



Use temperature as the independent variable to def ine mterpolatlon functlons
check interpolation values agamst lncropera and DeWitt (1996, p.846)

Saturated Vapor Pressure
<o> <I> T
Pot(T) -lmterp A e bar

sat(342 K) =0.298bar  (check)

T :=273.15K,274.15K.. 373.15K (0 °C to 100 °C)

, Atmospheric Pressue = | atm
08 -
E . P ool(T) 0.6
g atm
> 04
g
-3
) 02
0 . —
260 284 308 - 332 356 380
X
- Temperature (K)

Figure lll-1 P, as a function of temperature

specific Volume of Liquid Water an;_l Water Vapor o
v o(T) :=linterp (A ) A<z> Tl 103 m3 |
v K kg A

. T] o’
v (T) = hntcrp[ (a<0> ),f” E]%
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Va(342K) = 1.022x 107 m’kg” (check)

v(342K) = 5317m’kg’’ ~ (check)

Absolute Viscoslty of Liquid Water

S @) @ T, 65 5
(D) := linteng (4©@), A RN

P(342K) = 4076x 107N~ (check)

Ca!culate_ density of liquid water and water vapor -

pwll) =
v vu(T)
M= —=
Pl = w(l)
A Define other Constants ' N
A =10 "m
-~ 10 I
Angstrom:= 1 g R = 461.8.——
gstrom:= 10 -m ek
B = 25.mm (CRWMS M&O 20009g)

Define atmospheric pressure for analysis
P = 1.0.atm
Input free water diffusion coefficient at standard condition ,
2
= 2.13.10° 3.0 (Ho, 1997, p.2665) .
L 3

Calculate binary diffus:vity as a function of temperature
(Equation 6.37)

1.013-105-Pa),.£ T \'*

Dag(T) := D,.¥
53(1) ‘-’E 213.15K )

" ANL-EBS-MD-000032 REV 01 114
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‘Calculate adsorptive film thickness on horizontal surface (Rearranged from Eq. 6.26)

S(RH) :=—*__ RH:=0.20,0.21..0.99

In(RH)

4
!

Film Thickness (Angstrom)
2
g

0.2 0.36 0.52 0.68 0.84 1

Relative Humxdny

Figure -2 Film Thickness as a Function of Relative Humtdlty without
the impacts of gravity and hydrostatlc pressure

Spof check the validity of Equation 6.44 by comparing fi flm thicknesses on vertical and horizontal
- walls,

Rationale: On vertical walls, the thickening of film due to gravity is minfmél when x is small, so
that the film thickness shall be close to that on hoﬁzontal surface. Set x=1 mm; relative humidity

=98% and temperature 60 oC for the calculahon

x‘:= I'mm
RH:=098 T:=60K+273.15K
- Estimated film thickness
5(0.98) = 49.49831645Angstrom (Film thickness on horizontal surface)
§:=49.40831626MAngstrom  (guess value for solving Equation 6.44)
Solve Equation (6.44)
[ 5 y )
, 5 Bg?
-3 Bo{TYD AR(T)P ot (T)x
f{x,5,RH, T) := root _ 2 ggfao. | P DAR D Peu 10"
| 2 Pu{TVE (PudT)~ p(T))RT
e .3 - R}i . .
Ld0.
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f(x,5 ,RH,T) = 49.498328 Angstrom

The film thickness ¢(x,5 ,RH, T) =49.498328 Angstrom on a vertical wall atx=1 mm
essenhally equals tog =49 49831645 Angstrom on a horizonta! surface. (Check)

Calculate film thickness, mass and volumetric flow rates, and average velocity

at the bottom of the internal structural reinforcement beams (vertical wall at x = 80 mm)
using the temperature and relative humidity histories for drip shield after 1,500 years from
the Thermohydrologic Mode! (Section 6.3, Figure 6-34 for the L4C4 .

"

location, 56 MUT/acre, mean infiltration, 0% seepage).

Mass Flow Rate (Equation 6.35)

M(x yO

V(x,5 ,RH,T) =

,Rﬁ,T) =

Pwm’g'(Pw(n - Pvm) 'f(xns ’RH’T)s

3-u0(T)

Calculate Volumetric Flow Rate from the Mass Flow Rate

‘M(x,5,RH,T)

[ w(n

Average Velocity (Equation 6.45)

U(x,5,RH,T) =

g{pw(D - pv(0)-(x,8,RLT)" |

pw(D)

3

Input the temperature and RH histories for drip shield

Table lll—2 Drip Shield Temperature and Relative Humidity Hlstorles

TEDS =

{ 1500
2000
3000
4000

7000
10000
30000

5000 -

L 1000000 21.5 J

94.2|\
87.8
78.1
72.0
664
58.3
50.2
30.5

(Figure 6-34, 0% seepage)

RMDS =

- ANL-EBS-MD-000032 REV 01

( 1500
2000
3000
4000
5000
7000
10000
30000

10978
.0.980

\ 1000000 -0.999

0.960'\
0.971

0981

0.983
0.985
0.99

November 2000



x:=90'mm (flow distanct at bottom of internal structiiral reinforcement beam)

1:=0..8

Sguess (RH, T) :=— A -1.01 (guess values for solving Equation 6.44)
In(RH) ' : B

‘Film := f(x,sgucss (RHD§ ,»TEDS, 'K+ 273.1sx),mmq' ,» TEDS, 'K+ 273.151()
Mass i:=M(x,l-'iqu,mn)sl ;» TEDS 'K+ 273.15K) '

Volume := V(x,Filxr},RHDSl ,TEDS, 'K+ 273.151()

Velocity, := U(x Film, RHDS, ,, TEDS, 'K+ 273.15k)

Results

Plot temperature vs. relative humidity at Drip Shield

1007

80

0.95 0.96 0.97 058 0.99 1
i A\l l
Relative Humidity

Figure I1I-3 Temperature vs. Relative Humidity at Drip Shield

' ANL-EBS-MD-000032 REV 01 | -7

. Novmba 2000



L1 Drip Shield Film Thickness

116

Film

100

Film Thickness (Angstrom)
I %

.95 0.9 097 098 099 1
’ _ RHD§,,
Relative Humidity .
Figure I1I-4 Film Thickness as a Function of
Relative Humidity
Drip Shield Mass Flow Rate

( 0: V | - | » /
' |A-u‘)" : — /

I-lo:: ' /
1 -|:.1 — v j
14 /

-g
1-10 [

- Mass Flow Rate (kg/m/yr)
|2ke|3
5

110°

‘RHDS
Relative Humidity

| Figure I1I-5 Mass Flow Rate as a Function of -

Relative Humidity
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‘Drip Shield Volumetric Flow Rate .,

0.1 : _
001 - /
- 1a0°? I - _ — /
" Volumg 116 ‘ /
=" 110° ‘ —
10— _ : / =
1107 ' - ‘/

110 ——

VolumetricFlow Rate (litter/m/yr)
H
[~

9
110" 605 096 097 098 099 1

Relative Hmmdxty
Flgure I11-6 Volumetric Flow Rate as a Functlon of
Relative Humidity

Average Film Flow Velocity

1-16° -

| ommIToIoITTnL Tl /

1.10° |- ; ——— /

1107 |- el Ve SO SRR Fnvi o S
Velocity, e LU /

Average Film Flow Velocity (m/sec)

= 10t}
1107
110 — B
10" o.;s 0.96 097 098 0.99 1

RHDS 4
Relative Humxdxty
Flgure I11-7 Average Velocity as a Function of
Relative Humldlty

The Figures above show that as temperature drops, relative humidity rises in the drift that creates
~ a stronger driving force for the adsorptlve condensation. Asa result, the film thickness, flow rate
and average velocity increase.
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ATTACHMENT IV
Verification of Software Routine COVER V1.1
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VERIFICATION OF SOFTWARE ROUTINE COVER V1.1
ROUTINE IDENTIFICATION

Cover Version l 1. Initial issue of routine. This routine was developed using MatLAB
v5.3.0.1083 (R11). The source code for thns routine is cover.m. All the files are provided in
_attached CD in Attachment XVI). :

It should be noted that repository layout parameters, which include the footprint as discussed in
Section 1.3 represents the repository design in effect at the time this model was under
development. The parameters are the best available information for modeling purpose. As the

design of the repository is advanced, parameter changes will be evaluated for thelr effect upon
the models during future revisions.

ROUTINE PURPOSE AND VALIDATION

‘The purpose of this routine is to develop a block model of the repository from information
contained in dftl.dat (Attachment XI), which is listed in Table IV-2. The output of this routine
_contains the edges of the block model in the file shapel dat (Attachment XI) which is listed in
“Table IV-1. The resulting reposxtory block model is intended to have a similar area to the
original layout.” The block model is used to develop infiltration rates over the repository
footprint. Range of validation: this routine is limited to developing a block model from
information in the file shapel.dat (Attachment XI). Validation is achieved by verifying that the
objective of the code (i.e., similar footprint area) was achieved. The area outlined in dftl.dat
(Attachment XI) is calculated and compared to the area contained in the block model
(shapel.dat). .

Table IV-1. Area of Repository Block Model

__Location ID Easting Northing - ‘Equation I-1
A 171368.06 : 235822.06 4303809
B 170422.51 ‘ 235872.29 -121804376
Cc 170343.91 234392.62 -125402076
D 170205.80 234399.95 : . =195268392
E 170083.53 232098.24 -196365687
F 170221.63 ' 232080.90 -~28610852
G 170204.16 231762.08 -32257943
H 171149.71 231711.85 347432200
A 171368.06 235822.06 352179357

Total Area: 4216139

The exact area of a solid by coordinates is found by the following equation:
Area = ‘5"[-‘1()’2 = Ym) Xy =y +.. 5, "J’(,',.l))] | (Eq. IV-l)

where: :
Area -area enclosed by coordinates
X  -xcoordinate
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y -y coordinate .
n -last point of figure
Source: (Hartman, H. L. 1992, p. A-37)

The routine is verified by finding the area of the repository using Equation IV-1 and visual
inspection of the original and derived boundaries of the repository. The routine predicted an area
0f 4,216,139 fi* (see Table IV-1), and the actual area is 4,310,041 fi* (see Table IV-2). This is.
an’error of less than three percent.  This documents the accuracy of the output of this routine.
The visual inspection result is presented in Figure IV-1. As indicated i in Figure IV-1, the derived
boundary closely follows the original boundary.
5 ,

2.36 x10 Y

B — A

L)
A

2355

235} - -] -

2.345}F D, ’ C _ . ._.'

2335} ! - |-

- 233 o ' | , n

2.325

- 232

315 —
23 1.7 1705 1.7 1.715

‘x10°

Note: The dotted line is from the drift endpoints in the file dft1.dat (Attachment Xl) and the solid line is from the file .
shape1.dat {Attachment XI).

Flgure IV-1. Repository and Repository Block Model
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‘Table IV-2. Calculation of Actua! Area of Repository (unit inft®)

East Boundary

Calculation Using Equation I-1

West Boundary:

Northing -_Easting Northing - ‘Easting East pts West pts
235997.80 170544.61 235732.05 171362.51 - 19825811 26327279
235964.55 170515.90 235690.53 171359.24 -8505333 10680821
235898.04 170458.47 - 235607.39 171353.01 -12019879 14298552
235823.52 170425.70 .235523.64 171348.62 -13295761 14349590
235742.01 17041444 235439.90 171344.23 -14059191 - 14348366
235658.52 170409.28 235356.16 171339.84 . -14227471 14347998
235575.03 - 170404.11 23527242 17133546 -14227039 14348488
235491.54 170398.95 235188.67 171331.07 . -14226608 14348120
235408.05 170393.78 235104.93 171326.68 -14226177 14346896

235324.56 170388.62 235021.19 171322.29 -14225746 14346529
235241.07 170383.45 234937.45 171317.90 -14238945 14347018
235157.42 _170378.77 234853.70 171313.51 -14259851 14346650
235073.68 170374.38 234769.96 171309.12 -14267151 14345426
234989.94 170369.99 234686.22 171304.73 -14267635 - 14345058
234906.19 170365.60 234602.48 171300.35 -14267267 14345548
234822.45 170361.21 - 234518.73 171295.96 -14266048 14345180
234738.71 170356.83 234434.99 171291.57 -14265681 14343956
234654.97 170352.44 234351.25 - 171287.18 -14266165 14343588
234571.22 170348.05 234267.51 171282.79 -14120150 14344077
234489.19 170338.41 234183.76 171278.40 -13495061 14343710
234412.77 17031148 234100.02 171274.01 -12918977 14342486
234337.48 170281.06 234016.28 - 171269.62 -12819610 14342118
234262.20 170250.64 233932.54 171265.24 -12817319 14342608
234186.91 170220.23 233848.79 171260.85 - -12985250 14342240
234109.63 170195.85 233765.05 171256.46 -13568021 14341016
234027.47 170186.69 . 233681.31 171252.07 -13998706 14340648
233945.12 170178.03 - 233597.57 171247.68 -14015012 14341137
233862.76 170169.37 233513.82 171243.29 -14014298 14340769
233780.41 170160.72 233430.08 171238.90 -14013586 14339545

233698.05 170152.06 233346.34 - 171234.51 -14013724 14339178
23361569 | 170143.41 233262.60 171230.13 -14012161 14339667
233533.34 170134.75 233178.85 171225.74 -14011447 14339300
- 233450.98 170126.10 233095.11 171221.35 | . -14010735 14338076

233368.63 170117.44 - 23301137 - 171216.96 - -14010022 14337708
233286.27 170108.78 232927.63 - 171212.57 - -14010159 14338197
233203.91 170100.13 232843.88 171208.18 -14008596 14337829
233121.56 17009147 232760.14 171203.79" -14007883 14336605
233039.20 | 170082.82 232676.40 171199.40 -14007171 14336238
232956.85 _170074.16 232592.66 171195.02 -14006457 14335871
232874.49 170065.50 232508.92 171190.63 -14006595 14336359
232792.13 170056.85 23242517 171186.24 -14317086 14335892
232706.11 170069.48 232341.43 171181.85 -14949079 14334768
232616.32 170073.70 232257.69 171177.46 . -15270918 14334401
232526.53 170087.83 232173.95 171173.07 -15272195 14334889
232436.74 170102.15 232090.20 171168.68 -15273472 14334521
232346.95 170116.37 232006.46 171164.29 -16274749 14333298
232257.16 170130.59 231922.72 17115991 -15276026 14332931
232167.37 17014481 231838.98 17116552 | -15277302 - 14333419
232077.58 170159.03 231755.23 . 17115113 - -15277729 14333051
231987.80 |- 170173.25 231671.49 171146.74 -15279005 14331828
231898.01 170187.47 .231587.75 17114235 -11461275 10748595
231853.11 170194.58 231545.88 171140.16 ~29965309 -22706876
v SUM: -7.09E+08 713361262
Total Area: 4310040.8
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CALCULATION -OF THE COORDINATES OF THE CHIMNEY LOCATION S

The repository block model developed in- Attachment IV, shapel.dat (see Figure IV-1), is
divided into 31 sections. The block model is composed of a rectangle with a smaller rectangle
attached to the southern half of the west boundary of the repository. The 31 sections of the block
model are derived by dividing the block model into 4 columns with seven rows, plus one
“additional column (3 rows) in the extension on the southwest side of the repository. The location
for the center of each chimney is presented in Figure V-1. The process of calculating the
coordinates for the 31 chimney locations is described in tlus Attachment. All the files are
provided in attached CD in Attachment XVI. '

The coordinates for the 31 chimney locations denved from the reposxtory boundary comer points -
(shapel.dat) were calculated based on transformation of the coordinate system (See Figure V-1).
The calculation was included in the Microsoft EXCEL 97 spreadsheet file repository shape
V1.0.xls (Attachment XI). The six steps used in the calculation are described below.

