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ACRONYMS AND ABBREVIATIONS

AMR Analysis and Model Report
ANSYS A commercial heat transfer software package used within the nuclear industry

and on the Yucca Mountain Site Characterization Project

CFD Computational Fluid Dynamics, also, the name of the in-drift module of the
MULTIFLUX software

CFR Code of Federal Regulations

DOE U.S. Department of Energy
DW Drift Wall

EBS Engineered Barrier System
ESF Exploratory Studies Facility

HTOM Higher-Temperature Operating Mode

IRSR Issue Resolution Status Report

KTI Key Technical Issue

LLNL Lawrence Livermore National Laboratory
LTOM Lower-Temperature Operating Mode

MOU Memorandum of Understanding
MSTH Multi-Scale Thermal-Hydrologic
MULTIFLUX A coupled rock-domain and drift-domain ventilation software package

developed by the University of Nevada, Reno

NFE Near-Field Environment
NMSS Nuclear Materials Safety and Safeguards Division of the NRC
NRC U.S. Nuclear Regulatory Agency
NTCF The “Numerical Transport Code Functionalization” module of the

MULTIFLUX software that assembles multiple-realization NUFT rock domain
results into matrices relating heat flux and temperature, and vapor pressure and
mass flux, at the drift wall

NUFT A coupled heat and mass transfer software package developed by LLNL

OCRWM Office of Civilian Radioactive Waste Management (DOE)

RDTME Repository Design and Thermal Mechanical Effects (KTI)

SR Site Recommendation
SSPA Supplemental Science and Performance Analyses
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TSPAI Total System Performance Assessment Integration (KTI)
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KTI Letter Report

Effect Of Forced Ventilation on Thermal-Hydrologic Conditions in the
Engineered Barrier System and Near Field Environment

This letter report provides information to address three Key Technical Issue (KTI) agreements.
Each KTI agreement, Repository Design and Thermo-Mechanical Effects (RDTME) Agreements
3.01 and 3.14, and Thermal Effects on Flow (TEF) Agreement 2.07, addresses phenomena
related to in-drift moisture and DOE’s ability to model these phenomena.  The information in
this letter report is provided in four parts.  Part 1 provides the background and summarizes the
technical issues of interest to the NRC and the DOE that preceded the KTI agreements.  Part 2
provides the wording of the agreements, the status of their various component information needs,
and DOE’s assessment of work yet to be done.  Part 3 provides the information called for by the
KTI agreement, including the technical bases for all assertions and assumptions.  Part 4
acknowledges the interface of the KTI agreements that are the subject of this letter report with
relevant issues from the TSPAI Technical Exchange; however, this letter report does not
specifically address or request change in status of the cited TSPAI KTI agreements.  Part 5 lists
references.

1. BACKGROUND FOR RDTME AGREEMENTS 3.01 AMD 3.14 AND TEF
AGREEMENT 2.07

The NRC and DOE technical exchanges related to the effects of forced ventilation led to the KTI
agreements summarized below.  These summaries are based upon technical material provided in
Issue Resolution Status Reports (IRSR), delta tables developed to support the technical
exchanges on these KTIs, the agreements reached at the technical exchanges, and ongoing DOE
work.

KTI agreements RDTME.3.01, RDTME.3.14, and TEF.2.07 seek information concerning the
development of a Ventilation Model and its ability to predict temperature, humidity and the
occurrence of localized liquid phase water in the drifts and the near-field rock during the
preclosure forced ventilation phase of repository operations.  Such in-drift and near-field
thermal-hydrologic (TH) conditions are important factors in predicting the longevity of ground
support and the preclosure and early postclosure TH environment of the waste packages.
Ground support longevity and waste package environment could be factors in determining the
longevity of the waste packages.  In-drift TH conditions are also important to ventilation
efficiency, which affects postclosure peak temperature, and in turn, affects near-field and
engineered barrier system coupled processes.

1.1 NRC INITIAL COMMENTS

As stated in the RDTME Delta table (February 2001), the DOE did not explain how the
distributions of temperature, saturation, and relative humidity at 50 or 100 years were obtained.
That is, the initial conditions used in the postclosure analysis were obtained without considering
thermal loading during the earlier period (of 50 or 100 years).  The thermal-load characterization
of the emplaced waste and ventilation are significant design features that need to be considered
in the assessment of thermal-hydrologic effects on the engineered barrier environment.
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As stated in the TEF Delta Table (January 2001), the DOE has not demonstrated that ventilation
is included in their models.  Ventilation could remove moisture from one portion of the
repository environment and deposit it elsewhere with negative consequences (i.e., inducing
increased waste package corrosion at the point of condensation).  DOE models have not been
demonstrated to include the potential negative effects of ventilation.

1.2 DOE INITIAL RESPONSE

DOE considers ventilation effects in models when appropriate, and has performed analyses of
the effects of forced ventilation.  Heat removal effects due to ventilation are included in the
Multiscale Thermohydrologic Model (BSC 2002b).  DOE’s ventilation analyses performed at the
time of the technical exchanges showed that relative humidity in the preclosure ventilation
period will be low and condensation will be unlikely, particularly directly on waste packages
during the preclosure period.

1.3 STATEMENT OF DIFFERENCES

DOE and NRC have agreed on the technical information needed to resolve the technical issues
discussed in Sections 1.1 and 1.2.  These understandings were documented in the KTI technical
exchanges as KTI agreements RDTME.3.01, RDTME.3.14, and TEF.2.07, replicated in Section
2.2.  DOE believes its recent work as documented herein provides the information necessary to
respond to NRC’s information needs.

1.4 DEFINITION OF TECHNICAL TERMS

Discretization Subdivision of the spatial domain of a continuous medium for the
purpose of numerical modeling

Emissivity The thermal power emitted by a surface, as a fraction of that emitted
by a black body radiator

Gray Surface A surface with an emissivity less than the value of 1.0 for a black
surface

Hygroscopic The property of minerals that causes retention of water; hygroscopic
minerals will become damp at relative humidity below 100%

Multiple Realizations Evaluation of a numerical model a number of times, using input
parameters that span a range of possibilities

Ventilation Efficiency The amount of heat removed by the ventilation airflow during a
specified period, divided by the energy released from the nuclear
waste due to radionuclide decay

View Factor The geometric relationship between two surfaces exchanging heat
via thermal radiation



KTI Letter Report on Forced Ventilation 3 Rev. 00 03/06/02

2. APPLICABLE NUCLEAR SAFETY STANDARDS/REQUIREMENTS / GUIDANCE

NRC requirements are listed in Section 2.1.  The text of the relevant KTI agreements is provided
in Section 2.2.  The current status of information requested by the KTI agreements is
summarized in Section 2.3.

2.1 APPLICABLE REQUIREMENTS

10 CFR 63, Disposal of High-level Radioactive Wastes in a Geologic Repository at Yucca
Mountain, Nevada, Subpart B, Licenses, provides the requirements for preapplication review.
These activities constitute informal conference between a prospective applicant and the NRC
staff, as described in 10 CFR Part 2, Rules of Practice for Domestic Licensing Proceedings and
Issuance of Orders, paragraph 2.101 (a)(1).  Consistent with these requirements and in accord
with the memorandum of understanding between the two federal entities, Agreement between
DOE/OCRWM and NRC/NMSS Regarding Prelicensing Interactions (Slater et al. 1998), a series
of meetings was undertaken to identify information needed for a prospective license application.
At these meetings, agreements for DOE to provide NRC with information were recorded as Key
Technical Issue agreements.

2.2 KTI AGREEMENTS

Quoted below are the three KTI agreements that are the subject of this Letter Report.  The
purpose of the KTI agreements is to assure that sufficient information is available on an issue to
enable the NRC to docket a proposed license application.

Wording of KTI Agreement RDTME.3.01, from NRC/DOE Technical Exchange, February 6-8,
2001:

“Provide the technical basis for the range of relative humidities, as well as the
potential occurrence of localized liquid phase water, and resulting effects on ground
support systems.  The DOE will provide the technical basis for the range of relative
humidity and temperature, and the potential effects of localized liquid phase water
on ground support systems, during the forced ventilation preclosure period, in the
Longevity of Emplacement Drift Ground Support Materials, ANL-EBS-GE-000003
Rev 01, and revision 1 of the Ventilation Model, ANL-EBS-MD-000030, analysis
and model reports.  These are expected to be available to NRC in September and
March 2001, respectively.”

Wording of KTI Agreement RDTME.3.14, from NRC/DOE Technical Exchange,
February 6-8, 2001:

“Provide the results of the ventilation modeling being conducted at the University
of Nevada-Reno (Multi-Flux code) and validation testing at the Atlas Facility
(validation of the ventilation model based on the ANSYS code), including:  1) the
technical bases for the adequacy of discretization used in these models and 2) the
technical bases for the applicability of the modeling results to prediction of heat
removal from the repository.  The DOE will provide the results of the ventilation
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tests in an update to the Ventilation Model, ANL-EBS-MD-000030, analysis and
model report.  This is expected to be available to NRC in FY2002.”

Wording of KTI Agreement TEF.2.07, from NRC/DOE Technical Exchange, January 8-9, 2001:

“Provide the Ventilation Model AMR, Rev. 01 and the Pre-Test Predictions for
Ventilation Test Calculation, Rev. 00.  The DOE will provide the Ventilation Model
AMR (ANL-EBS-MD-000030) Rev 01 to the NRC in March 2001.  Note that
ventilation test data will not be incorporated in the AMR until FY02.  Test results
will be provided in an update to the Ventilation Model AMR (ANL-EBS-MD-
000030) in FY 02.  The DOE will provide the Pre-test Predictions for Ventilation
Tests (CAL-EBS-MD-000013) Rev 00 to the NRC in February 2001.”

2.3 STATUS OF AGREEMENTS

DOE believes the information submitted herein satisfies the requests for information in the KTI
agreements, as explained below.

2.3.1 RDTME.3.01

This KTI agreement has two major components, and its current NRC status is “partly received.”
The first component, AMR Longevity of Emplacement Drift Ground Support Materials (BSC
2001a), includes the technical basis for the range of relative humidity and temperature, and the
potential effects of localized liquid phase water on ground support systems, during the forced
ventilation preclosure period.  This AMR was submitted to NRC on June 28, 2001 (Brocoum
2001a).  The conclusion reached in the AMR is that ground support components within the drift
would not fail due to corrosion during the preclosure period at relative humidity below 40%.

The second component, AMR Ventilation Model (BSC 2002a), includes the descriptions of the
conceptual and numerical models, the model validation results, and calculation of ventilation
efficiency and air relative humidity for a test case similar to the SR design.  This AMR is the
subject of this letter report.  Whereas the DOE agreed to provide the NRC with a revised AMR,
this letter report provides, in a more concise format, the information pertinent to the technical
issues.  The conclusion of the draft AMR, which is summarized in Section 3 of this Letter
Report, is that the in-drift relative humidity will remain below 40% during the preclosure period.

With this submittal, all information agreed to for RDTME.3.01 has been provided.

2.3.2 RDTME.3.14

This KTI agreement has one major component, and its current NRC status is “not received.”  The
Ventilation AMR (a future revision) was to provide the technical basis for the adequacy of
discretization used in the MULTIFLUX and ANSYS numerical models and the technical basis
for the applicability of the modeling results to prediction of heat removal from the repository.
Both of these information needs are discussed in this Letter Report.  Both the MULTIFLUX and
ANSYS models are applied to a repository-relevant test problem.  Whereas the DOE agreed to
provide the NRC with a revised Ventilation AMR, this letter report provides, in a more concise
format, the information pertinent to the technical issues.  The draft AMR (BSC 2002a) has been
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submitted to the record system.  The final AMR, Rev. 01, will include the material summarized
in this letter report and also include post-test analysis of Ventilation Test Phases 1 and 2, as
additional validation basis.

With this submittal, the status of agreement RDTME.3.14 should be changed to “partly
received”.

2.3.3 TEF.2.07

This KTI agreement has three major components, and its current status is “partly received.”  The
first component, Pretest Predictions for Ventilation Tests (CRWMS M&O 2001), was submitted
to NRC on March 2, 2001 (Brocoum 2001b).  This document provided information on
ventilation test phases 1 and 2.

The second component, the Ventilation Model Rev 1 (BSC 2002a), is the subject of this letter
report.  Whereas the DOE agreed to provide the NRC with a revised AMR, this letter report
provides the information pertinent to the technical issues in a more concise format.  Draft 01D of
the AMR, which has been submitted to the Record Information System (BSC 2002a), includes
the material in this letter report.

For the third component, DOE was to incorporate test results of ventilation testing in a future
revision of the Ventilation Model.  This component is not being submitted at this time, but will
be included in the final AMR, Rev. 01.

With this submittal, the status of agreement TEF.2.07 should remain “partly received”.

3. INFORMATION TO SATISFY KTI AGREEMENTS

The effects of forced ventilation on in-drift thermal hydrologic conditions were considered in a
number of prior DOE activities, and in new work described in this letter report.

� Prior Activities:  Based on Exploratory Studies Facility (ESF) ventilation data (DTN
MO0104SPATEM00.001), forced ventilation will limit in-drift relative humidity during
the preclosure period to values below ~40% (BSC 2001a, Section 5.5).  At such
humidity values, condensation on waste packages could only occur for dust composed of
extremely hygroscopic minerals such magnesium chloride.  Dust within the
emplacement drifts could be a mixture of minerals that would require higher humidities
for condensation to occur.  The Ventilation AMR Rev. 00 (CRWMS M&O 2000a), used
a two-dimensional, conduction-only rock model linked to a one-dimensional air model.
The AMR concluded that 15 m3/s of ventilation flow within an emplacement drift could
remove at least 70% of the time-integrated waste package thermal output for a 50-year
ventilation period.  This result was used as an input to the Multi-Scale Thermal-
Hydrologic (MSTH) model (BSC 2002b) used as part of the TSPA-SR model (CRWMS
M&O 2000b).  That model concluded that the 70% ventilation efficiency was adequate
to meet thermal design requirements for the SR design.  Subsequent ventilation analyses
using the Ventilation AMR Rev. 00 model (documented in the Supplemental Science
and Performance Analyses, SSPA Volume 1 Chapter 5 (BSC 2001b), concluded that the
time-averaged ventilation efficiency would exceed 80% for a 300 year ventilation period
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(the Lower-Temperature Operating Mode).  The SSPA calculations concluded that the
80% ventilation efficiency and longer ventilation duration were adequate to meet more
restrictive thermal goals, such as an 85�C peak waste package temperature limit.  The
SSPA Volume 1 Chapter 5 also analyzed the sensitivity of peak preclosure and
postclosure temperatures to a +10% uncertainty in time-averaged ventilation efficiency
and the use of time-dependent ventilation efficiencies.  In addition, the SSPA Volume 1
Chapter 5 used a thermal-hydrologic model and bounding hand calculations to estimate
the effect of near-field dryout on ventilation efficiency and on in-drift conditions.

� New Work Described in this Letter Report:  Draft 01D of the Ventilation AMR (BSC
2002a) presents DOE’s conceptual and numerical models to calculate the effects of
forced ventilation on the near field environment (NFE) and engineered barrier system
(EBS) thermal-hydrologic conditions (Sections 3.1 and 3.2 of this letter report).  The
draft AMR validates the model using comparisons of model components to analytic
solutions (Section 3.3.1) and by comparing output from two distinct numerical models
(Section 3.3.2).  The draft AMR applies both numerical models to the same design,
which is similar to the SR design (Section 3.4).  Since one numerical model
(MULTIFLUX) considers latent heat and mass transfer processes, the difference
between the model results quantifies the effects of these processes for the test case
design parameters.