Stepl: calculate the coordinate of the origin (Pomt O in Figure V-1) for the transformed
coordinate system (XY in Figure V-1).

“The coordinate of Point O (Xo, Yo) was calculated as the intersectlou point of line GH and line
DE. The coordinate of Point O was calculated as Eastmg of 170,066.1 and Northing of
231,769.4.

Step 2: calculate the angle o for the rotation of the coordmate system (see Figure V-1).

Angle o was calculated based on the ooordmat&s of Pomt G (XG, Yg) and Point H (XH, Yu)

using the equation: 7 _
T Xy -Xg))

The angle was calculated as —3.04°,

'Step 3: obtain the transformed coordinates for the reposntory boundary corner pomts based on the
coordinate transformation equation. -

The transformed coordinates for the repository boundary comer points were obtamed based on
the following equation:

x'l | cosa sina o X%
y | -sina cosa| | ¥~y
The transforr_ned coordinates are tabulated in Table V-1.

Step 4: calculate the spacings between the chimney locations.
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The spacings between the chimnéy location were calculated as follows:
‘Se=Lou/d
Syp= LdH /5
where
Sy is the spacing along X’ axis for Rows 1,2,3 and 7 (L1, L2, L3, and L7, see Figure V-1).
Sy 1s the spacing along X* axis for Rows 4, 5 and 6 (L4, L5, and L7, see Figure V-1).
Sy-is the spacing along Y axis for all Rows (L1 to L7, see Figure V-1). ‘

Step §: calculate the coordinates (in X’Y‘ coordinate system) for all the chimney locations.

The coordinates for all the chimney locatlons were calculated based on the spacmgs obtamed in
Step 4. The coordinates in X’Y” are presented in Table V-2. :

Step 6: obtain the coordinates (in original coordmate system) for all the chxmney locatnons based
“on the coordmate transformation equation.

The ongmal coordmates for the chnmney locatlons were transformed based on the followmg
equation:

| x cosa -sina| {x'| |x, |
| ) ={ . ] +
, ' 1y sina  cosa y yo
The ca!culated coordinates for all the chimney Iocatlons tabulated in Table V-3. The coordinates are

- included in an ASCI! text file column.data (Attachment XI). -

Table V-1. Repository Boundary Corner Points Coordinates in X'Y’ Coordinate System

Location D . B 4 Yy
A - 1085.2 4116.0
B 138.3 4116.0
C 138.3 ~ 26342 .
D 00 - 2634.2
E 00 . ~ 320.3
F 138.3 329.3
G 138.3 X
H 1085.2 0.0

+
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- Table V-2. Coordinates of Chimney Locations in XY’ Coordinate System

Chimney Location ID x y
7c4 256.7 294.0
i7¢3 4934 294.0
17c2 730.1 294.0
17c1 966.8 294.0
16¢5 108.5 882.0
16¢4 325.6 - 882.0
16c3 542.6 882.0
16¢2 759.6 882.0
16¢1 976.7 882.0
15¢5 108.5 1470.0
15c4 325.6 1470.0
15c3 5426 1470.0
15¢2 7596 1470.0
15¢1 976.7 1470.0
14¢5 108.5 2058.0 .
4c4 3256 2058.0
14c3 542.6 - 2058.0
4¢c2 759.6 2058.0
4c1 -976.7 2058.0
13c4 256.7 2646.0
13¢3 493.4 2646.0
13¢2 730.1 2646.0
13¢c1 966.8 "2646.0
12c4_ 256.7 3234.0
2c3 4934 32340
12c2 730.1 3234.0
12¢c1 966.8 3234.0
11c4 256.7 3822.0
11c3 4934 3822.0
11c2 730.1 3822.0

966.8 3822.0

11¢1
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Table V-3. Coordinates of the Chimney Locétions

Chimney Location ID Easting Northing
- [Ich 170338.0 232049.4
T7c3 170574.3 2320368
17c2 170810.7 232024.3
~7ct 1710471 '232011.7
16¢5 170221.2 2326444
16¢c4 170437.9 . 232632.9.
16¢3 170654.7 2326214
l6c2 1708714 232609.9
16¢c1 171088.1 - 2325984
15¢5 170252.4 .233231.6
15¢4 1704638.1 233220.1 .
15¢3 170685.9 233208.6
15c2 170902.6 2331971
15¢1 171119.3 -233185.5
4ch 170283.6 233818.8
14cd 170500.3 233807.3
4¢3 - 170717.1 - 233795.7
l4c2 170933.8 . 2337684.2
l4c1 171150.5 233772.7
13c4 170462.7 - 234308.1
. 13¢3 170699.1 234385.5
13c2 170935.5 - 234373.0
3¢l 1711719 234360.4
2c4 170493.9 234985.3
12¢c3 170730.3 234972.7
12¢2 170966.7 234960.1
12¢1 171203.1 234947.6
11c4 170525.1 235572.4
! 11c3 170761.5 235559.9
11c2 170097.8 235547.3
11c1 171234.3 2355348 .
V-5
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Figure V-1. Chimney Locations
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ATTACHMENT VI |
Verification of Software Routine CHIM_SURF_TP V1.0

3
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VERIFICATION OF SOFTWARE ROUTINE CHIM SURF TP Vl.0

ROUTINE IDENTIFICATION

Chim_Surf TP V1.0, Initial issue of routine. The routine was 'dew)eloped and compiled usmg
Fortran Version 77 SC4.2. The source code is chtm _surf TP.f All the files are provided in

~attached CD in Attachment XVI.

ROUTINE PURPOSE AND VALIDATION |

The purpose of this routine is to calculate the temperature and pressure at a given location using |

the inverse distance cubed method (For appropriateness of using the inverse distance cubed
method, refer to Isaaks and Srivastava 1989, p.258). The specific input files used for this
calculation are: tspa99_primary_mesh, which is a renaming of UZ99_3_3D.mesh (see Figure 3-
1), bes_99.dat, and column.data (Attachment XI) The inverse distance cubed function is:

)
Z:AV"? ' _
y=—7" © (Eq. VI-1)

2:12‘_3" A

where: » ,
v -Value of interest at a given point
Vi -Value at point i, d; meters away
d; -Plan distance between points.
n -Number of points in data set

Documentatlon of the accuracy of this routine is in the form of a test case. The test case is the
‘mterpolatlon of temperature at an arbitrary location (170000N, 230000E) given five temperatur&s

at various locations. The hand calculation that verifies the accuracy of the test case is in Table

VI-1. Due to the reduction in file size and format minor changes were made to chim_surf TP

. V1.0 in order to execute the test case. The modified source code (chim_surf bc_tst, j) is in

Attachment XI and is used to execute the test case for chim_surf TP.f. The input file  for the test
case is chim_test and the output file is chim_out (Attachment XI).
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Table VI-1. Calculation of Temperature Usmg Inverse Distance Method

Northing Easting - 1I(d|stance ) Temperature T (dlstance’)

169338.601 236623.643 3.39808E-12 14.27 4.85048E-11
172705.438 230904.031 ~4.30854E-11 18.62 8.0225E-10

. 168909.656 233244.625 2.49348E-11 17.00 4.23892E-10
171465.806 237975.359 1.87545E-12 16.89 3.16763E-11.
172320.452 237217.733 _ 2.29468E-12 17.53 4.02258E-11
1/d*3 Sum: 7.55894E-11 Ty#d*3 Sum: - 1.34655E-09

Estimated Tempera!ure {T/dA3 Sum/ 1/d*3 Sum): "~ 17.8140

Note: The Northings and Eastings were randomly selected from UZ99_3_3D. mesh (Attachment Xl).
The Temperatures were randomly selected from bcs_99.dat (Attachment X
The distance is between each point and the reference location.

The fest case was run and the predicted temperature is 17.8140 °C (Attachment XI, file

chim_out). This documents the accuracy of this routine for predicting temperature and pressure
at given pomts :

ANL-EBS-MD-000032 REV 01 ’ - VI3 November 2000




ATTACHMENT VII
Verification of Software Routine COLUMNINFILTRATION V1.1
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VERIFICATION OF SOFTWARE ROUTINE COLUMNINFILTRATION V1.1

ROUTINE IDENTIFICATION

ColumnInfiltration V1.1. Initial issue of routine. This routine was developed and compiled
usmg C++ vsc4.2. The source code for this routine is columninfiltration.c All ﬁles are provided
in attached CD in Attachment XVI.

ROUTINE PURPOSE ANI) VALIDATION

The purpose of this routine is to calculate the infiltration at a given location using Gaussian
interpolation method (For appropriateness of using Gaussian interpolation method, refer to,
Isagks and Srivastava 1989, p.208 Kitanidis 1997, p.54). The specific files used for this
calculation are: Glaciall NV, GIacnalmNV Glacialu.NV (Attachment XI). Thc Gaussian
weighting function is:

=0 L-w - EaVID
thre ' o
' ]
! - Scale
W=e (Eq. VII-2)
~ where I = Interpolated infiltration
' I = Value at point i, d meters away
D; = Plan distance between points.
n = Number of points in data set

W = Calculated weight assigned to each value (W=Wi)
-Scale = Effective radius of influence (Scale = 20ft).

Documentation of the accuracy of this routine is in the form of a test case. The test case involves
the interpolation of the infiltration rate at an arbitrary reference location (242000N, 168000E)
given infiltration rates at five various points. The input files for the test case are
columninfi ltration_tst.NV and columninfiltration_tst.dat (Attachment XI). The output file from '
this test case is colummnf Itration_tst.out (Attachment XI). Thc hand calculation that venﬁcs the
accuracy of thc test case is in Table VII-1. ' :
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Table VII-1. Calculation of Infiltration Using the Gaussian Method -

 Northing Easting  Weight _ Infiltration W, * Infiltralton,
168192.021 242645.935 1.300E-79 ’ 1.94718 2.532E-79
168222.029 242645.830 9.530E-82 1.23309 1.17517E-81
168252.037 242645.725 . 3.399E-84 0.00 0
168282.045 242645.621 - 5899E87 0.45 2.67267E-87
~ 168312.053 242645.516 4.981E-90 . 0.54 ' 2.68959E-90
Weight Sum: 1 30968E-79 ' W * Infiltration Sum: 2.54331E-79
Estimated Temperature (W * Infiltration Sum /Weight Sum): 1.941933

" Note: The Northings, Eastings, and infiltration rates were selected from Glaciall. NV(Attachment XI)
The weight is found using Equation VII-2.

The test case was run and the predicted infiltration rate is 1.941933 (Attachment XI-

columninfiltration_tst.out).
_ infiltration rates at given points.
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VERIFICATION OF SOFTWARE ROUTINE RME6 V1.1

'ROUTINE IDENTIFICATION

rme6 V1.1, Imtlal issue of routine. This routine was developed and complled using C++ vsc4 2.
The source code for this routine is rme6.c All files are provided in attached CD in Attachment
XVI. '

ROUTINE PURPOSE AND VALIDATION

The purpose of this routine is to reformat and combine the. files tspa99 primary_mesh and
UZ99_3.grd (Attachment XI) to a format that is readable to YMESH V 1.53. As shown in
Figure e3-1, tspa99 primary_mesh is a renaming of UZ99 3_3D.mesh. The output of this routine
is the file LBL99-YMESH (Attachment XI). -This routine is verified by visually inspecting the
file LBL99-YMESH file. The upper block of LBL99-YMESH is essentially the same as the mesh
file tspa99 primary mesh with the format modified. The lower block of LBL99-YMESH is the
‘repetition of the vertices file UZ99_3.grd with modified format.
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Calculation of the Normalized lnﬁltration Rates
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CALCULATION OF THE NORMALIZED INFILTRATION RATES

The calculated mﬁltratlon rate in the modeled reposnory is different from the average infiltration
rate in the actual repository. To offset this difference, the infiltration rates at the 31 focations are
normalized (Table IX-1). The normalized infiltration rate is the product of the estimated
infiltration rate and a normalization factor. The normalization factor is the quotient of the

“average normalized infiltration and the actual infiltration. The average normalized infiltration is
the average of the estimated infiltration at the 31 block element locations (Attachment XI, *.ous).
The average actual infiltration is included in the output from ConvertCoords V1.1 (files:
Glaciall_convert, Glacialm_convert, Glacialu_convert). All files are provided in attached CD in
Attachment XVI.
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Table X-1.

Interpolated and Normalized Infiltration Rates

Interpolated Glacial Nomalized Glacial
] Low Mean Hi Low- Mean Hi
f7cd 0.278 3.684 7.090 0.392 $.211 10.031
T7ca 1.611 13.020 24.530 2.131 18.418 34.705
7e2 1,731 15.849 29.967 T 2442 22,420 42.398
el - 0.848 4.958 9.067 1.196 7013 12.829
18¢5 7.645 21.725 . 35.004 10.785 30.732 50.657
16cA 1.476 33.842 66.208 2082 47.672 03.674
16c3 2623 11.716 20.810 3.700 16.574 ~29.442
6c2 1.824 "~ 7.766 13.708 2573 ~10.986 19.305
et 1617 10.660 19.702 2.281 15.079 21.875
5¢5 6.474 21117 35.760 9.134 29,872 50.594
15c4 2157 42.583 83.009 3.043 60.237 117.443.
15¢3 ~4.085 14.103 24.140 5.735 19.949 34.154
15c2 3.604 19,155 34.708 "~ 5.085 27.097 49.103
5¢1 0.084 0577 1.071 0.118 . 0.816 1515
HcS 2.536 14.289 26.043 3577 20.214 36.847
Wcd 1412 29.690 57.967 1.992 41.998 82.014
) 3515 27.330 50.745 5523 38.660 73.795
4c2 1.910 19.740 37.570 2,604 27.923 53,155
el 2.349 13.348 24,348 3314 18.881 34,448
13c4 3.505 45.970 88.435 4944 65.028 125.120
13c3 0.636 2.965 5.293 0.897 4194 7.489
1362 0.163 0.899 1.634 0.230 1211 2312
13ei 1.269 19.001 36.912 1.791 27.005 52.224
12cA 6417 41,445 76.473 - 9.052 58.627 108.195
2¢3 2.955 44,655 86.354 4.169 63.168 122.176
12¢2 0.054 16.541 ~33.029 0.076 . 23,399 46.730
2ct 0.092 . 0.518 0.944 0.130 0.733 1.336.
1cA 0.174 13472 26.770 0.245 19.057 37.875
(<] 1.702 22.932 44.162 2400 32.439 62.482
e2 0.390. 1.506 2622 0.550 2130 13,709
el 0.189 9.560 18.931 0.266 13.523 26.784
Avg int. 2.118 75T 3302 2985 24.856 46,726
Actsal Avg 2985 24,856 46.726 2985 " 24.856 46.726

(Nofmalized value)=(Interpolated value * Actual avg/Avg of interpolated valuas)
Avg. Int. = Average of Interpolated values, or the average of each column,
Aclual Avp = actual average of infiltration values that occur. within the reposko:y footprint. This valueis lnduded inthe output files from ConvertCoords V1.1,
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ATTACHMENT X. HYDROLOGIC AND THERMAL PROPERTIES OF THE
OVERTON SAND

This attachment presents an analysxs of the estimated flow properties for the Overton Sand
X.1 Grain Size Distribution

- The Overton sand is described.as a fine to medlum sand. The hydrologic and geotechmcal
properties for the Overton Sand are taken from Particle Size Data, Water Retention Data, and
Hydraulic Conductivity Data for Overton Sand Used In The Water Diversion Model AMR
(DTN MO9912EBSPWR28.001) for two samp!es sieved between 0.1 and 1.0 mm. The grain -
size distribution curve for Overton Sand from sieve analysis is presented in Fxgure X-1. The
hydrologlcal and thermal properties for this sand are presented below.

X.2 Dry Bnlk Density and Porosity

The &stlmated solid density of the backfill material is 2.7 g/em® correspondmg toa bulk density - -

- of 1.59 g/cm® as calculated below. The grain density of the Overton Sand is 2.7 g/cm® which falls
- within a range of grain densities of from 2.50 to 2.80 for quartz (W'mterkom and Fang 1975,
p-79).

"I'he emplaced porosity for the Overton Sand is estimated to be 0,41.' The porosity is taken as the
average volumetric moisture .content for the first and second Overton Sand samples near
saturation from Tempe Cell or pressure cell tests. These data sets are illustrated in Figures X-1
and X-2. .

Using the soil phase convention of setting the volume of the solids (V. .) equal to 1.0 cm’, thc
total volume Vo equals the volume of the voids (Vv) and the sohds (V "

V=V, + v, o (Eq. X-1)

0verton_8and '

a : - g
0.001 001 0.1 1 1
Particle Diameter (mm) '

s 38§88

[=~—0wmni. g Ovwinz]

Figure X-1. Grain Size Distribution for Overton Sand
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The porosity (¢) is defined as the volume of the voids divided by the total volume:

=V, (B. X-2)
 Vy=041V, (Eq. X-3)
Solving for Vy: |
Vy =041 (V,+1.0)
V, =0.41/(1-0.41) = 0.695 . (Eq.X4)
Thé dry bulk density (p) is defined as: | |
p=GVJ/V, . E®aXS5)
The dry bulk density is calculated as: | o
p=2.7 (1. 0)/(0.695+1.0) = 1.59 g/c,ni3 (Eq. X-6)
| X3 _Moisture Ret'ention |

Moisture retention measurements were performed on the Overton Sand using two methods.
These include the Unsaturated Flow Apparatus (UFA) measurements (CRWMS M&O 1996,
Appendix C) and Tempe Cell or pressure cell measurements (Jury et al. 1991, p.62).

The UFA mainly consists of an ultracentrifuge in which a soil sample is subject to centrifugal
force. The volumetric moisture content (6) as a function of the moisture potential (y) as
discussed subsequently below can be deterimined by allowing the sample to drain until the
moisture potential equals the centrifugal force per unit area divided by the unit weight in a state
of equilibrium. The volumetric moisture content () is determmed gravnmetncally using the bulk
“density of the sample.

The UFA represents an efficient method for testing fine-grained soils at higher moisture potential
(y). For low moisture potentials, the Tempe Cell or pressure cell method was used (Jury et al.

1991, p.62). The Tempe Cell consists of an airtight chamber with a freely draining, water
saturated, porous ceramic plate on the bottom. The chamber is pressurized, which induces flow
out.of the sample through the porous cup. At equilibrium, flow through the tube is changed to
~zero and the moisture potentlal (\p) can be calculated from the change in pmsure The
volumetric moisture content is again determined gravimetrically.

Note that in the following discussion that moisture potential is a suction potential, and the
convention is adopted for flow analysis that the moisture potential (y) is negative. The moisture
retention and hydraulic conductivity relationships presented subsequently are functions of the
absolute value of moisture potential (). :
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The moisture retention data obtained from the two methods can be plotted and & curve ﬁttmg
performed for the retention model based ‘upon the van Genuchten two-parameter model m=1- In’
(Fetter 1993, p.172).

The moxsture potential (capillary pressure divided by weight denslty) versus moisture content
relation is defined by: , '

o{c,n, 9,,9,,\p) = B+ﬂ\ya|)" ].m' (9 -6,,)+9 | (Eq. X-7)

For the two-parameter model, m =1- 1/n (Fetter 1993, p 172). Substntutmg this value of (m) into -
Equation (X-7) gives -

e(a,n,e,,e,,q;)=[ﬁ+(}xpoi|)‘]"("ﬂ](e, )8, e X8

- The van Genuchten curve-fitting parameters (6;, Oy, and .nb) were determined by fitting a curve
to the retention data for the first Overton Sand sample using the Microsoft Excel 97 equation
solver. The saturated moisture content (6;) was determined from the Tempe Cell measurements

-as discussed above. The first Overton sand sample from the UFA measurements was used for
curve fitting. For low volumetric moisture contents associated with high potential (greater than
360 cm), the first and second Overton Sand samples, prov1ded similar results. Also, the UFA
measurements are more appropriate at the higher moisture potential. Figure X-2 presents
Equation (X-8) along with the UFA and Tempe Cell data for Overton sand.
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Moisture Potential (cm)
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000 TEMPE No. 1
000 TEMPE No. 2

Flgl&e X-2. Moisture Retention Relauonshxp for Backfill Material

A Microsoft Excel 97 spreadsheet calculation using the Microsoft Excel 97 Equatlon Solver is
used to optimize the model parameters by fitting the closed-form mathematical expression in
Equation (X-8) to the retention data. The estimated results from the curve-fitting process for the
Overton Sand are given below. - Note that the units of measurement for moisture potential in the
UFA tcstmg are presented in units of bars as a suction pressure wlnle the moisture potential for -
_engineering analysis is in cm:

6,=001
o =0.03 (1/cm)
n, = 1.986

To convert a, to (1/Pa) divide by the density of vﬁater (1.0 gm /em®) times the acceleration of
gravity: ' - o

0.027cm ! L =2.75 10“}1-
10051
cm’ sec

ANL-EBS-MD-000032REV 01 X5 : ‘ : November 2000



Frem the definition of van Gemichten m (m=1-1/n) giveh above:

e =——=05

1.986

The residual saturation equals the residual moisture content dmded by the porosity (0.01/0 41) =
0.0.024. The satiated saturation is by deﬁmtlon

X4 Intrinsic Permeabxhty

The unsaturated ﬂow properties data for sand. were measured from UFA measurements as
discussed. subsequently. The saturated hydraulic conductivity of the Overton Sand (K,) is
estimated to be 0.014 cm/sec by extrapolation of the unsaturated hydraulic conductivity versus .

‘volumetric moisture content 0 relationship at the value of the saturated volumetric moisture
content (0;) or porosity (¢). The saturated hydrauhc conductmty ﬂFxgure X-3), corresponds to - -
- an apprommate intrinsic permeability of 1.4 x 107 cm orl4x10M m?

0.1 [— i L T - T =

oo - #H5°° -

T b , .,.-°".:.;< =
1ot |- % -
1103 |- +-§.’.('+ -

g 1106 | ,,,?. -
1907 - &“ -
E.l-lo-' K -
10 -~
10 1© —? -
140 " o: ol.l olz ' :J olj 0s

 Volumetric Moisture Content
""" Curve fit

XXX Overton Sand No. 1
+++ Overton Sample No. 2

Figure X-3. Relaﬁomhip of Volumetric Moisture Content to
Unsaturated Hydraulic Conductivity for Backfill

X.5 Relative Permeability
The UFA test apparatus described above is equipped with a constant ultra low flow pump that

provides fluid to the sample through a rotating seal assembly and microdispersal system. This
system can be used to determine the relationship between the unsaturated hydraulic conductivity
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(K.) and volumetric moisture content through a direct application of Darcy’s Law (CRWMS
M&O 1996, Appendix C). ‘Samples are spun at a constant rate to define the hydraulic gradientin
the core. A constant flux is applied to the top of the core.. The change in water content to carry
the applied flux (flow rates to 0.001 mi/hr) at the applied gradient is measured. The unsaturated-
‘hydraulic conductivity can be determined from the ratio of the flow rate to the centrifugal force
per unit volume (CRWMS M&O 1996, p. C-2) .

The relationship of the unsaturated hydraulic conductivity with volumetric moisture content is
given by (Jury et al. 1991, p.109): o
i - - NP
1 (";) _

K@) K(e-e ) 1-|1- (9"9 )(—.J 1 . (Eq.x-9i'- |

0,-0 6,—-0

This relatlonshlp is plotted agamst measured data for the first and second Overton Sand samples
in Fzgure X-3.. _

The wettmg-phase relative permeability as a function of moisture potentlal for this model is

restated from Fetter (1993, p.182). The unsaturated hydraulic conductivity (wetting-phase
relative permeability times saturated hydraullc conductmty) as a function of moisture potential

 is given below.
[
[[“(WI)“]%- e ] -

. The relative permeability function scales the saturated conductivity (Ks) to allow the urisaturated
~ hydraulic conductivity function to be determined. Equation (X-10) with van Genuchten
parameters is used to plot the relationship for Overton Sand as shown in Figure X4.

K(,ny,.K,)=K, (Eq. X-10)

!
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Figure X4, Unsaturated Hydraﬁlic Conducﬁvity Versus
Moisture Potential for Overton Sand

X.6 Overton Sand Thermal Propemes

Thermal conductivity (K1) is a strong ftmctxon of water content (Jury et al. 1991, p. 183) For dry
sand, the thermal conductivity at 20 °C is about 0.33 W/m-°K (Lide and Frederikse 1997, p. 12~

199). Jury et al. (1991, p.179) presents a value for the specific heat (C,) of a coarse quartz sand .
of 0.19 cal/(g °K) . Converting the units from cal/g/°K tol/ (kg °K). nges ' :

cal
C,=0.19——
g'K

C, =795.42 ——

. kg’K

The calculated value for Cp is 795.492 J/(kg°K) for the Overton Sand. The thermal cxmssmty of
the Overton Sand is assumed to be equal to the ermssmty for quartz on a rough surface, i.e., 0.93
(Holman 1997, p 649)
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ATTACHMENT XI
Computer Files for Water Drainage Model
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This attachment provides a list of computer files for the water dramage model. The files listed in
Table XI-1 are contained on the CD in Attachment XVI.