The remainder of Section 3 is a summary of the draft Ventilation AMR, Rev. 01D.  That
document has been revised during the past year, to address issues identified during technical
checking.  Additional details supporting the conclusions drawn in Section 3.5 of this Letter
Report will be in Rev 1 of the AMR, currently undergoing review in accordance with approved
project procedures.  The summary in this letter report is subject to change during the checking
and interdisciplinary review processes.

Section 4 of this letter report discusses the work described in Section 3 with respect to several
TSPAI KTI agreements.

3.1 VENTILATION CONCEPTUAL MODEL

When air is directed into an emplacement drift, thermal energy released from the waste packages
will be transferred to the in-drift and host rock surroundings through the six processes outlined
below and shown in Figure 1.  The heat and mass transfer processes vary with time and with
axial position (the distance down the drift from the airflow entrance point).  These processes are
coupled throughout the entire thermal period, which includes the preclosure phase of operations
and thousands of years after closure.

(1) Thermal radiation transfers heat from the surface of the waste package to the drift wall.
The rate at which the heat is transferred can be calculated using the Stefan-Boltzmann
Law for gray surface radiation exchange at any time during the preclosure period, using
the waste package surface and drift wall temperatures.  This calculation also requires
knowledge of the geometry and emissivities of the waste package and drift wall
surfaces.
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(2) Convection transfers heat from the surface of the waste package to the airflow, due to the
temperature differences between the surface and the moving air.  The heat flow rate can
be calculated using Newton's Cooling Law at any time during the preclosure period,
using the bulk temperature of the airflow and the temperature of the waste package
surface.  This calculation also requires knowledge of the convective heat transfer
coefficients that implicitly describe the effects of the airflow, the drift geometry, and
surface properties on the heat transfer rates.

(3) Convection transfers heat from the drift wall surface directly to the airflow, due to the
temperature differences between the wall surface and the moving air, similar to process
(2).  The sum of the two convective heat transfer rates determines the rate of energy
addition to the moving air, and can be used to calculate the axial rate of air temperature
increase.  This calculation also requires knowledge of the convective heat transfer
coefficients that implicitly describe the effects of the airflow, the drift geometry, and
surface properties on the heat transfer rates.  Axially along the drift, the convection heat
transfer (items 2 and 3) can be combined with the air mass flow rate and its specific
heat, to calculate the axial change of air temperature.

(4) Conduction transfers heat within the rock mass due to changes in drift wall temperature.
The heat flow rate into the rock can be determined using Fourier's Conduction Law at
any time during the preclosure period, using the temperature gradient in the rock mass.
This calculation requires knowledge of the thermal conductivity, saturation, density, and
heat capacity of the rock (which may vary spatially).  Heat transport in the rock is also
affected by processes (5) and (6) described below.

(5) Water phase change (evaporation and condensation) occurs within the host rock as the
temperature and vapor pressure change.  The rate of phase change can be calculated at
any time during the preclosure period using the temperature and partial pressure of the
water vapor within the rock.  This calculation also requires knowledge of the porosity
and saturation of the host rock, and is coupled to the mass transfer described in item 6.

(6) Water (liquid and vapor phases) mass transfer occurs within the near-field host rock and
the in-drift air.  Water vapor moves within the host rock to cooler regions where it
condenses, as described in process (5).  It also enters the in-drift airflow at the drift wall,
causing a change in relative humidity, and can potentially condense in cooler regions of
the ventilation system, such as the exhaust main drift and exhaust shafts.
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Figure 1.  Heat and mass transfer processes included in the ventilation models
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Four additional processes have not been included in the conceptual model.  The first of these,
axial transport of heat and mass within the rock domain, is assumed to have negligible influence
on ventilation efficiency during the duration of ventilation period.  This is due to the small
thermal diffusivity of rock (~1x10-7 m2/s) and the large (hundreds of m) scale of the repository
footprint.  The axial heat transport process is captured in the MSTH model that calculates
preclosure and postclosure in-drift and rock temperatures and moisture contents for use in the
TSPA.  The MSTH model uses the ventilation efficiency calculated by the ventilation model as
an input.

The second process not included in the ventilation conceptual model is the frictional heating of
the air and engineered components due to the moving air.  This process is assumed to be
negligible (compared to the waste package heat source) due to the low flow velocities.

The third process not included in the ventilation conceptual model is episodic flow of liquid
water into the drift air (due to heterogeneities in the host rock and episodic infiltration).  It is
assumed that the total heat added to the airflow by vaporizing such seeps is small compared to
the heat from radionuclide decay.  It should be noted that the conceptual model does account for
vaporization of liquid water within the host rock and movement of the vapor into the drift, but
that process adds only the sensible heat due to the temperature difference between the entering
water vapor and the airflow.

The fourth process not included in the ventilation conceptual model is the participation of the
drift gas in the radiation process.  Water vapor is an effective absorber of infrared radiation, and
the effect of its absorption and reradiation of thermal energy is currently being evaluated.

3.2 VENTILATION NUMERICAL MODELS

The conceptual model described in Section 3.1 has been implemented in two alternative
numerical models, using two software codes, ANSYS V5.6.2 (BSC 2001d) and MULTIFLUX
V2.2 (BSC 2001e).  Each alternative model has complementary strengths and limitations, and
each is applied with two individual test cases to facilitate validation.

Two ANSYS numerical models are used, one with fine (25 m), and the other with coarse (100
m), axial discretization.  ANSYS is capable of solving the sensible heat transfer portion of the
ventilation model, items (1) through (4) in Section 3.1.  Latent heat effects, item (5), and near-
field host rock dryout, item (6), are approximated by changing the thermal conductivity and
specific heat of the rock at temperatures near the boiling point.  This can account for
vaporization of pore water and dryout in an approximate sense, but cannot accurately track
changes of saturation and evolution of properties.  In most cases, the temperatures needed to
change these properties are not reached during the preclosure period.

Two MULTIFLUX numerical models are used.  The first numerical model, MULTIFLUX-CON,
simulates only the sensible heat transfer, allowing direct comparison to the ANSYS numerical
models.  The second numerical model, MULTIFLUX-FULL, incorporates latent heat effects,
liquid and vapor water movement, and saturation-dependent thermal conductivity values for the
host rock, items (1) through (6) in Section 3.1.
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Table 1 summarizes the four numerical models developed to implement the ventilation
conceptual model.

Table 1.  The mechanisms of heat transfer simulated in the ventilation numerical models

Numerical Model Sensible Heat
Transfer

Latent Heat Effects

ANSYS-Coarse Calculated Approximated
ANSYS-Refined Calculated Approximated
MULTIFLUX-CON Calculated Approximated
MULTIFLUX-FULL Calculated Calculated

3.2.1 ANSYS Numerical Model

The computer software ANSYS V5.6.2 (BSC 2001d) is used to model sensible heat transfer
associated with ventilated emplacement drifts.  Figures 2 and 3 illustrate the geometry and the
main components of the numerical model.

In this model, a ventilated emplacement drift is treated as a series of finite drift segments (100-
m-long in the reference ANSYS-Coarse numerical model).  A time dependent, two-dimensional
calculation of heat transfer between the waste package, drift wall, drift air, and within the host
rock is done at the entrance to the first drift segment using the inlet air temperature as a heat sink.
The resulting convective heat fluxes (at the waste package and drift wall surfaces) are assumed
to be constant along the segment, allowing a one-dimensional calculation of the air temperature
increase within the segment, using the airflow rate.  The air temperatures at the end of the drift
segment, at both the beginning and end of the time step, are then used in the next two-
dimensional calculation, which occurs at the beginning of the next drift segment.  The process is
repeated along the entire drift split (from the air entry at the perimeter drift to the air exit into the
exhaust main at the mid-length point of the drift).  The process alternates between two-
dimensional ANSYS calculations and one-dimensional air heating calculations using Microsoft
EXCEL.  At each time and ANSYS location, the heat fluxes are also used to calculate the
ventilation efficiency.

3.2.2 MULTIFLUX Numerical Model

The MULTIFLUX numerical model includes sensible and latent heat transfer, and associated
mass transfer, in ventilated emplacement drifts and surrounding rock.  Figure 4 is a simplified
flow chart of the MULTIFLUX model.
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Figure 2.  Flow chart for the ANSYS numerical model
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Figure 3.  Geometry of the ANSYS numerical model and submodels
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Figure 4.  Simplified flow chart for the MULTIFLUX numerical model
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As in the ANSYS numerical model, the MULTIFLUX numerical model uses separate model
components for the rock and air domains.  In MULTIFLUX V2.2 (BSC 2001e), a three-
dimensional air domain is modeled that includes radiation, convection, and air heating, as
described in Section 3.2.  The two-dimensional rock domain includes conduction, phase change,
and mass transport of both liquid and vapor phases.  This is a different treatment of the
submodels than ANSYS, which includes heat transfer processes in the two-dimensional
combined in-drift and rock domain, and air heating in the one-dimensional air domain.

The MULTIFLUX spatial domain (drift split, from midpillar to midpillar, and from mountain
surface to water table) is divided into three axial subdrifts (Figure 5).  Each subdrift is further
divided into 5 to 7 computational cells (17 total cells).  Each cell includes eight individual waste
packages (six full and two half), with gaps between the waste packages.  The two-dimensional
rock domain calculations use the NUFT thermal-hydrologic software (LLNL 1999).  These
calculations are run once for each subdrift, for the full time period, with multiple realizations.
The boundary conditions for these thermal-hydrologic calculations are based on initial estimates
of the drift wall temperature and water vapor pressure histories.  The multiple realizations are
processed by the NTCF module (one of the three MULTIFLUX modules) to produce two
matrices that relate temperature history to heat flux history at the drift wall, and water vapor
pressure history to mass flux history, also at the drift wall.

MULTIFLUX uses five nested loops to calculate the time-dependent temperatures and water
vapor pressures, and the heat and mass fluxes, self-consistently in the two domains.  The inner
three loops use the same rock domain matrices, but use multiple iterations of the three-
dimensional in-drift air domain calculation, using the CFD module of MULTIFLUX.  The inner
loop is repeated for a given computational cell and time step until the (temperature : heat flux)
and (water vapor pressure : mass flux) pairs calculated by the CFD module match rock domain
matrix entries at each of the 21 axial locations in the cell (2 per waste package and one per gap).
The second loop increments the time step until the full ventilation duration is calculated.  The
third loop increments the axial position (to the next computational cell).

When the entire subdrift and time period are converged (matched to rock domain matrix entries),
the fourth loop checks to ensure the results at the subdrift midlength are near the rock domain
matrix central values (the matrix diagonals).  If not, the rock domain NUFT calculations are
repeated with boundary conditions based on the converged values at the subdrift midlength, and
new matrices are constructed by the NTCF module.  Typically, only one or two iterations of the
fourth loop are necessary.  The fifth and outermost loop moves the axial domain to the second
and third subdrifts.

The fine and coarse axial step loops (the third and fifth loops, respectively) capture axial
variations of radiation and convection without using excessive computational time.
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Figure 5.  Geometry of the MULTIFLUX numerical model
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3.3 VENTILATION MODEL VALIDATION APPROACH

The validation process for performance assessment models, which includes the ventilation
model, is specified in an approved project procedure (AP-SIII.10Q).  The process is consistent
with guidance provided in NUREG 1636, Regulatory Perspectives on Model Validation in High-
Level Radioactive Waste Management Programs:  A Joint NRC/SKI White Paper (Eisenberg et
al. 1999).  The validation approach includes the following independent evaluations, which are
discussed in Sections 3.3.1 and 3.3.2

� Comparison of results from submodels of the heat and mass transfer mechanisms to each
other and to known textbook or analytical solutions (Section 3.3.1)

� Comparison of results using the ANSYS numerical model with coarse and fine axial
discretization (Section 3.3.2.1).

� Comparison of results from two numerical models run in a manner that only includes the
first four physical processes (radiation, convection from the waste package and drift wall
into the air, and conduction into the rock) described in Section 3.1.  One model is the
ANSYS ventilation numerical model, which considers only those four processes while
accounting for water phase change in a very limited manner.  The other model is the
MULTIFLUX-CON ventilation numerical model, which uses the MULTIFLUX
software with properties which mimic the ANSYS model properties and which preclude
mass transport within the rock domain (Section 3.3.2.2).

� Comparison of the MULTIFLUX-FULL numerical model, which also considers phase
change and mass transport, to the MULTIFLUX-CON numerical model.  The difference
between the results from these models quantifies the combined effect of saturation-
dependent thermal conductivity, temperature-dependent vapor pressure, and mass
transport for a test case using simplified design parameters (Section 3.3.2.3).

� Comparison of the numerical model results to data obtained from testing activities
performed at the Bechtel Nevada Atlas Facility.  These comparisons will be made in a
future revision to the model report.

3.3.1 Validation of Model Components by Comparison to Analytic Solutions

The first method of validating the ventilation conceptual model separates the coupled heat and
mass transfer mechanisms into individual components or submodels in which a single
phenomenon or heat/mass transfer mechanism is investigated.  The results of these submodels
are compared to each other and to analytical or text book solutions, where applicable.  The six
submodel tests are described individually below.  In addition to evaluating the accuracy of each
submodel, these tests provide information related to overall model uncertainty, as discussed in
Section 3.3.2.
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3.3.1.1 Two-Dimensional Forced Convection Submodel Test

This numerical test calculates convection heat transfer from a steadily heated (1 kW/m) cylinder
of the same diameter (1.564 m) as the full model calculations.  The heat is transferred into the
same air flow rate as the full model calculations (15 m3/s in an annulus between the 5.5 m drift
wall and the concentrically-placed waste package) at a constant temperature of 25�C.  There is
no invert in the submodel (or full mode) calculations in this letter report.  The convective heat
transfer coefficient is 1.89 W/m2K, as in the full model calculations.  Under these conditions,
Newton’s Law of Cooling produces a steady-state waste package temperature of 113.2�C.  Three
numerical submodels are compared to the analytic solution in Table 2.

The ANSYS gridding includes curved surfaces, closely approximating the analytic geometry,
and the numerical results are essentially identical to the analytic solution.  The NUFT-cylindrical
gridding is also similar to the analytic geometry, and the results are also essentially identical to
the analytic solution.  This type of gridding is also used in the MULTIFLUX CFD module, but
this test was not run directly with that submodel.

Table 2.  Tests of submodels for two-dimensional forced convection from a cylinder.

Numerical Model TWP(model) – TWP(analytic) [TWP(model) – TWP(analytic)]
[TWP(analytic) – Tair]

ANSYS -0.2�C -0.2%

NUFT-cylindrical 0.2�C 0.2%

NUFT-rectangular 2.7�C 3.1%

The NUFT-rectangular gridding uses a Cartesian (stairstep) approximation of the curved surfaces
of the cylindrical components.  The agreement in numerical results, ~3%, is reasonable,
considering the geometric differences between the analytic geometry and the simulation.  This
submodel was run in recognition that the MSTH model (BSC 2002b) uses rectangular gridding
(because cylindrical meshes in NUFT must be oriented parallel to the gravity vector for coupled
heat and mass transport calculations).  For MULTIFLUX, the only stairstep approximations of
curved surfaces are in the rock domain model.  Because this submodel test is not complicated by
other effects within the remainder of the rock domain, its results provide insights into evaluating
the rock domain tests described below.