Table XI-1. Listof Computer Files

File Name Directory Brief description
Glaciall.inf Infiltration Input File for Glacial Lower Bound
Glacialm.inf | infiltration Input File for Glacial Mean
Glacialu.inf Infiltration Input File for Glacial Upper Bound
bes_99.dat Source Data - Pressure and Temperature Boundary Condition Files
Dit1.dat Repository Drifts End Points Coordinates '
UZ99_3_3D.mesh UZ Model mesh File
tspa%9_primary_mesh Renaming of UZ89_3_3D.mesh
UZ99_3.grd UZ Model Grid File _
Glaciall.NV Converted infiltration Data File for Glacial Lower Bound
Glacialm.NV Converted Infiltration Data File for Glacial Mean
Glacialu.NV Converted Infiltration Data File for Glacia! Upper Bound
Glaciall.out Interpolated Infiltration at Chimneys for Glacial Lower Bound
Glacialm.out Intermediate | Interpolated Infiltration at Chimneys for Glacial Mean
Glacialu.out Data Files interpolated Infiltration at Chimneys for Glacial Upper Bound
Glaciall_convert Actual Average Infiltration for Glacial Lower Bound
Glaciaim_convert Actual Average Infiltration for Glacial Mean
- Glacialu_convert Actual Average Infiltration for Glacial Upper Bound
outpt Pressure and Temperature at Ground Surface
outpt_wt Pressure and Temperature at Water Table
shape1.dat Block Mode! Corner Points Coordinates
Column.data | Coordinates for the 31 Chimney Locations
Laca dat o | Coordinate for the L4C4 Chimney _
LBL9S-YMESH Combined Files from UZ98_3.grd and U299 3 3D.mesh
A L4c4.col.units Stratigraphic Column for the L4C4 Chimney
repository_shape V1.0.xis Calcutation of the Coordinates of the Chimney Locations
Cover.m Source Code for Cover V1.1
Chim_Surf TP.f Source Code for Chim_Surf TP V1.1
Columninfiltration.c Software Source Code for Columninfiltration V1.1
me6.c . Routine Source Code for Rme6 V1.1
Chim_Surf_bc_tst.f Source Codes | Modified Source Code for Chim_Surf_TP V1.1 for Verification
Chim_test and ‘| Verfication Input File for Chim_Surf TP V1.1
Chim_out - Verification  {"Verfication output File for Chim_Surf_TP V1.1
_columninfiftration_tstdat _ Files Verfication Input File for Columninfiltration V1.1
columninfiltration_tst.NV Verfication Input File for Columninfiltration V1.1
columninfiltration_tst.out Verfication output File for COIumnlnﬁltrahon V1.1
1.in lnput File for Case 1 .
S.in File for Case 2
g.in ) lnput File for Case 3
dkrr-afc-NBS-WOR NUFT Inputs 13 erial Properties File for the NBS
dkm-afc-NBS-Rev10-WDR Material Properties File for the EBS
viough.pkg NUFT Accepted Data File
11.EBS.ext Fracture Output File for Case 1
1.mEBS.ext | Matrix Output File for Case 1
5.f.ext : Fracture Ot File for Case 2
Sm.ex NUFT Outputs I Outpux:‘ileforCaseZ
8.fext Fracture Output File for Case 3
9.m.ext Matrix Output File for Case 3
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Table XI-1. List of Computer Files (Continued)
Fife Name Directory Lo Brief description
Case1_Flux V1.0.med - | Flow rate through the Invert for Case 1
Case899.1_Flux V1.0.med Flow rate through the invert for Case 3
Case1 V1.0.mcd Processed Travel time through the invert for Case 1 .
Case9 V1.0.med Outputs Travel time through the invert for Case 3

Summary of travel time
calculation V1.0.xls

| Average pore water velocity through the invert for various cases
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 ATTACHMENT XII |
Comparison of NUFT Flux Rates with a Closed Form Solution
for Flow near a Cylindrical Inclusion
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COMPARISON OF NUFT FLUX RATES WITH A CLOSED FORM SOLUTION FOR
- FLOW NEAR A CYLINDRICAL INCLUSION

XIL1 PURPOSE

The results of the NUFT calculations can be compared with a closed form solution for a single
,backﬁll. In this calculation, a closed form solution for the focusing effect of the backfilled drift
- isused. The calculation uses potential or field theory and is based upon a cylindrical geometry,

and follows the example presented by Phllhps (1991, pp- 67-69) for flow and reactions in
permeable rocks. :

The following calculation compares the result_s of two analyses. These analyses include the (1) -
closed form calculation based upon a cylindrical inclusion and a (2) two dimensional NUFT
analysis for the base case (Section 6.2.5) based upon the active fracture concept for the water
distribution and removal model. The following presents the calculation method used for the
closed form solution, constitutive properties for the backfill, and surroundmg rock media, the
flux distribution across the repository dnﬁ honzon, and a comparison with the NUFT
calculations. , .

XIL2 CALCULATION METHOD FOR THE CLOSED FORM SOLUTION

In this calculation, a closed form solution for the focusing effect of the backfilled drift is used.
The calculation uses potential or field theory (Assumption 5.11) and is based upon & cylindrical
geometry. The calculation follows the example presented by (Phillips 1991, pp.67- 69) for flow
and reactlons in permeable rocks.

X11.2.1 Closed Form Solution and Boundary Condiﬁons

From Phillips (1991, pp. 67-69), a solution is presented for a spherical inclusion in a uniform -
flow field. A solution is developed below for a cylindrical geometry that corresponds to a
backfilled tunnel. The solution presented satisfies the steady state flow Laplace equation
presented by Phillips (1991, Equation 3.8.1, pp.50 and 67). Consider the solution for a
. cylindrical geometry. The Laplace Operator for a cylindrical geometry for steady state flow
" (Sokolnikoff and Redheffer 1966, p. 417) is glven by: :

2 2
deIz(u)z—g- r§-u l—i— ue 9
rdr\dr/ 2402 dz2

(X11-1)
where ‘
u = Field function,
r=Radius,

0 = Angle, and-

z = Vertical coordinate.
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Note that dei’ = ¢*

- From Phillips (1991 p. 50), Laplace s Equation i is sansﬂed for steady state ﬂow

def W=0
' (X11-2)

Wntlng the Laplace Equation for two dlmenswnal flow and noting that u is equivalent to
pressure (u=p) for flow in a porous media:

2
1 : . :
dclz(p)z_— rip __d.._. p+..i._ p
rdr\ dr £de2 dz2
(X11-3)
Noting that for a two dimensional problem flow equals zero in the z direction,’
4 p=o
dz2 -
(XI1-4)
!
_‘..1.2_ p _1.-.d_p .'-_oLz p =0
dr2 rdr 24¢2 7
(X11-5)

'I'l(lSe8 )above equation is subject to the same condmons as the spherical inclusion (Phllhps 1991,
’ Po=p; Tr=a

- x1L-6)

d_ . a |

Sdr 'O'ZPO =

(X11-7)
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Po approaches -wx or -wrcos(0) as r approaches infinity

(XI1-8)

where

p = Pressure,

r = Radius,

0 = Angle,

pj = Internal pressure,

Po = External pressure,

k; = Permeability of the inclusion,

ko = Permeability of the surrounding media, -

‘@ = Field variable for a uniform flow field, and

x = Coordinate in the direction of the flow field. -

‘In Bear (1988, P 270)a definition for a well posed problem ts provided These include:

_(a) The flow domain is defined at large dxstanoes from the inclusion with flow in the vertlcal .
direction, !
(b) The flow problem can be stated mathematlcally by means of a dependent variable which in
the present case is the pressure p, _
(c) A partial differential equation can be speclﬁed for the dependent variable p, and
(d) The pressure p can be defined at infinity.

As Bear (1988, p.271) states that for a well posed problem a solution exists that is umquc a.nd
that continuously depends on the data. Therefore, if a.solution is found that satisfies partlal
differential equation (Equation XII-5) subject to the boundary conditions (Equation XII-6)
through (Equation XII-8), the solution is unique to the problem. The solution presented by ..
Phillips (1991, p.68) is expressible in spherical harmonics with two directions of curvature.
Expressing a solution with one direction of curvature, p; and p, are obtained:

2k :
p&-0 rcos(8) r<a
, itk
(X11-9)
k.--k.) 2 : |
po=-ofl- ( ! ) % 1cos(0) r2a
kitky ¢
(X11-10)
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X122 Pressure Boundary Condition at the Radius of the Inclusion

Check the pressure boundary condition atr=a. The pressure bi from (X1I-9) is given by:

2k,
Ppi= -0 -a-cos(0)
kitk,
(X1I-11)
The pressure boundary condition from (XII-IO) is given by:
- k.-k
po=-01- —(-—-—o)- 2 acos(O)
0 . k k 2
itXo a -
(X11-12) .
which, after simplifying becomes:
ko :
p o=-2-m-——_-—‘-—-a'cos(9) A
, (k i'l' k 0) ‘
(XII-13)

The pressure at thc boundary of the emplacement dnft is satisfied (p., pJ from the two relat:ons
(X11-11) and (XII-13).

Xi23 .Gradient Boundary Condition at the Radius of the Inclusﬁon

Check the gradient boundary condition at r = a. Considering the interior of the room, applying

Darcy's Law to the left side of the expression from Equatlon (X1-7):

d
k2 p. ,
i drp i |
(XII-14)

Substitute the ekpr&ssion on the right side of Equation XI1-9 into Equation XII-14 yields:

2k \1
ki 4l 02 rcos()
dr k,i"'ko _

- (X1-15)
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Teking the derivative to Equation XII-15 with respect to r and obtaining:
o | kg -
-2k ;6 +~————-cos(8)

~(ki+ko)~

Apply the Darcys Law for the exterior, and substltutc in the expression on the right side of
Equation XII-10 in similar fashion: _ .

k:-k |
ko-:—'[-m [l -%—;k—o)- 2 lrcos(e)]

(X1I-16)

| | (X11-17)
Taking the derivative to Equation XII-17 with respect to r and obtaining:
(ki-ko) & (k ko) ]
k--2-m-—-— -cos(0) -0l - — - cosB
oo e TEAE
(X11I-18)
Simplify the expression and substitute r=aat the boundary:
» '(- alk it a>k 0o Ak i~ Pk 0)
k | ©-cos(8)- ‘ >
[(kivx0)7] o
. - (X11-19) -
Simplifying yields the expression:
ko _
-2k:0——_-cos(0)
i
: (X11-20)

The flux boundary condmon in Equanon X11-20 agrees with gradient boundary condition in
Equatlon XII-16.

XII.2.4 Solution to the Partial Differential Equation Within tl_le Drift

Check the solution to the partial differential equation inside the emplacement drift. Substiiuting
the right side of Equation XI1-9 into left side of Equation XII-5 yields the expression:
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2 2k, 2k, 2 [ 2k,
-9-— -0 ° x-cos(0) | + 19— -0 hd ‘r-cos(0) +'i-d - — ° ‘r-cos(8) |
k rdry kj+k, £de2 kj+k,

(Xu-21)

Evaluate t};é first term in the above expreséion_by differentiating with respect to r twice: -

2 2k 4
d (—m . ° »r-cos(G)):O
+

dr2 it*o o
‘ ' (X11-22)
Evaluate the second term in Equation X1I-21 by differgntiating with respect to r once: |
: 2. . '
14 -0- 2 ‘rcos(8) | = —z--co -———o-—-cos(e)
rdr|  kj+k, o (kyrk)
. - S (xa23)
Evaluate the third term in Equation X11-21 by diﬁ'e_féntiating with respect to 0 twice
- 2 [ 2k L,k
' 1 .
o _2. d -0 0 'T'COS(B) = 3-(1) -—--——--—0 'COS(G)
C2de2 | kyrkg T (ki"‘ko)
(X11-24)
Zero is obtained by adding the right-hand side of Equations X1I-22 through XII-24:
. k | Ok l
‘ 0+ -}-'(l) '-—o——'cos(e) + zm) -.—_0_.-(;05(0) =0 '
Coo.r (ki"’ko) - T '(ki"'ko) :
o - (X11-25)

The solution for pressure inside the drift satisfies the Partial Differential Equation (PDE)
(Equation XII-5). ', . ‘

+
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XII 2.5 Solution to the Partial Differential Equation Outside the ant

Check the solution to the PDE outside the inclusion. Substntutmg the right hand side of Equation -
X1I-10 into Equation XII-5, the following expression is obtained:

2 [ (ki-k . | ki-k.) .2 -
v 4 -0 l--(——o)-i- -r-cos(0) +-l-~ d -0- l--(—-l———o-)--_a— -r-cos(8) || ...
dr2 o kjrky 2 | rldr 2|
l . . i : .
4+ —
2

itho r

(X11-26)

Note that the symbol «. . .” signifies cohtinuation of the expression on the next line

Evaluate the first term in Equatxon XII-26 by differentiating the expression w1th respect tor
twice:

.(XII-27) B

~ Evaluate the second term in Equation XII-26 by differentiating the expression with reépect tor
once: C '

EUSICEST, B LS

a 7 (ki)
(X11-28)

The expression above simplifies to:
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| k.- k
%-m -cos(6) -az--(—l—-l)

r (i"' o).

- -l--(o -cos(0)-(1)
or
(X11-29)

Evaluate the third term in Equation XII-26 by diﬁ‘érentiating the expression with respect to 0
twice: ' , .

2 k:-k,) g2 A4 k:-k,) .2
14”1 1-( i~ ko) r-cos(0) |= - 1-( ! °)f_ .cos(6)
2 de2 ki+ky , | (ki+k°) 21
' (X11-30)
_This expression simplifies to:
ki-kg) .2 |
l-(m-cos(e)) - ———-—( . o) -%-o) -c0os(0)
r ki-!- o) r ’
(X11:31)
Combining Equations X1I-27, XII-29, and X1I-31:
' k:-k k:i-k '
20 L—-—> 2 cos(e) | L0 -cos()-2> (_'-—i) - L.o-cos(8)(1)] ..
(kitko) £ E (kj*ky) T ‘
k:-k 2 -
+ --(co-cos(O)) - —1-——92-‘1—-(0 -cos(0)
r (lci+ ko) £ : .
. - (X11-32)

All the terms presented above cancel out, and the Laplace Equation (Equation XII-5) is satisfied.
The solution (Equation XII-5) for the potential function outside the inclusion satisfies the PDE.