3.3.1.2 Two-Dimensional Radiation Submodel Test

This numerical test calculates radiation heat transfer between a steadily heated (1 kW/m) waste
package and a constant temperature (25�C) drift wall.  The diameters of the concentric cylinders
(1.564 and 5.5 m) are the same as the full model calculations.  The cylinder emissivities for gray-
body to gray-body numerical models are 0.87 (waste package) and 0.90 (drift wall).  For gray-
body to black-body numerical models, the emissivities are 0.847 and 1.0 for the inner and outer
cylinders.  The AMR shows that these properties produce equal heat transfer in the analytic
solution.  An analytic solution presented in Incropera and Dewitt (2002, Table 13.3) calculates a
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steady state waste package temperature of 58.8�C.  The four numerical submodels are compared
to the analytic solution in Table 3.

The ANSYS gridding includes curved surfaces, closely approximating the analytic geometry,
and the numerical results are within ~3% of the analytic solution.  To obtain an accurate ANSYS
solution, it was necessary to use a full cylinder geometry, rather than the conventional half-
cylinder with a plane of symmetry.  The internal radiation view-factor algorithm of ANSYS
produces small errors near planes of symmetry, which incorrectly produces a non-uniform
temperature distribution around the perimeter of the cylinder.

Table 3.  Tests of submodels for two-dimensional radiation between infinite concentric cylinders.

Numerical Model TWP(model) – TWP(analytic) [TWP(model) – TWP(analytic)]
[TWP(analytic) – TDW]

ANSYS -1.1�C -3.3%

MULTIFLUX-CFD -2.6�C -9.2%

NUFT-cylindrical 0.0�C 0.0%

NUFT-rectangular -0.9�C -3.2%

The NUFT-cylindrical gridding also includes curved surfaces similar to the analytic geometry,
and the results are essentially identical to the analytic solution.  Cylindrical gridding is also used
in the MULTIFLUX CFD module, but that submodel is not as close (~9%) to the analytic
solution as the other cylindrically-gridded submodels.  The MULTIFLUX calculation uses a
series of individual waste packages separated by gaps.  For this submodel test and for the full
model calculations described in Section 3.3.2, the waste package heats are set to closely
approximate a uniform axial heat load.  This eliminates one of the three-dimensional aspects of a
repository calculation in order to allow comparison to two-dimensional analytic solutions and
two-dimensional models, such as the ANSYS numerical ventilation model.  The difference
between the analytic solution and the MULTIFLUX-CFD result indicates that there is a potential
error in the problem setup, relating to the radiation connections between segments of the waste
package and drift wall surfaces.  Analysis of this issue is continuing.

The NUFT-rectangular gridding (stairstep approximation of the curved surfaces) produces
reasonable agreement, ~3%, with the analytic solution.  The combined effective emissivity and
view factors for the NUFT model are calculated using a 40-m-long cylinder in the RADPRO
preprocessor (Section 3.3.1.3).

3.3.1.3 Radiation Submodel Test (View Factors)

This numerical test calculates two-dimensional radiation heat transfer between a steadily heated
(1 kW/m) waste package and a constant temperature (25�C) drift wall, varying the RADPRO
preprocessor axial length.  RADPRO is a three-dimensional model that combines geometric
details and emissivities to produce combined effective emissivity and view-factor parameters to
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use in NUFT radiation heat transfer calculations.  When NUFT is run in two dimensions (with no
axial dimension), RADPRO can be run with a user-selected axial length and then reduced to a
per-unit-length basis.  This test repeats the previous test with a number of RADPRO axial
lengths, and compares the results to the RADPRO output for the longest (40 m) axial length
(Table 4).

Table 4. Tests of the two-dimensional NUFT radiation submodel’s sensitivity to the axial length of the
RADPRO preprocessor that calculates combined emissivity and view-factor parameters.

RADPRO
Length

Model Length /
Radial Gap

TWP(model) –
TWP(40-m model)

[TWP(model) – TWP(40-m model)]
[TWP(40-m model) – TDW]

1 m 0.5 47.6�C 168%

10 m 5.1 2.7�C 9.5%

20 m 10.2 0.8�C 2.8%

The results show that RADPRO should use an axial length at least twenty times the radial gap
between the concentric cylinders, when preparing input parameters for a two-dimensional NUFT
calculation.  This result was used in Section 3.3.1.2

3.3.1.4 Two-Dimensional Conduction-Only Rock Domain Submodel Test

This numerical test calculates conduction heat transfer within the rock domain from mid-pillar
(40.5 m) to drift centerline and from water table to mountain surface.  The rock is homogenized
to allow comparison to an analytic solution.  Host rock properties of tsw-35 are used throughout
the rock domain, except that permeability is set to zero to preclude mass transport.  The sides of
the model are adiabatic, and the upper and lower surfaces are constant temperature.  The initial
condition is 27.3�C throughout the rock domain, and the boundary condition is a steady 0.2
kW/m heat flux applied to the drift wall.  This value was chosen to produce repository-like drift
wall temperatures.  The analytic solution (Carslaw and Jaeger 1956, Section 13.5, Case III) uses
an infinite rock domain.  The NUFT-rectangular grid and ANSYS numerical submodels are
compared to the analytic solution in Table 5.

For very early times (1 yr), the drift wall temperature change is small, and the grids may be too
coarse to capture the detailed temperature fields.  This early-time issue is more severe for the
NUFT-rectangular grid since the heat flow during this early time will be significantly influenced
by the stairstep (rather than curved) boundary condition.

For times between 5 and 10 years, the agreement between the numerical models and the analytic
solution is within 1�C, and the two numerical models have identical results.  Both the
temperature and percentage accuracies increase as the number of grid elements involved in the
heat flow increases (effectively increasing resolution).

At 30 and 50 years, the numerical simulations become progressively warmer than the analytic
solution.  Due to the small rock thermal diffusivity (~1x10-7 m2/s), and the large size of the rock
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pillars (40.5 m to the mid-pillar), the numerical solutions are expected to be progressively
warmer than the analytic solution after several decades.  After that time, the insulating effect of
the adiabatic lateral boundaries affects the numerical solution, while the analytic solution does
not include these boundaries.

Table 5.  Tests of submodels for two-dimensional conduction into host rock.

Numerical Model 1 yr 5 yr 10 yr 30 yr 50 yr

Analytic Solution, TDW 34.8�C 44.6�C 50.0�C 57.7�C 61.6�C
TDW(ANSYS) – TDW(Analytic) 0.8�C 1.0�C 0.5�C 1.7�C 3.4�C

[TDW(ANSYS) – TDW(Analytic)] /
[TDW(Analytic) – T0]

11% 5.8% 2.2% 5.6% 9.9%

TDW(NUFT) – TDW(Analytic) 2.5�C 1.0�C 0.5�C 2.1�C 4.0�C
[TDW(NUFT) – TDW(Analytic)] /

[TDW(Analytic) – T0]
33% 5.8% 2.2% 6.9% 12%

The agreement (during the applicable time period) between the analytic and numerical solutions
provides insight into the full model calculations in Section 3.3.2.2 and 3.3.2.3.  That is,
differences between the conduction-only MULTIFLUX-CON numerical model and the
MULTIFLUX-FULL model can be attributed to the effects of phase change and mass transport.
At times in the Section 3.3.2.2 and 3.3.2.3 calculations when drift wall temperatures are above
~50�C or times beyond ~30 yr, this submodel test provides insight into the somewhat higher
conduction-only temperatures in NUFT (a component of MULTIFLUX-CON and
MULTIFLUX-FULL) compared to ANSYS.

3.3.1.5 One-Dimensional Transient Conduction with a Step Change in Boundary
Condition

This test calculates transient conduction heat transfer within a one-dimensional (40-m long) rock
domain using the NUFT numerical model, a component of MULTIFLUX.  The initial condition
of the rock is 20�C, with thermal conductivity associated with 50% saturation, but with zero
permeability to preclude mass transport.  At time zero, the temperature of one end is increased by
1�C while the other end is held at the initial condition.  The analytic solution is taken from
Carslaw and Jaeger (1956, Section 3.4).