IX2 6 Development of the Focusing Ratio

Phillips (1991, p.68) develops focusing ratio for a spherical mclusmn from the solution of the

problem for a spherical inclusion. The following discussion develops a focusing ratio for a

cylindrical inclusion. Consider the solution for the internal pressure from Equation XII-9.
_ Substituting x =r cos(0), and Equation XII-9 into Darcy’s Law gives the expression:
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d
k —(ox
°dx( )

(X11-33)

Take the derivative with respect to x and noting that x = r cos(0):
2k,
.._.p -
dx -k i‘l- k o '
' (X11-34) -

The water ﬂux in the emplacement drift is glven by substltutmg the expressmn on the right hand
side of Equation IX-34 into Equation XII-14

.d kg -0 2k,\
ki|—
Nax p, k +k

(X1-35)
Consider the solution for the farfield pressure in Equation XT1-10: |
k:-k
pos-0f1- ————( o) 2 | cos(6)
‘ “kij+k, l.2
(X11-36)
, o o
Taking the derivative with respect to x for Equation XII-35:
ko-o .
(X11-37)
The ratio of the fluxes is then:
- -2.-k o
(k i). k:+k,/
T \KitKe/
(ko-o)

(X11-38)
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Which simplifies to:

(X11-39)

" This formula can be used to bound the flow through the backfill and the effects of percolation
rate at the repository horizon. Figure XII-1 presents relationship for the focusing ratio for the
cylindrical inclusion (Equation X1I-39) as a function of the ratio of the conductivities (ki/ko).
This solution is compared to the solution presented by Phillips (1991, p.69) for a spherical
inclusion. For low (ky/k,) ratios, the focusing ratio is small while for large ratios, the focusing

ratio approaches three for the spherical case and two for, the cylindrical case. '

XI13 Constitutive Pfoperties for the _Backﬁll' and Surrounding Rock Media

The moisture potential versus unsaturated hydraulic conductivity for the surrounding tuff is used
to determine the moisture potential or moisture potential over the range of infiltration rates under
.the assumption that the percolation rate under steady state conditions equals the unsaturated
“hydraulic conduct1v1ty (Section 5.12). Steady state conditions are defined as the condmons in
which the flow rate is constant or is not changing with tlme

Focusing Ratio

b1 01 1 0 00 110
_Ratio of Conductivities (ki/ko)

= Cylindrical Inclusion
===+ Spherical Inclusion

Figure Xi-1. The Focusmg Ratio or Velocity Ratio for a Sphere of Permeablhty
ki in a Matrix of Permeability k, -
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The van Genuchten constitutive relation given by Fetter (l§93, p.182) for the unsaturated
hydraulic conductivity for the several media are presented in Figure XII-2. The van Genuchten
constitutive relation for the unsaturated hydraulic conductivity at ambient temperature is given

by:

E o1
U-(Ia\vl)(" l"-l+(|m\v|)"-|( )J

; (2|-n) }]

Lél+(|a-wl)""*E J

K(a ny, K.) =K,

(XI1-40)

For the active fracture model at the reposntory honzon, the consntutlve relation as a function of
saturation S, is given by: ,

™,
Kal(seﬂ»m) =8, 2 I_ E
(IX-41)

For the active fracture model, for the retentlon relatlonshlp for the active ﬁ'acture model is given
by:

' | L .- P‘(sﬂa'y’m):_::E }

(IX-42)

_Equatlons X141 and XII-42 can be combined together resultmg in the relatlonshtp of Kar as
function of the capillary pressure. -

For a deep water table in an 1sotrop1c medium, the secpage flux downwards estabhshes a
moisture potential equilibrium level in which (Jury et al. 1991, p.127): :

J=-K(0)
‘ (X11-43)

This can be expressed through the unsaturated hydrauhc conductmty relatlonshlp (Equatlon XiI-
40): : :

T~ -K(y)
(X11-44)
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Equation XI1-44 can be applied to estimate the moisture potential within the surrounding media.
In the water distribution and removal model for the glacial climate for the column chimney 14c4,
the estimated seepage flux (J,,) is 42 mm per year (1.331 *10° kg/(m%-sec) (Section 6.2.5). This
estimated seepage rate corresponded to an unsaturated hydraulic conductmty of 1.3* 107 cm/s
with the moisture potential of 42 cm (4100 Pa).

XII.4 FLUX DISTRIBUTION ACROSS THE REPOSITORY DRIFT HORIZON

The following analysis develops the flux distribution across the repository drift horizon for

comparison to the NUFT calculations in Section XIL.5. If Darcy’s Law is applied to the closed '

form solution at the mid plane of the inclusion, expressions for the flow focusing can be derived

in which the unsaturated hydraulic conductivities are estimated from Figure XII-2 for a particular -

percolation rate. Within the entry, the flux is uniform, and equals the value given by Equation
XII-35. The following analysis develops the solution outs1de the inclusion (r>=a) through use of
the closed form solution from Equation XII-9. _

'Equation XII-9 presents the solution in cylindrical ooordinafes. The following analysis developé
the gradient in the x direction using a coordinate transformation from cylindrical coordinates to
- rectangular coordinates. The chain rule is invoked the flux distribution. ‘

From the CRC Standard Mathemattcal Tables (Beyer 1987, p. 205), the coordmate
transformation is given by

0= = ’
| atan(x) — x2 + y2

- (X-45) |

Define a variable u for application of the chain-rulé:
u=?
X
(X11-46)
Take the derivative of u with respect to x: '
| 4,2
dx 2
(X11-47)
Consider the inverse tangent function: _
0 = atan(u)
(X11-48)
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Figure XIi-2. Constitutive Properties for the Active Fracture Model, and the Overton Sand
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'From the CRC Standard Mathematical Tables (Beyer 1987, p.31), the derivative is given by

—0= —~—u
dx 1+ uz dx :
(X11-49)
Applying the chain rule, the following derlvatlve is obtained:
d Yy
9 = —
& (2+) ,,
_ (X11-50)
Take the derivative with respect to the radivs: 5 |
= 2 + y%
: ' (X11-51)
& .Eﬂ"‘ | L
(x2+ Y) o |
: ' (X1I-52) .
For the case inside the mclusxon, the derlvatlve is trivial from Equatlon XI1-9: '
—Pj = ~0- 1 :
dx , ki +ko o
' : (X11-53)

For the case outside the inclusion using the chain rule

g_p‘,:_mf] (k k°) 2] X cos(e) m-l-r—( . ) ]81!(9)

S| _IJ;+_y (¥ yz)'

| (XI1-54)
Substitute the definitions for sin(8) and cos(6) |
¢ [ kel x o« [ (k) ey oy
—Po = 1 —_) —_———
P CTN i e K M )
| | v (XI1-55)

" ANL-EBS-MD-000032 REV 01 X1I-15 November 2000



Simplifying the expression:

—Po = —® ‘
dxpo (kl + ko) rz r2 L k, + ko 1’2 1'2
(X11-56)
Noting that x = 0 along the drift ccnterlmc
212
4 f )L
P = .
dx |_ kl + ko ,2 I |
(XI11-57)
Applying Darcy’s Law Inside the inclusibn, the flux is -
2K,
-+ ki
ki+k, '
(X11-58)
Applying Darcy’s Law outside the inclusion along the y axis
kof f ko) "I i
k. +k, 2 _| 2 il o
(X11-59)

XILS COMPARISON WITH NUFT CALCULATIONS

These expressions can be compared to the results of NUFT calculations from the water drainage
model for the Overton sand with 42 mm per year percolation rate. From Figure XII-2, the ratio of -
the unsaturated hydraulic conductivities of the Overton sand to the active fracture hydraulic
-conductivity is approximately a factor 3700. From Equation XII-S3, the ratio of fluxes nearly
equals the theoretical maximum ratio of 2. The flux distributions are compared in Figure XII-3.
The calculations are in qualitative agreement in showing an mcrease in flux w1thm the drift, and

a decrease in. ﬂux rate outside the drift. o

Note that within the dnﬁ, the drip shield acts to exclude water, which increases the flux in the
drip lobe that forms adjacent to the drip shield. The maxlmum flux rate from the water

distribution model is 145 mm per year (4.6 * 10 kg/(m%sec)). .The peak flux rate from the R

simple ratio of thc dlameters of the drift diameter to the drip shield is approximately 200 mm per
year. .
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=== Closed Form Solutlon
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Figure XlI-3. Comparison of the NUFT Calculations to the Closed Form Solut_ion

XI1.6 CONCLUSIONS '

Comparisons were made between the NUFT calculations for the base case and a closed form
solution for steady state flow for a fine Overton sand backfill. The unsaturated hydraulic
conductivity for the backfill was compared to the unsaturated hydraulic conductivity for the
“active fracture model. It was found that the Overton sand unsaturated hydraulic conductivity is a
factor of 3700 higher than the surrounding host rock at a percolation rate of 42 mm per year.
The NUFT model predicts that the flux rate through the backfill will be higher than percolation
rate through the host rock by some factor ranging from 1.5 to 5 affected by flow exclusion of the
drip shield. These results are in general agreement with the results of hand calculations based
upon a closed form solution for flow in and around a cylindrical inclusion.
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ATTACHMENT XIIL .
VERIFICATION OF EXCEL 97 MACRO expand

XIII.1 Macro Identification

Macro name: expand. The macro' runs under Microsoft Excel 97 SR-2. This macro resides in
the Excel spreadsheet files “wdrdsc.xls” and “wdrdscu.xls” in attached CD (Attachment XVI)
under the “dsoondensatlon directory. - :

XII1.2 Macro Purpose and Validation - -

The purpose of the macro is to interpolate linearly the values of vapor pressure and temperature
from a steam table. The steam table is obtained from Himmélblau (1996) for temperature (T)
versus saturated vapor pressure (Vp) data at ’every 2 Fahrenheit-degree intervals (approximately
1.11 degrees Centigrade). The macro expand is used to interpolate the T vs. Vp data at

approximately 0.1-degree-centigrade mtervals ‘

Microsoft Excel 97 Macro “expand” is listed as follows:

'Sub-expand(').

" Dim i As Integer, i1 As Integer, i2 As Integer, i3 As Integer, ik As Integer |
'Drm icl As Integer, ic2 As Integer, ic3 As Integer, ic4 As Integer |
'Dim flag As Integer _

D'im teran As Single, pres0 As Single, temnl As Single, temp2 Ae Single
Dim dt As Single, dp As Single |

ik=2

‘Fori=1To 72

Forj= l To 10

tempO ActiveSheet. Cells(4 +1, 1).Value

presO = ActiveSheet.Cells(4 + i, 2).Value

ternpl = ActiveSheet.Cells@ +i + 1, I).Vt«Iue

pres] = ActiveSheet Cells(4 +i + 1, 2).Value

dt = (temp! - temp0) / II)

dp = (pres] - pres0) / 10

ANL-EBS-MD-000032 REV 01 . Xm-2 - | November 2000



il=4+(i-1)*10'-l.-j

ActiveSheet.Cells(i1, 11).Value = temp0 + G - 1) * dt

ActiveShect.Cells(il, 12).Value = pfeso +(G-1)*dp
A . Nextj

Nexti |

End Sub

Comparison of the results (original steam iable curve and the “expand’; calculated curve) is
‘shown in Figure XIII-1. The plot shows that the two curves overlapping each other and are
identical. ' ’ A

—— Original

8 & 8 @8

Vepor Pressure (Hg.)
a

o T T LS
¢ 0 20 40 60 & " 100
‘ Temperature (deg.C)

Figure XIII-1. Comparison of the Original and “expand” Temperature-Vapor Pressure
' Relationships. '
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Hydrologic and Thermal Properties of fhe Invert
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Attachment XIV. Hydrologic and Thermal Properties of the invert

Crushed tuff is selected for the invert (Section 4.1.2.4) to provide geochemical compatibility
with the surrounding host rock. The basis for the selection of the crushed is that the material
provides diffusion-barrier performance when transport from the waste package to the rock floor
is diffusion dominated. This could occur if a waste package is breached but the protecting drip
shield is intact, so that the invert ballast material immediately below the drip shield is
unsaturated and protected from advective flow from other engineered barrier components.

Crushed welded tuff sieved between 2.0 and 4.75 mm has been selected for pilot testing and the
properties are described below for this material. Thc final design may require a different size
distribution or matenal type, or both. . '

XIV 1 Bulk Density and Porosity

The mvcrt material is crushed tuff from thc Tptpll hthostratlgraphxc umt whxch is part of the -
~TSw2 thermal/mechanical unit (CRWMS M&O 2000v, p.13). The Repository Host Horizon is

located mainly in the TSw2 unit. The invert material hydrological properties are presently

- unavailable for the Tptpll formation. Properties for Tptpmn are used in this analysis. It is valid
to substitute the Tptpmn properties in place of Tptpll values because they are both part of the
TSw2 thermal/mechamcal unit (CRWMS M&O 2000v p-13).

The U.S. Geologlcal Survey measured the bulk density, water retentxon, and unsaturatzd
hydraulic conductivity. These properties were measured in conjunction with the UFA
measurements as described subsequently. The hydrologic and geotechnical properties for the
crushed tuff are taken from U. S. Geological Survey (USGS) testing entitled Water Retention

and Unsaturated Hydraulic Conductivity Measurements for Various Size Fractions of Crushed,
Sieved, Welded Tuff Samples Measured Using a Centrifuge (DTN: GS980808312242. 015)

These are data sets as illustrated in Figures XIV-1 and XIV-2 _ : :

For materials sieved between 2.00 and 4.75 mm, used for hydraulic conductivity measurements
the measured dry bulk density was 1. 15 glem® (DTN: GS980808312242.015) as calculated
below. The grain density is 2.53 gm/cm’. Calculate the porosxty using the soil phase convention
-of setting the volume of the solids (Vs) equal to 1.0 cm®, developing a formula for the bulk
density, and then calculating the volume of the voids. The dry bulk density (p) is defined as:

) p= G;VJVg
S oav-n
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Figure XIV-1. Moisture Retention Relationship for the Invert

where

p = Dry bulk mass density (g/cm®)

G = Specific gravity of solids
-V, = Solids volume (cm®)

Vi = Total volume (cm®)

Substnutmg in for the total volume wlnch is equal to the volume of the solids and volume of the
voids (V;= Vs +Vy):

v | p=GV/(VAV) | . -
o eav)

| ~ where
Vy = Void volume (cm?)
Substituting in the values for G;, p, and V,:
| 1.15 cm® = 2.53 gm/em® (1.0 cm®) / (1.0 em® +V5) N
| I IV-3)
Solve for Vy:
Vy=(2.53/1.15-1.0) cm® e
‘ X1V-4)
 Vy=1200 cm’ |
o XIV-5)
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Figure XIV-2. Unsaturated Hydraulic Condﬂctivity vérsus Volumetric Moisture Content for the
Invert - :

0.1

0.01
110 °
110!
110 °

110 ¢ -
1107

110
140 °
110

10"
110 2

Unsaturated Hydrautic Conductivity(cm/s)

] K
1 10 ' 100 . 110
Moisture Potential (cm)

Figure XIV-3. Unsaturated Hydraulic Cdnduclivity versus Moisture Potential for the Invert |
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Solve for the porosity (¢)

¢ = 1.209/(1.0+1.209) = 0.55 -
| | oav-e)
XIV2 Moisture Retention

Moisture retention measurements were performed on the crushed tuff using the Unsaturated
Flow Apparatus (UFA) measurements (CRWMS M&O 1996, Appendix C). -

The UFA consists of an ultracentrifuge with a constant ultra low flow pump that provides fluid to
the sample through a rotating seal assembly and microdispersal system. The volumetric moisture
content () as a function of the moisture potential (y) can be determined by allowing the sample .
to drain until the moisture potential equals the centnfugal force per unit area divided by the unit
weight in a state of equilibrium. The sample is then weighed to determine the volumetric
moisture content (8). :

The moisture retention data obtained from the two methods can be plotted and a curve fitting

performed for the retention model based upon the Van Genuchten two-parameter model (m=1-
1/n) (Fetter 1993 p.172). Define the moisture potentlal (capillary pressure divided by welght
density) versus moisture content relation: : _

9=[14-dw-ql'}m--(9,—9,)}é, | -
. » - (mv.n .

where ' : :

n = van Genuchten curve-fitting parameter

m = van Genuchten curve-fitting parameter -

o = 'van Genuchten or exponential curve-fitting parameters (cm” )

0 = Volumetric moisture content -

0 = Volumetric moisture content for the ith component of a soil
= Residual volumetric moisture content

-0 = Saturated volumetric moisturé content and

y o= Moisture potcntlal (cm)

. -Substltutmg the value of (m) into Bquatlon (XIV -7) for the two-parameter model, gives
=[‘+dw al r (6, -6,)+6,

(X1v-3)
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A Microsoft Excel 97 spreadsheet calculation using the Microsoft Excel 97 equation solver is

used to optimize the model parameters by fitting the closed-form mathematical expression in

Equation (XIV-8) to the retention data (Tables XIV-1, and XIV-2). These Excel files are saved
as “TableXIV_lxls” and “TableXIV_2.xIs” under drainage directory in attached CD
(Attachment XVI). The estimated curve-fitting parameters (Table XIV) are

0,=0.05 |

=0.12 (1/cm)

m =2.75

Figure XIV-1 (DTN: 'GS980808312242. 015) presents Equatlon (XIV-9) with the UFA data for
the mvert

e To convert a,to (1/Pa) divide by the densxty of water (l 0 gm fem®) tlmes the accelcratlon of

gravity:

1

0.12cm™! =122 10"-5—
1.0 22 9532 e

om  sec”
e From the definition of van Genuchten m (m=1-1/n) given above:
1 :
1~ -2—7-5- = 0.64

e The residual saturation equals the residual moisture content d1v1ded by the porosity
(0.05/0.545)= 0. 092. The satnated saturation is by deﬁmtlon.

'. Note that the measurements were performed near the residual moxstixfe saturation. To esta‘blish

the curve at higher moisture contents, the volumetric moisture content at saturation was

“estimated from the porosity. The volumetric moisture content 6, equals the porosity of 0.63 .
which corresponds to the loose state. It should be noted that while the UFA testing was

performed on the crushed tuff in a loose state (¢ = 0.63) than what would be anticipated in the

repository (¢ = 0.55) allowing for consolidation over time, the moisture retention scaled to the

saturation level would not be sxgmﬁcantly different.

An altemate calculanon was performed thh the combined retention and unsaturated hydraulic
conductivity data for the crushed tuff. The RETC program (van Genuchten et al. 1991) was used
to optimize model parameters by fitting a closed form solution to the two-parameter relations (o,

_ n;) presented above. Attachment XV presents the results of this analysis which is in agreement

with the EXCEL spreadsheet program using the Solver routine presented above.
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XIV.3 Intrinsic Permeability

The saturated hydraulic conductivity (K,) of the invert is estimated from the RETC curve fitting
analysis presented in Attachment XV using the combined UFA unsaturated hydraulic
conductivity (K,) to moisture potential (y) and retention measurements. The calculated value
from the RETC analysis is 0.60 cm/sec. This value corresponds to an approximate intrinsic
permeability conversion value of 6.0 x 10°® cm? or 6.0 x 10 m? (Freeze and Cherry, p.29).
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Tahle XaV-1 van Genuchten Curve Fit ParameterResults for the invert

we Corilent & Satuation (@) _ [
Nisture Cortent (1) ' 0.

I ' 117.00bars™1 0.12jcni

n__ . AT

"'- : _0d

[Sumof Residuais ) ) S25E04)

Note that the parameters are calulated using the EXCEL Equation Soiver
basedupmmemofmemidmlsasglwnabmﬂunhuanv-z

Table XIV-2 Re!enhmh‘alysis Mfdﬁ\elwt

Volumetric | Predicted| . | A .
Content Molsture Potential .| Content
. {bars} ‘
0,068 —_ o4z : 0.057
0.059 0.174 0.054
0.058 0.309 0.652
0.057 0483 0.051
0.056] - 0.69% -~ 0.051
0.055 1050 0.051
0.053 1.930 ; 0.051
0.052 30620 0.051
0.050] - 4.350 . - 0.051
0.045 17.400 - 0.051
0.060 0.121 0.057
0.060{ 0.174 , 0.054]
0.059 0.309 0.052
0.058 0483 - —0.051
0.058 0,69 0.051
0.056 1.090 0.05%
0.054 1.830 0.051
0.054 3.020 0.051
0.052 4350 — 0.051
0.047 17.400 0.051

Wmmmmmaﬂax mmmmummoeoammms for Grushed Tuff
Equation (V-8) Is used for caladating the predicted moisture content.
mmwuwsmnmdwmmumwmmmmmmwmm
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© XiV.4 Relative Permeability

The UFA test apparatus described above can be used to determine the relationship between the
unsaturated hydraulic conductivity (K,) and volumetric moisture content through a direct
-application of Darcy’s Law (CRWMS M&O 1996, Appendix C). By measuring the flow rates to
0.001 mV/hr and measuring the effluent collected from the sample in a volumetrically calibrated
chamber that determines volumetric moisture content (6), the unsaturated hydraulic conductivity
can be determined from the ratio of the flow rate to the centrifugal force per unit volume
(CRWMS M&O 1996, P- C-2).

The relationship of the unsaturated hydraulic conductmty w1th volumetnc mo:sture content is
glven by (Jury et al. 1991, p. 109) .

' x-9)

where ‘

Ks = Saturated hydraulic cOnduc_:tiv‘ity (cm/sec)

The relative permeability function scales the saturated conductivity (K,) to allow the unsaturated

hydraulic conductivity function to be determined. Equation (XIV-10) with Van Genuchten -

parameters is used to plot the relationship crushed tuff as shown in Figure XIV-2,

~ The wetting-phase relative permeability as a function of moisture potential for thxs model is
restated from Fetter (1993 p.182) and illustrated in Figure XIV-3. The unsaturated hydraulic

-conductivity (wetting-phase relative permeability tlmcs saturated hydraulic conductivity) as a
functlon of moisture potentnal is gwen below. _

cpur, L b ]
R )

(XIV-10) |

The relative permeability ﬁmcﬁon scales the saturated conductivity (Ky) to allow the unsaturated
hydraulic conductivity function to be determined. Equation (XIV-10) with Van Genuchten
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parameters (Section XIV.3) is used to plot the relatibnship for crushed as'sho_'wn m Figure XIV-
3. _ , ; | _

XIV.S Thermal Properties

Thermal properties for the invert that were used for the backfill case were initially identified. For

- dry crushed tuff, the thermal conductivity is about 0.58 to 0.74 W/m-°K, or an average value of
0.66 W/(m-°K) (Ryder et al. 1996, p.5-3). This value is similar to the dry sand thermal
conductivity reported by de Marsily (1986, p. 281) of 0.4-0.8 W/(m-°K)

The rock grain specific heat for crushed tuff is estimated to be 948 J/(kg“K The spec1ﬁc heat
for the crushed tuff with a porosity of 0.55 and a bulk density of 1.15 g/em’ equals the specific -
heat of the grains since specific heat capacity depends on mass which is independent of volume.
The volumetnc heat (C;) equals the specific heat (Cs) 948 J/(kg °K) times the bulk density (p)
1.15 g/cm’. The thermal emissivity of the invert is assumed equal to the emissivity for quartz on
a rough surface 0.93 (Holman 1997, p. 649). : S

~ Additional measurements (DTN: 680000483351030.003) of geotechnical and thermal properties -
- have been performed to characterize the thermal properties of crushed tuff as discussed in
- CRWMS M&O 2000q, Item 2). Also, it includes measurements of thermal properties of oven
dry samples of crushed tuff using the Thermolink Probe. This device uses a dual-probe, short-
.duration, heat pulse technique to simultaneously measure the volumetric. specific heat and
thermal diffusivities of granular materials. The measurements were performed for a e”
crushed tuff, and “4-10” Crushed Tuff. The average propertles are summarized below for oven

~ dry conditions at ambient temperature. . _

Additional physical - properties measurements for the “4-10" Crushed Tuff (DTN: -
GS000683351030.006) were conducted according to the American Society for Testing and
Materials Standard C1252 entitled “Standard Test Methods for Uncompacted Void Content of
Fine Aggregate (as Influenced by Particle Shape, Surface Texture, and Grading).” Twenty five
samples were tested. These tests showed the average porosity was 50.26 + 0.93 % with a
corresponding dry bulk density of 1.26 & 0.03 gm/cm’. If this dry bulk density is applied to the
measured volumetric specific heat for 4-10 Crushed Tuff, the calculated value for speclﬁc heat
. capacity is 740. J/(kg*K).
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~ Table XIV-3. Summary of Thermolink Results for Crushed Tuff
. (OTN: 68000483351 030.003)

Material Volumetric 'I:hen'nal T Thermal “Temperature
Specrﬁc Heat Conductivity lefuswity (°C)

_ (fem K C (WimPK) (mm’/s) .
4-10 ~
Crushed 0.930+ 0.074 0.16 0.01 0475 £0.013 173+ 1.1
Tuff | o

.| Fine
Crushed - : - , : '
Tuff 0.919 £ 0.061 0.14 1 0.01 . 0152 £0.004 238124
Group 1
Fine .
Crushed . _ A
Tuff ’
0.871 1 0.036 0.15+ 0.01 0.158 £ 0.007 20.1+23
Group 2 '

Note that measuretﬁents made on specific heat capacity for intact tuff show a strong temperature
dependence. Information is presented by Brodsky et al. (1997, p.53) show that the specific heat
~ capacity for TSw2 tuff is approximately 810 J/(kg*K) at a temperature of 60 C.

A review of models to predict thermal conductivity is presented by SEA (CRWMS M&O 2000q,
pp.13-17). Crane et al. (1977) compared a number of models to the results of experimental
-studies. SEA's literature review suggested that two models provided somewhat better
correlations. These included the model developed by Willhite, Kunii and Smith (1962), and the
Dietz model. The Dietz model is a Fourier model for thermal conductivity of a packed bed. The
Dietz model considered a special case of the packed bed-ahexagonal array of touching spheres. -
However, it was found that the resulting expression for the effective bed conductivity was only a
weak function of bed geometry, allowing the expression to be applied to a variety of packings.

These models were evaluated by comparing the predicted values for thermal conductivity on a
-separate and independent set of data developed by Saxena et al. 1986. Saxena et al. 1986
performed thermal conductivity measurements on porous materials. Measurements of effective
thermal conductivity of these materials were made using three different experimental methods
via the thermal probe method. The thermal probe method reported by Saxena et al. consisted of
~ a line heat source method in which a steel hypodermic needle of length 10 cm and outer dlameter
0.125cm is used as the source and sensor for temperature

The measured data are regressed agamst the predicted data and illustrated in Figure XIV-4. The
plot shows:the ratio of the thermal conductivity to the continuous or gas phase thermal
conductivity for measured data and predicted values for the Dietz Model. The Dietz model was -
found to produce a better result for this data. The Dietz Model is given by (CRWMS M&O
- 2000q, p-20):
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. where

(2
T R T B T
' 7

av-1

A = Thermal conductivity of the gas phase,
A4 = Thermal conductivity of the solids phase, :
K0= Zeroth order modified Bessel function of the second kind, and.
Kl = First order modified Bessel function of the second kmd

“The results of the analysis on the Saxena et al (l 986) data over a range of porosities are

- presented in Figure XIV-4. Also, this figure shows a data point for crushed tuff using the grain
thermal conductivity for TSw34 as discussed below. Note that the analysis shows some degree
.of variation that may be attributable to the higher porosity. CRWMS M&O 2000q, p.20, reports
that good agreement was obtained for void fractions between 0.38 to 0.49.