The results are compared as a function of both distance into the domain and time after the step
change.  The numerical model results are essentially identical to the analytic solution, within the
line widths on a graphical presentation.

3.3.1.6 Test of Saturation-Dependent Thermal Conductivity

This test uses the same geometry and timing as the test in Section 3.3.1.5.  When the steady state
temperature distribution is achieved, the temperature is a linear ramp with a gradient of 1�C/40m.
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The numerical model includes the calculation of heat flux (W/m2) crossing the boundary to
maintain the constant temperature boundary condition.  The ratio of the heat flux to the
temperature gradient is the thermal conductivity.  The test includes five runs, with saturations of
10, 25, 50, 75, and 100%.

The back calculation of thermal conductivity from the numerical model results is compared to a
linearly interpolated value of thermal conductivity using the wet and dry values and input
saturation.  The comparison shows that the numerical model is correctly calculating the rock
thermal conductivity as a function of saturation.

3.3.2 Validation of Numerical Models by Comparison of Results

The four numerical models described in Section 3.2 permit three separate comparisons that
address model validation.  These are the effect of axial discretization in the ANSYS numerical
model, the similarity of results between the two conduction-only numerical models (ANSYS and
MULTIFLUX-CON), and the effects of moisture on thermal-hydrologic conditions
(MULTIFLUX-FULL vs. MULTIFLUX-CON).

3.3.2.1 Effect of Axial Discretization in the ANSYS Numerical Model

The ANSYS numerical model integrates a two-dimensional calculation with a one-dimensional
calculation in the remaining direction.  This process assumes that the total convective heat flux
into the air is constant within one segment of the one-dimensional calculation.  To test the
validity of the assumption, the ANSYS numerical model was run with 100-m and 25-m long
segments.  Table 6 compares the sum of heat fluxes from the waste package and drift wall to the
air, within one 100-m segment, from direct calculation in ANSYS-Refined and interpolated
between end members of the ANSYS-Coarse segment.  The segment and time shown in the table
have heat fluxes near the maximum.

Table 6. Linearity of heat flux into the air (W/m) within one ANSYS-Coarse segment (between 100 and
200 m, at 5 years after emplacement).

Numerical Model 100 m 125 m 150 m 175 m 200 m

ANSYS-Refined 1166.6 1156.7 1146.8 1137.1 1127.7

ANSYS-Coarse – end members 1166.0 - - - 1126.7

ANSYS-Coarse – interpolated values - 1156.2 1146.3 1136.5 -

(Refined – Interpolated) / Refined 0.05% 0.05% 0.04% 0.05% 0.09%

The flux variation along the segment is about 3%.  This small variation leads to changes in the
heat fluxes that are about two orders of magnitude smaller.  The fractional difference between
the interpolated and calculated values is as small as the differences between the models at the
common points (100 m and 200 m).  The small fractional difference between the interpolated
ANSYS-Coarse and calculated ANSYS-Refined values supports the assumption of nearly-
constant heat flux within the segment.
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Figure 6 shows the temperature variation along the drift (at 5 yr) and in time (at 600 m).  These
cross-cuts of the three-dimensional temperature variation are shown because they sample the
highest temperatures in the distribution.  The differences between the two numerical models are
small, consistent with the validation of the underlying assumption.

Based on the validation of the underlying assumption, the 100-m axial discretization of the
ANSYS-Coarse numerical model is concluded to be valid.

3.3.2.2 Comparison of MULTIFLUX-CON with ANSYS-Refined Numerical Model
Results

The test problem from the Ventilation AMR, Rev. 00 (CRWMS M&O 2000a) is used, with as
few modifications as possible in the comparison between numerical models (Table 7).

The invert in the developmental MULTIFLUX cases is not included in this test case, for
simplicity of comparing models and submodels.  The convective heat transfer coefficient is
modified to be constant along the drift and identical for the waste package and drift wall.  The
individual waste package thermal power histories are modified to produce a nearly smooth axial
power distribution (approximately constant W/m).  The unheated gaps between the waste
packages are small, 0.1 m, to approximate the ideal line load in the ANSYS numerical model.

Figure 7 shows the temperature variation along the drift (at 3.5 yr) and in time (at 586 m).  These
are the same cross-cuts of the three-dimensional temperature variation as in Section 3.3.2.1.  The
temperature distributions are very similar for the two numerical models, within ~2�C at all
locations and times.  The MULTIFLUX-CON temperatures at all three components (drift wall,
waste package, and air) are generally higher than the corresponding ANSYS values.  Such a
situation would be expected if the heat transfer from the drift wall into the rock were slightly less
effective in the MULTIFLUX-CON numerical model, which is based on the NUFT software.
The submodel test in Section 3.3.1.4 has similar results after about 30 years.

The square data points near the entry location in Figure 7 show the raw MULTIFLUX-CON
temperatures.  The solid line is the element-length-weighted, least-square-fit set of line segments
that fit the raw MULTIFLUX-CON data.  The periodic waviness of the raw waste package and
drift wall temperatures is due to three causes.  First, the waste package heat input is interrupted at
the small gaps between waste packages, leading to less heat transport to the corresponding drift
wall segments and lower drift wall temperatures in those locations.  Second, there is a reduced
set of radiation heat transfer connections in the vicinity of cell boundaries in the MULTIFLUX
methodology since elements within one computational (eight waste package) cell cannot radiate
to elements in the adjacent cell.  This should lead to lower drift wall temperatures near the cell
boundaries.  Third, there is a potential coding error in setting up the radiation connections.  This
could explain the increase in waste package temperature and decrease in drift wall temperature
near the end of each cell, and the opposite trends at the beginning of the following cells.
Because the flow rate of the air tends to smooth these types of non-uniformities as the air mixes,
the raw air temperature data vary smoothly with axial position.
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Figure 6. Temperature variation along the drift (upper plot) at 5 yr, and in time (lower plot) at 600 m, for
the ANSYS-Coarse and ANSYS-Refined numerical models
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Table 7.  Comparison of the ANSYS and MULTIFLUX numerical model setups and input parameters

Numerical model
Setup/Inputs

ANSYS-Coarse and
ANSYS-Refined MULTIFLUX-CON MULTIFLUX-FULL

Boundary
Conditions

Tsurface = 18.7°C
Twater table = 32.4°C
Tmid-pillar = adiabatic

No Infiltration

Tsurface = 18.7°C
Twater table = 32.4°C
Tmid-pillar = adiabatic
Infiltration = 10.13
mm/yr

Initial Heat Loading 1.5477 kW/m
1.5477 kW/m

(Applied smoothly to WPs, compensating for the
unheated 0.1 m gaps between WPs)

Decay Function Average for all CSNF Waste Packages
Convective Heat

Transfer Coefficient
on both the WP and

DW

1.89 W/m2·K

Ventilation Period 300 years

Thermal
Conductivity at the
repository horizon

(tsw-35)

Temperature Dependent:
1.996 W/m·K (<100°C)

1.185 W/m·K (>100.1°C)

Saturation
Dependent:

1.996 W/m·K (100%)
1.185 W/m·K (0%)

Specific Heat near
the repository

horizon (tsw-35)

Temperature Dependent:
900 J/kg·K (<95°C or >114.1°C)

4663 J/kg·K (>95.1°C and <114°C)

900 J/kg·K (rock, water
has separate properties)

Pillar Size 81 m (Drift Spacing)* 40.5 m (1/2 Drift Spacing)
Drift Diameter 5.5 m