The Dietz model (Equatlon XIV-I 1) can be apphed to measured data for crushed tuff (TSw4) '
performed by the YMP. The value for the solids phase thermal conductmty for welded tuff is
gnven by Table 4-5, of this report, as 1.56 W/(m*K). Considering the air thermal conductivity is
given by Chapman (1974, p.593) as 0.026 W/(m*K) at 60 °C, the calculated value for thermal
conductivity of crushed tuff is predicted to be 0.15 W/(m"‘K) whxch compares reasonably well,
thh the measured values presented in Table XIV-3. - A _ _

The Dietz model can be used to predlct the thermal conductmty under saturated conditions by
substituting the value of thermal conductivity for water into Equation (XIV-11). Considering the -

- water thermal conductmty given by Chapman (1974, p. 586) at 60C, the value is 0.65 W/(m*K).
Substituting in this value in Eq. (XIV-11) yxelds a value for thermal conductmty under saturated
conditions of 1.03 W/(m*K).

The volumetric heat capacity under saturated conditions may be estimated by simple volumetnc
averaging. According to Jury et al. (1991, p. 179):

. N
C.=X,-C, +x,, -Cy +2. X, -C,
. . jal .
(Eq. XIV-12)

Where
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C. = Average volumetric heat capaclty

X, = Void fraction of air

Xw= Void fraction of water

Xy = Void fraction of the jth solids component

C, = Heat capacity per unit volume of the air

Cy =Heat capacity per unit volume of the water, and

Csj = Heat capacity per unit volume of the jth solids component.

Note that NUFT will calculate the volume averaged speclﬁc heat capaclty based upon the
volume fractions and their respective volumetric heats for the solids, water, and air. The
following calculation is provided for reference, and illustrates how specific heat, and thermal
dlifusmty would change when the degree of saturation is increased from zero to one.

Calculate the volumetric heat capacity for air. From Chapman (1974 p 593), the properties of
air at 60 C (140 F) are given by:

- BTU 1b

C » =0.2409 - —— —006614 —
. Ib-R fi*
Converting to the SI system of units:
j ' kg
Cp -1009 c— -1 059
kg- K-~

Calculate the volmrieuic heat capacity for air:

C=Cpip,  C,=1069.0-——

Calculate the volumetric capacity of the tuff from: Bquatlon (X1v-12) by considering 4-10 '

crushed tuff that has a volumetric heat capacity of 0.930 J/(cm® K) for TSw4 (Table XIV-3) and
~ an air void fraction of 0.51: -

9.30-10° = c X, +(1- X)C

Xiv- 13)
Solving for C,, the value of 1.89 *10° J/(m K) is obtained which is approxlmately twice the

value for the porous crushed tuff since as noted by Jury et al. (1991 p-180), the volumetric heat '

. capacity ofaxr is small

Consider now the propcrtles of water. From Chapman (1974 p- 586) at a temperature of 60C
(140 F):
‘ BTU b
Cp,, =0.998. —— =61.39-—
bR P "
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Converting to SI units: L |
J : kg

Cp. =4178-—— =983.373-2&
Pv = ek P o

The calculated volumetric heat capacity for water (Cw) is 4. 11 * 10° J/(m® K) Substltutmg in
Equatlon XIv-13), tbc volumetnc heat capaclty under saturated conditions is glven by:

J

. 6
| X Co +(-Xu)-C, =3.00:10° ——

The volumetric heat capacxty is increased by an approximate factor of three The mass densnty

under saturated conditions is calculated from the dry density of 1.26 %m/ 3 using the standard

soil mechanics convention of setting the volume of the sohds to 1 cor. Solvmg for the volume -
of vmds

V

- _i’_
1-¢
(XIV-14)

The total volume is 2.01 cm3 Calculate the wexght of sohds (W) based upon the dry dcnsxty of
1.26 gm/cm3:

W, =1.26.£2..2.01.cm® = 2.54.gm
PO B P E

Calculate the weight of the water equal the mass density of the water tiines the void volume:

W, =0983-E5..1.01-cm® = 0.99gm
cm' .

Calculate the saturated unit densityf

(XIV-IS) :

254 gm-t-lOlgm gm
=176 =— —
2.0t-cm? om

The mass specific heat capacity may also be expressed as (Jury et al. 1991, p.179):
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C=pG
(XIV15)

Solving for C; under saturated conditions, the calculated value for Cp is 1.71- 10° Jkg*K).

The thermal diffusivity under saturated condmons is estimated from thc thermal dlﬁ'usmty
relationship (Jury et al. 1991, p. 178)

a=MNC o |
- Eq. (XIV-17)

The calculated thermal diffusivity under saturated conditions is 0.34 mm?s. In comparing this |
thermal diffusivity to the dry case, the thermal diffusivity is increased by a factor of 2.

Measared Thermel Conductivity Rado (-)

12 T |' ) T

100 r ' - b4 . -t

X x
i n -
2 1 1 [] 1
2 ! 6 s 10 12
_ Predicted Thermal Conductivity Ratio ()
XXX Saxenaet al. Data
""" " Regression Analysis

O O 4-10 Crushed Tuff

Figure XIV-4 Comparison of Expenmental Results wnth Calculated Thermal Conductmty for the Dlelz

Model
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ATTACHMENT XV
RETC Anaysis for the Crushed Tuff Invert
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. | | ATTACHMENT XV .
RETC ANALYSIS FOR THE CRUSHED TUFF INVERT

llllllllllllllllllllllllllllllllilllllllllllllllllllllll

EEREEREE TR AR ER AR R AR R REA AR RRRARARE R RRRR AR ARG AR A RN AE
* ) *
* " ANALYSIS OF SOIL HYDRAULIC PROPERTIES *
* *
* 2-4.75 Crushed Tuff (Tptpmn) *
* *
* MUALEM BASED RESTRICTION, M=1-1/N *
* SIMULTANEQUS FIT OF RETENTION AND CONDUCTIVITY DATA *
® MTYPE= 3 METEOD= 1 *

 Inputs or observed data are from DTN: 85980808312242 015
for crushed tuff +*
See van Genuchten et al. 1991 for definition of variables and
output

********t************tt*********t****t************i***********i***i

INITIAL VALUES OF THE COEFFICIENTS

NO NAME INITIAL VALUE INDEX
1 WCR .0300 1
2 WCS .6320 0
3 Alpha .5000 1
4 n' . 5.0000 1
5 m .8000 0
6 1 .5000 0
7 1

Ksat .0001 .

| OBSERYED DATA (DTN: GS980808312242.015)

OBS. NO. PRESSURE HEAD: WATER CONTENT - WEIGHTING COEFFICIENT
1. - 177.000 .0590 1.0000
2 315.000 .0580 1.0000
3 . 493.000 .0570 1.0000
4 709.000 : " .0560 : 1.0000
5 1110.000 . ’ " .0550 , 1.0000
6 1570.000 .0530 1.0000
7 3080.000 .0520 1.0000
g 4430.000 .0500 o 1.0000
9 17700.000 , .0450 1.0000

10 123.000 . .0600 1.0000
11 177.000 .0600 : 1.0000
12 315.000 . . 0590 A 1.0000
13 493.000 .0s80 1.0000
14 . - 708.000 . .0580 1.0000
1s 1110.000 .0560 o 1.0000
16 1970.000 .0540 , 1.0000
17 3080.000 .0540 o - 1.0000
18 4430.000 : L0520 1.0000
19

17700.000 . -0470 1.0000
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WATER CONTENT | CONDUCTIVITY WEIGHTING COEFFICIENT

20 .1090 . ) ~ .4280E-04 1.0000
21 .0920 - .4280E-05 1.0000
22 .0760 . .1070E-0S 1.0000

23 .0660 .1190E-06 1.0000

WEIGHTING‘COEFFICIENTS

W]_.’ 1.00000 Wz.*t***t*** wizgi********'
- NIT 8sQ WCR Alpha  n Ksat
0 .05014 .0300 .5000 5.0000 .0001
. .05014 .0300 .0983 5.0030 .0001
2 .049564 .0301 .0286 5.6822 . .0002
3 .02339 .0416 .0153 - 5.7738 .00%4
4 .00492 .0541 .0151 - 7.0152 .0309
3 - .00231 .0560 .0160 7.4612 .0416
6 .00219 .0571 .0178 7.1658 . 0467
7 .00213 .0575 .0186 ¢€.7883 .0513
8 .00208 .0576 0213 6.4247 .0558
.9 .00204 .0576 .0228 6.0987 .0604
51

.00104 . 0559 .1160 2.7445 <~ .6032

CORRELATION MATRIX

WCR Alpha ‘n Ksat
1 .2 3 B
) 1 1.0000
2 -.1460 . 1.0000 .
3 .4623 ~-.8219 1.0000
4

-.3835 = .B414 -.9958 1.0000

RSQUARED FOR REGRESSION OF{OBSERVED VS FITTED VALUES = .59592182

NONLINEAR LEAST-SQUARES ANALYSIS: FINAL RESULTS

S 95% 'CONFIDENCE LIMITS
VARIABLE VALUE S.E.COEFF.  T-VALUE LOWER ' UPPER

WCR .05589 ° .00203 = 27.47 .0516 .0602
Alpha .11596 ~ .13186 - .88 ~-.1602 .3922
n - . 2.74449 .70882 - 3.87 1.2608 = 4.2282°

Ksat - .60316 . 77320 _ .78 -1.0152 2.2216

OBSERVED AND FITTED DATA

NO . 4 LOG-P WC-OBS WC-FIT - WC-DEV
b § " «1770E+03 2.2480 0590 .0589 .0001
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2 .3150E+03 2.4983 .0580 - .0570
3 .4930E+03 2.6928 .0570 .0564
4 .70S0E+03 2.8506 .0560 .0562
5 .1110E+04 3.0453 .0550 .. .0560
6 .1970E+04 3.2945 - .0S30 .0559
7 .3080E+04 3.4886  .0520 - .0559
8 .4430E+04 3.6464 .0500 .0559
9 .1770E+05 4.2480 .0450 .0559
10 .1230E+03 2.0899 ".0600 . .0615
11 .1770E+03 2.2480 .0600 .0589 .
12 .3150E+03 2.4983 .0590 .0570
13 .4930E+03 2.6928 .0580 .0564"
14 .7090E+03 2.8506 . 0580 .0562
15 .1110E+04 3.0453 .0560 .0560
16 .1970E+04 3.2948 .0540 . .0558
17 .3080E+04 3.4886 .0540 ' .0559
18 .4430E+04 3.6464 .0520 .0559
1s .1770E+05 4.2480 .0470 .0559
WC K-OBS K-FIT K-DEV
20 .1090  .4280E-04 .4124E-04 .1565E-05
21 .0920 .4280E-05 .1006E-04 -.5779E-0S
22 .0760  .1070E-05 .1187E-05 -.1166E-06
23 ©1190E-06  .S651E-07 ~ .224SE-07

SUM OF SQUARES OF OBSERVED VERSUS FITTED VALUES

.0660

.0010

RETENTION DATA

COND/DIFF DATA
ALL DATA

.00030
.00000
.00030

UNWEIGHTED WEIGHTED

- .00030°
.00074
.00104

~ SOIL HYDRAULIC PROPERTIES (MTYPE = 3)

[
. 0589
.0619
.0678
.0799
.0919
.1039
.1159
.1279
.1399
.1519

.1639

.1759
.1879
.1999
.2119
.2239
.2359
.2479
.2599
.2719

P
.1756E+03
.1180E+03
.7926E+02
.5318E+02
.4206E+02
.3557E+02
+.3120E+02
.2800E+02

.2554E+02

.2355E+02
.2191E+02
.2052E+02
.1932E+02
.1827E+02
.1735E+02

" .1651E+02

.1576E+02
.1507E+02
.1444E+02
.1386E+02
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LOGP
2.244
2.072
1.899
1.726

1.624

1.551
1.494
1.447
1.407
1.372
1.341
1.312
1.286
1.262
1.239
1.218
1.198
1.178
1.160
1.1242

COND
.1151E-08
.1¢441E~07
.1806E-06
.2265E-05
.9956E-0S
.2B50E-04
.6450E~04
.1259E-03
.2217E-03
.3622E-03
.5592E-03
.8252E-03
.1174E-02
.1622E-02
.2185E~02
.2882E~02
.3731E-02

.4755E-02

.5976E-02
.7419E-02

© XV-4

LOGK

~-8.939

- =-7.841
-6.743
-5.645
-5.002
-4.5458
-4.,190
-3.900
-3.654
-3.441
-3.252
-3.083
-2.5930
-2.750
-2.660
-2.540
-2.428
-2.323
-2.224

-2.130

.00086
-,.0002
-.0010
-.0029
-.0038%
-.0059
-.0109
-.0018
.0011
.0020
.001é
.0018
.0000
-.0019%
- =-,0019
-,003%
-.0089%
LOGK-0OBS LOGK-FIT
-4.3686 -4.3847
-5.3686 -4.9974
-5.9706 -5.9257
-6.9245 -7.0154
DIF LOGD
.3861E-04 -4.413
.1625E-03 -3.789
.6851E-03 -3.164
«2896E-02 -2.538
.6753E-02 -2.170
.1235E-01 -1.908
.1979E-01 -1.704
«.2916E-01 -1.535
.4058E-01 -1.392
.5416E-01 -1.266
.7004E-01 -1.155
.8837E-01 -1.054
.1093E+00 ~.9€61
«1330E+00 -.876.
.1597E+00 -.797
.1896E+00 -.722
.2230E+00 ~.652
.2602E+00 -.585
.3014E+00 -.521
«3471E+00 ~-.460
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-2.040

‘' .2839  .1332E+02 1.124 .9112E-02 .3976E+00  -.401
.2959 .1281E+02 1.108 .1108E-01 -1.955 .4534E+00 -.343
.3079 .1234E+02 1.091 .1336E-01 -1.874 .5152E+00  -.288
.3199 .1189E+02 1.075 = .1598E-01 -1.796 .5834E+00 -.234
.3319 .1146E+02 1.059 .1898E-01 -1.722 .6588E+00  -.18B1
.3439 .1105E+02 1.043 .2241E-01 -1.650 .7422E4+00 -.129
.3559 .1066E+02 1.028  .2629E-01 ~-1.580 .8346E+00 -.079
.3680 .102S5E+02 1.012 .3068E-01 -1.513  .9371E+00 -.028
.3800 .9929E+01  .997 .3564E-01 -1.448 .1051E+01 .022
.3920 .9580E+01  .S81 ' -.4121E-01 -1.385 .1178E+01 .071
.4040  .9242E+01  .966 .4747E-01 -1.324 .1320E+01 .121
.4160 .8913E+01  .950 .5447E-01 -1.264 '.1479E+01  .170
.4280 .8590E+01  .934 .6231E-01 '-1.205 .1658E+01  .220
.4400 .8273E+01- .918 .710SE-01 -1.148  .1860E+01 .270
.4520 .7961E+01 .901 .8081E-01 -1.093  .2080E+01 .320
.4640 .7652E+01  .884 .9169E-01  -1.038.  .2354E+01 .372
.4760 .7344E+01  .866 .1038E+00 -.984 .2657E+01 .424
.4880 .7037E+01 . .847 .1173E+00 -.931 .3009E+01 .478
.5000 .6728E+01  .828 .1324E+00 -.878 .3422E+01 .53¢4
.5120 .6416E+01  .807 “1493E+00  -.826 .3514E+01 .593
.5240 .6098E+01  .785 .1681E+00 -.774 .4505E+01 °  .654
.5360 +5772E+01 .76l .1893E+00  -.723 .5232E+01 .719
.5480 .5433E+01  .735 .2132E+00 -.671 .6144E+01 .788
.5600 .5078E+01  .706 .2403E+00 = -.619  .7324E+01 .865
.5720 .4699E+01  .672 .2713E4+00 -.567  .8911E+01 .950
.5840 .4285E+01  .632 .3072E+00  -.513 .1117E+02  1.048
.5960  '.381BE+01 .582 .3496E+00  -.456 .1467E+02  1.167
.6080 .3260E+01  .513 .4013E+00  -.396 .2097E+02  1.322
.6200 J2507E+01  .399 .4691E+00  -.32% .3668E+02  1.564
.6260 .1938E+01  .287 .5154E+00  -.288 .6146E402  1.789
.6320 .0000E+00 .6032E+00  -.220 :

!  END OF PROBLEM
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Compact Disk:

A compact disk is provided in attachment to contain all the electronic files used in this report. '
- The CD is arranged in four directories: (1) diversion; (2) drainage; (3) thermohydro; and (4) '
dscondensation. A file named “directory_] hstmg doc” is saved in the root directory to identify

- each individual file per model.

The electronic files developed for the WD&R model are listed m the following:

Folder
File Name
\diversion

crevice_flow_f.mcd
crevice_flow_p.mcd
-adsoptive_film.mcd
properties.pm ‘

“\drainage

-Glaciall.inf
Glacialm.inf
Glacialu.inf -
bes_99.dat
Dftl.dat
UZ99_3_3D.mesh
UZ99_3.grd

~ GlacialLNV
Glacialm.NV
Glacialu. NV
Glaciall.out
Glacialm.out

. Glacialu.out
Glaciall_convert
Glacialm_convert
‘Glacialu_convert
Outpt |
outpt_wt
shapel.dat
Column.data
LAcA4.dat
LBL99-YMESH
LA4c4.col.units
repository_shape V1.0.xls
. Cover.m

'ANL-EBS-MD-000032 RBV 01

. Dates and Times _

9/11/00 11:57AM
10/5/00 1227PM

10/9/00 1:17 PM
7/28/00 12:00PM

9/15/99 5:02PM

9/15/99 5:05PM
9/15/99 5:05PM

10/21/99 12:35PM
11/28/99 10:40PM -

09/09/99 1:53PM
09/09/99 1:52PM
09/23/99 2:29PM
09/23/99 2:29PM
09/23/99 2:30PM
11/23/99 9:38AM

- 11/23/99 9:38AM
11/23/99 9:39AM

12/08/99 10:14AM
12/08/99 10:14AM
12/08/99 10:14AM
11/30/99 1:18PM
11/30/99 1:20PM
10/27/99 1:46AM
10/12/99 2:09PM
12/08/99 10:13AM

- 10/08/99 10:37AM

12/08/99 10:13AM
12/09/99 9:36AM
10/12/99 2:57PM

XVI-2

File Size

14kb

- 16kb
-40kb

1kb

2,219kb

2,219kb !
2,219kb :

274kb

5kb

28,037kb

873kb

- 7,022kb

7,022kb
7,022kb
1kb .
1kb
1kb

- 1kb

1kb
1kb
2kb
2kb
1kb
1kb
1kb
16,350kb
2kb
34kb
3kb
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Chim_Surf_TP.f -

Columnlnfiltration.c

rmeb6.c

Chim_Surf be_tst.f

Chim_test

Chim_out .

columnlinfiltration_tst.dat

columnInfiltration_tst NV

columnlnfiltration_tst.out

Lin SR

~ 5in

9.in ,

dkm-afc-NBS-WDR

dkm-afc-EBS_Rev10-WDR

vtough.pkg

1.£EBS.ext

1.m.EBS.ext

S.fext

S.m.ext

9.fext

9.m.ext

- Casel_Flux V1.0.mcd

Case899.1_Flux V1.0.med.

Casel V1.0.mcd

 Case9 V1.0med -

Summary of travel time
calculation V1.0.xls

[] R

\dscondensation

repos_to_Nvcentral -
- wdrdscxls ’
wdrdscu.xls

\thermohydro

" npon_isothermal_seepage.tar.gz

consisting of the following:

LDTH-SDT-0.3Qheat-50y_vent-20

. directory_listing , .
dkm-afc-1Dds-mc-1i-00
dkm-afc-1Dds-me-mi-00
dkm-afc-1Dds-mc-ui-00
dkm-afc-EBS_Rev21
enthalpyWater34Low.nft

ANL-EBS-MD-000032 REV 01

10/12/99 8:08AM
10/12/99 2:09PM

~ 10/08/99 11:19AM

11/27/99 12:48PM
11/27/99 12:43PM
11/27/99 12:44PM
11/22/99 11:56AM
11/22/99 11:56AM

-11/22/99 11:56AM

11/05/99 10:09AM
11/05/99 10:09AM
11/05/99 10:09 AM
11/11/99 10:50AM
11/11/99 10:50AM

- 10/22/99 3:35PM

12/20/99 4:08PM
12/20/99 4:.08PM

- -12/20/99 4:59PM

12/20/99 4:59 PM

12/20/99 5:14PM

12/20/99 5:17PM

01/18/00 11:08AM
01/18/00 10:52AM
12/28/99 10:21AM

112/28/99 02:53PM
- 01/03/00 3:37PM

08/16/00 09:47AM
10/18/00 02:47PM
09/15/00 01:33PM

10/10/00 04:01PM

XVI-3

3kb -
Skb
10kb

- 2kb

5kb
1kb
1kb.

- 1kb

1kb
26kb
28kb
27kb
55kb

- 9%b

3kb
675kb
672kb
1,540kb
1,537kb

- 2,214kb

1,872kb
7kb
17kb
124kb
124kb

23kb

17kb

317kb

220kb

~ 301,734kb

November 2000



enthalpyWater34Med.nft
enthalpyWater34Upp.nft
enthalpyWater56Low.nft
enthalpy Water56Med.nft
enthalpyWater56Upp.nft
fluxOutput00

_ infiltration.xls
14c1-LDTH34-5pt.xz
14¢1-LDTH34-inv-5pt.xz
14¢c1-LDTH34-li-inv.03.f EBS.ext
14c1-LDTH34-li-inv.03.in
14¢c1-LDTH34-li-inv.03.m.EBS.ext
14c1-LDTH34-li-inv.30.f.EBS.ext
14c1-LDTH34-li-inv.30.in
14¢1-LDTH34-li-inv.30.m.EBS.ext
14c1-LDTH34-1i.00.f EBS.ext
14c1-LDTH34-1i.00.in .
14c1-LDTH34-1i.00.m.EBS.ext

- 4c1-LDTH34-1i.03.f. EBS.ext
14c1-LDTH34-1i.03.in
14c1-LDTH34-1i.03.m.EBS.ext
14c1-LDTH34-1i.30.f EBS.ext
14c1-LDTH34-1i.30.in
14c1-LDTH34-1i.30.m.EBS.ext
14c1-LDTH34-mi-inv.03.£.EBS.ext
14c1-LDTH34-mi-inv.03.in

- 14c1-LDTH34-mi-inv.03.m.EBS.ext

14¢c1-LDTH34-mi-inv.30.f. EBS.ext
14c1-LDTH34-mi-inv.30.in
14c1-LDTH34-mi-inv.30.m.EBS.ext
l4cl-LDTH34-mi.00.£EB_S.ext
14c1-LDTH34-mi.00.in
14¢1-LDTH34-mi.00.m.EBS.ext
J4c1-LDTH34-mi.03.f.EBS.ext
14c1-LDTH34-mi.03.in
14c1-LDTH34-mi.03.m.EBS.ext
14c1-LDTH34-mi.30.f EBS.ext -
14c1-LDTH34-mi.30.in '
14¢1-LDTH34-mi.30.m.EBS.ext
14c1-LDTH34-ui-inv.03.f. EBS.ext
14c1-LDTH34-ui-inv.03.in
14¢c1-LDTH34-ui-inv.03.m.EBS.ext
14c1-LDTH34-ui-inv.30.f EBS.ext
14c1-LDTH34-ui-inv.30.in
14c1-LDTH34-ui-inv.30.m.EBS.ext
14¢1-LDTH34-ui.00.f EBS.ext

ANL-EBS-MD-000032 REV 01 XVI4
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14c1-LDTH34-vi.00.in o
14c1-LDTH34-ui.00.m.EBS.ext
¥4c1-LDTH34-ui.03.f EBS.ext
14c1-LDTH34-ui.03.in R
14c1-LDTH34-ui.03.m.EBS.ext -
14c1-LDTH34-ui.30.f EBS.ext
14¢1-LDTH34-ui.30.in
14c1-LDTH34-1i.30.m.EBS.ext
14c4-LDTH56-5pt.xz
14¢c4-LDTHS6-inv-5pt.xz
14c4-LDTH56-li-inv.03.f EBS.ext
14c4-LDTH56-li-inv.03.in .
14c4-LDTH56-1i-inv.03.m.EBS.ext
14c4-LDTH56-1i-inv.30.f. EBS.ext
14c4-LDTH56-li-inv.30.in
14c4-LDTHS56-li-inv.30.m.EBS.ext
14c4-LDTH56-1i.00.f EBS.ext
14c4-LDTH56-1i.00.in
14c4-LDTH56-1i.00.m.EBS.ext
14c4-LDTH56-1i.03.£ EBS.ext
14c4-LDTH56-1i.03.in
~ 14c4-LDTHS56-1i.03.m.EBS.ext
14c4-LDTH56-11.30.£ EBS.ext
14c4-LDTH56-1i.30.in
“14c4-LDTH56-11.30.m.EBS.ext -
14c4-LDTH56-mi-inv.03.£ EBS.ext
14c4-LDTHS6-mi-inv.03.in
14¢4-LDTH56-mi-inv.03.m.EBS.ext
14c4-LDTH56-mi-inv.30.f£. EBS.ext
14c4-LDTH56-mi-inv.30.in
14c4-LDTH56-mi-inv.30.m.EBS.ext
14¢4-LDTHS56-mi.00.f EBS.ext
14c4-LDTH56-mi.00.in
14c4-LDTH56-mi.00.m.EBS.ext -
14c4-LDTH56-mi.03.f EBS.ext
14c4-LDTH56-mi.03.in
" 14c4-LDTH56-mi.03.m.EBS.ext
14c4-LDTH56-mi.30.f EBS.ext
14c4-LDTH56-mi.30.in ‘
14c4-LDTHS56-mi.30.m .EBS.ext
14c4-LDTH56-ui-inv.03.f EBS.ext
14c4-LDTH56-ui-inv.03.in _
14c4-LDTH56-ui-inv.03.m.EBS.ext
14c4-LDTHS56-ui-inv.30.f.EBS.ext
14c4-LDTH56-ui-inv.30.in ,
14c4-LDTH56-ui-inv.30.m.EBS.ext

ANL-EBS-MD-000032 REV 01 - XVI-5
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14c4-LDTHS56-ui.00.f EBS.ext .
14c4-LDTH56-ui.00.in '
14c4-LDTH56-ui.00.m.EBS.ext
14c4-LDTHS56-ui.03.f.EBS.ext
14c4-LDTHS6-ui.03.in

14c4-LDTH56-ui.03.m.EBS.ext

: l4c4-LDTH$6-ui.30.'f.EBS..ext

- 14c4-LDTHS56-ui.30.in

14c4-LDTH56-ui.30.m.EBS.ext
modprop_dr-20

- output.times-34-20

output.times-34-20a
output.times-56-20a -
run_control_param_LDTH-v09

'ANL-EBS-MD-000032 REV 01

XVI-6

_ "November 2000