Waste Package
Diameter 1.564 m

Inlet Air Relative
Humidity 0% 0% 30%

Inlet Air
Temperature 25°C

Initial Drift Wall
Temperature 25°C

Initial WP
Temperature 70°C

Emissivity
Gray Body - Gray Body
0.87:  Waste Package

0.90:  Drift Wall

Equivalent Gray Body to Black Body
0.847:  Waste Package

1.00:  Drift Wall
6 Two-Dimensional

100-m-long (Coarse)
Axial Discretization

24 Two-Dimensional
25-m-long (Refined)

3 Subdrifts with 5 Cells, 5 Cells, and 7 Cells,
respectively;

21 Axial Locations per Cell (14 half-packages
and 7 gaps)

*  The ANSYS numerical model spanned from mid-pillar to mid-pillar to eliminate small (~1%)
errors in radiation view factors near reflecting boundaries.  This limitation was identified during
the submodel test described in Section 3.3.1.2
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Figure 7. Temperature variation along the drift (upper plot) at 3.5 yr, and in time (lower plot) at 586 m, for
the ANSYS-Refined and MULTIFLUX-CON numerical models
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Although the temperatures are similar for the waste package, drift wall and bulk air, the heat
fluxes between these components are based on the temperature differences between them.  These
temperature differences are similar for the two conduction-only numerical models, within ~1�C
at all locations and times. Small variations between models for temperatures (or temperature
differences between components) can lead to larger differences between heat fluxes and
ventilation efficiency.  Figure 8 shows the energy fluxes for these two numerical models using
the nomenclature introduced in Figure 1 that describes the conceptual model (Section 3.1).  The
ANSYS fluxes are shown at two individual combinations of time and location, selected to allow
comparison between the numerical models while approaching the highest values of efficiency
and temperature.  One time and location (250 yr, 18 m) corresponds to the highest efficiency,
and the other (3.5 yr, 586 m) corresponds to the highest temperatures and lowest efficiency after
the five-year point.  (At very early times, efficiencies are lower since the drift wall is not initially
warm enough to contribute to air heating.)  The MULTIFLUX heat fluxes are shown as average
values within a time period and axial region.  The time period and axial region combinations
shown in Figure 8 were selected to be near the ANSYS data, to facilitate comparison.

The convection and radiation heat fluxes in Figure 8 are calculated directly from the
temperatures.  The radionuclide decay power history is an input.  Fluxes into the rock are
obtained by subtraction for the ANSYS numerical model since the local values are not provided
directly from the numerical model.  For MULTIFLUX, the heat flux into the rock is the
fundamental coupling parameter calculated as the interface between the rock and drift domains,
and that flux is used directly in the energy balance presented in Figure 8.  The energy balance at
the waste package is accurate for the ANSYS numerical model, confirming proper calculation of
convection and radiation heat transfer.  For MULTIFLUX-CON, the radiation heat transfer is
low, based on hand calculations from the temperatures.  Radiation is the most geometrically
complex part of the model, and a (two-dimensional) hand calculation may not be adequate to
capture the energy flow in the three-dimensional numerical model.  The hand calculation implies
about a 4% energy balance error.  The separation of the waste package thermal output into
radiation and convection agrees for the two numerical models.

Overall heat flow to the heat sinks balances in the ANSYS examples due to the constrained
approach to obtain the local heat flux into the rock.  The MULTIFLUX heat sinks balance is a
direct calculation from the fluxes and temperatures provided by the software.  Although the
waste package temperature is higher than the drift wall temperature, the larger drift wall surface
area results in more convective heat flow from the drift wall to the air than from the waste
package to the air.  For the highest temperature situation (3.5 yr, 586 m) and the highest
efficiency situation (250 yr, 18 m), the separation of heat flows into the two heat sinks (air and
rock) from the two engineered surfaces (waste package and drift wall) agrees for the two
numerical models.  For the highest efficiency situation, MULTIFLUX-CON calculates more heat
being convected to the air than is released by radionuclide decay.  This situation arises because at
this late time, the ventilation air has begun to draw heat back out of the rock.  This heat was
stored at earlier times when the overall heat source was too strong to be removed by the airflow.
The consequent temperature profile in the rock must increase to a peak at some location within
the near-field and then decrease with additional distance from the drift.  Inspection of the trend in
the ANSYS results shows that a similar situation would occur with some additional ventilation
duration, since the heat flux into the wall is less than 0.25% of the heat source at 250 yr near the
drift entrance.
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Figure 8. Heat flux distribution for the ANSYS-Refined and MULTIFLUX-CON numerical models at the
time and location of the highest temperatures (upper chart) and the time and location of the
highest efficiency (lower chart)
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The heat flow into the air heat sink also agrees for the two models in the highest temperature
situation (3.5 yr, 586 m), with a resulting ventilation efficiency of 71.8 and 71.4%, for the
ANSYS-Refined and MULTIFLUX-CON numerical models, respectively.  This is the lowest
efficiency calculated at any location or time after the temperature peak.  In the highest efficiency
situation (250 yr,18 m), the MULTIFLUX-CON temperatures (air, waste package, and drift wall)
are all higher, and more importantly, the temperature differences between components (WP-air,
DW-air, and WP-DW) are essentially identical for the two numerical models.  This results in the
similar efficiencies (within 0.4%).  The agreement at the highest efficiency situation is within
about 3%..

The overall efficiency for the two models is shown in Table 8.  Overall efficiency is defined as
the total heat removed from the entire drift during the forced ventilation period, divided by the
total heat added to the drift by radionuclide decay during the same period.

Table 8. Overall ventilation efficiency calculated by ANSYS-Refined and MULTIFLUX-CON, for the 600
m drift split (for 50 and 300 yr ventilation durations).

Numerical Model 50 yr Ventilation Duration 300 yr Ventilation Duration

ANSYS-Refined 85.0% 94.6%

MULTIFLUX-CON 86.3% 94.0%

The ANSYS-Refined and MULTIFLUX-CON numerical model results agree within 1.5% for
overall efficiency and within 2�C for the temperatures.  Based on this agreement between
independent numerical models, and on the results of the submodel tests in Section 3.3.1, the
MULTIFLUX-CON numerical model is concluded to be valid to describe the thermal coupling
between the rock and in-drift domains.

3.3.2.3 Comparison of MULTIFLUX-CON with MULTIFLUX-FULL Results

The test problem described in Section 3.3.2.2 was also used for the comparison of the
MULTIFLUX-CON and –FULL numerical models in this section.  Table 7 shows the parameters
used in MULTIFLUX-FULL to incorporate saturation-dependent thermal conductivity and
thermal diffusivity, phase change of water, movement of liquid and vapor phases of water, and
entry of some of the mobilized water into the in-drift airflow.
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Figure 9. Temperature variation along the drift (upper plot) at 3.5 yr, and in time (lower plot) at 586 m,
for the MULTIFLUX-CON and MULTIFLUX-FULL numerical models
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Figure 9 shows the temperature variation along the drift (at 3.5 yr) and in time (at 586 m).  These
are the same cross-cuts of the three-dimensional temperature variation in Section 3.3.2.2, and
locations and times near those in Section 3.3.2.1.  The smoothing of the data points is done as
discussed in Section 3.3.2.2.  The temperature distributions are very similar for the two
numerical models, within ~2�C at all locations and times.  The MULTIFLUX-FULL
temperatures at all three components (drift wall, waste package, and air) are generally lower than
the corresponding MULTIFLUX-CON values.  Such a situation would be expected if the heat
transfer within the rock domain were more effective in the MULTIFLUX-FULL model.  Several
physical process aspects in the MULTIFLUX-FULL numerical model affect the rock domain
heat and mass transfer, and hence affect the temperature distribution:

� Evaporation of pore water (which occurs at all temperatures, with increasing rate at
higher temperatures) changes the thermal conductivity and heat capacity of the host
rock.  In turn, the lower thermal conductivity of drier rock results in a steeper
temperature gradient and higher drift wall temperature.  The degree of dryout above, to
the side, and below the drift can be quantified by post-MULTIFLUX NUFT runs using
the MULTIFLUX drift wall histories as boundary conditions.

� Local heat sources and sinks in the rock, at the locations of vapor condensation and
liquid evaporation, respectively.  These local sources and sinks change local temperature
gradients and, hence, heat flow (leading to local storage of energy at different rates from
MF-CON and hence different temperature distributions).  Evaporation near the drift wall
and condensation farther from the drift wall result in a flatter temperature gradient, but
more effective heat transfer.  These effects result in lower drift wall temperature.

� Movement of mobilized water vapor and liquid (condensate), which carry sensible heat
as they travel.  MULTIFLUX-FULL calculates the water vapor that moves into the drift.
Post-MULTIFLUX calculations demonstrate that the cooling of this vapor from the drift
wall temperature to the airflow temperature does not add a significant amount of heat
flux to the airflow, or significantly change the ventilation efficiency (as discussed
below).

The temperature differences between the waste package, drift wall, and air are similar for the
two numerical models.  Figure 10 shows the energy fluxes for the two numerical models at two
times and locations, using the nomenclature introduced in Figure 1 that describes the conceptual
model (Section 3.1), and the times and locations selected in Section 3.3.2.2.  The convection and
radiation heat fluxes in Figure 10 are calculated as discussed in Section 3.3.2.2.  The energy
balance at the waste package is similar for each numerical model, with the two-dimensional hand
calculation of radiation heat transfer from the temperatures underpredicting the actual three-
dimensional radiation heat flux from the numerical model.  The separation of the waste package
thermal output into radiation and convection agrees for the two numerical models.
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Figure 10. Heat flux distribution for the MULTIFLUX-CON and MULTIFLUX-FULL numerical models at
the time and location of the highest temperatures (upper chart) and the time and location of
the highest efficiency (lower chart)
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The MULTIFLUX heat sinks balance is a calculation from temperatures and fluxes provided by
the software.  For the highest temperature situation (3.5 yr, 586 m), the two numerical models
produce similar, but not identical, separation of heat flows into the two heat sinks (air and rock)
from the two engineered surfaces (waste package and drift wall).  For the highest efficiency
situation (250 yr, 18 m), only the MULTIFLUX-CON numerical model calculates more heat
being convected to the air than is released by radionuclide decay.  However, the MULTIFLUX-
FULL is very near that situation, with less than 3% of the waste package thermal power being
conducted into the rock.  This trend to higher ventilation efficiency is weaker for the
MULTIFLUX-FULL numerical model, consistent with the slightly lower drift wall temperature
histories in that model and, hence, the slightly flatter in-rock temperature gradients.

The heat flow into the air heat sink also agrees for the two models in the highest temperature
situation (3.5 yr, 586 m), with a consequent ventilation efficiency of 70.1 and 70.2%, for the
MULTIFLUX-CON and MULTIFLUX-FULL numerical models, respectively.  This is the
lowest efficiency calculated at any location or time after the temperature peak.  In the highest
efficiency situation (250 yr, 18 m), the MULTIFLUX-FULL temperatures (air, waste package,
and drift wall) are all lower than for MULTIFLUX-CON.  More importantly, the temperature
differences controlling convection (WP-air, DW-air) are lower for MULTIFLUX-FULL, and the
temperature difference controlling radiation (WP-DW) is higher for MULTIFLUX-FULL.  This
results in a smaller fraction of the energy being used to heat air.

The overall efficiency for the two numerical models is shown in Table 9.  The overall efficiency
is the total heat removed from the entire drift during the ventilation duration, divided by the total
heat added to the drift by radionuclide decay during the same time period.  The MULTIFLUX-
FULL overall efficiency is ~2% less than the conduction-only numerical model for a 50-yr
ventilation duration, and about 4% less for a 300-yr ventilation duration.  These lower
efficiencies are consistent with the lower temperatures in the MULTIFLUX-FULL results.  The
vaporization of pore water (at temperatures below the boiling point) followed by condensation at
locations farther from the drift forms a heat pipe that reduces the in-rock temperature gradient
while transferring heat through the rock domain more effectively than simple conduction.  The
more effective heat transfer in the rock reduces ventilation efficiency.  Equivalently, the lower
temperatures reduce the temperature differences that drive convection, reducing ventilation
efficiency for a given heat source.

Table 9. Overall ventilation efficiency calculated by MULTIFLUX-CON and MULTIFLUX-FULL, for the
600 m drift split (for 50 and 300 yr ventilation durations).

Numerical Model 50 yr Ventilation Duration 300 yr Ventilation Duration

MULTIFLUX-FULL 84.3% 90.1%

MULTIFLUX-CON 86.3% 94.0%
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The change in temperature of the drift air as it transits the drift split, and the water vapor added
to the air from the host rock, change the relative humidity.  Table 10 shows the relative humidity
at the drift split exit as the time of highest temperature and at the end of ventilation.  All of the
values are below the 40% value assumed in the Ground Support Longevity Analysis (BSC
2001a).

Table 10.  Relative humidity at the drift split entrance and exit.

Numerical Model Drift
Entrance

Drift Exit at 5 yr (time
of peak temperature) Drift Exit at 50 yr Drift Exit at 300 yr

MULTIFLUX-FULL
Temperature

25�C 66.7�C 47.6�C 32.5�C

MULTIFLUX-FULL
(including water vapor
transported across
the drift wall)

30.0% 4.3% 9.6% 20.2%

MULTIFLUX-FULL
(due to increased
temperature only)

30.0% 4.0% 9.3% 19.9%

The MULTIFLUX-FULL model is concluded to be valid based on the following:

� The MULTIFLUX-CON to ANSYS comparison in Section 3.3.2.2 establishes that the
MULTIFLUX numerical model correctly couples the rock domain to the in-drift at the
drift wall interface

� The Thermal Tests Thermal-Hydrological Analyses/Model Report (BSC 2001c)
validates the conceptual thermal-hydrologic model of the rock domain implemented in
the NUFT software that is a component of the MULTIFLUX-FULL numerical model.
The thermal tests AMR compares the results of NUFT calculations to the thermal and
hydrologic measurements from the large block test, the ESF single heater test, and the
ESF drift scale test.  The results indicate that the NUFT numerical model accurately
includes the rock domain physical phenomena described in Section 3.1 of this letter
report

3.4 THE EFFECTS OF VENTILATION ON NFE AND EBS TH CONDITIONS

The main output of the ventilation model to other TSPA models is the time and distance overall
ventilation efficiency (the fraction of the overall repository heat source removed by ventilation
air during the preclosure period).  Table 11 summarizes the overall ventilation efficiency for the
test case, using the two numerical models and two ventilation durations.

The values of ventilation efficiency in Table 11 are higher than the 70% used for the 50-yr
duration in the TSPA-SR (CRWMS M&O 2000b) and the SSPA Higher-Temperature Operating
Mode (HTOM) (BSC 2001b, Chapter 5).  Similarly, the 300-yr ventilation efficiencies in Table
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11 are higher than the 80% used for the 300-yr duration in the SSPA Lower-Temperature
Operating Mode (LTOM) (BSC 2001b, Chapter 5).

Table 11. Overall ventilation efficiency calculated by MULTIFLUX-FULL and ANSYS-Refined, for the
600 m drift split (for 50 and 300 yr ventilation durations).

Numerical Model 50 yr Ventilation Duration 300 yr Ventilation Duration

MULTIFLUX-FULL 84.3% 90.1%

ANSYS-Refined 85.0% 94.6%

The test problem used to compare numerical models in this report is a simplification of the SR
design higher-temperature operating mode.

3.5 SUMMARY OF NEW INFORMATION PROVIDED IN THIS KTI LETTER
REPORT

This letter report describes the forced ventilation conceptual model and two alternate forced
ventilation numerical models:

� The conceptual model includes radiation from the waste package to the drift wall,
convection from the waste package and drift wall to the drift air, conduction in the host
rock, phase change (evaporation and condensation) in the host rock, mass transport of
liquid and water vapor in the host rock, and mass transport of water vapor into the drift
air.

� The conceptual model enables calculation of temperature as a function of time and axial
location for the waste package, drift wall, and air.  It also enables calculation of the
changes in air relative humidity as a function of time and axial location.  These results
enable calculation of ventilation efficiency as a function of time and axial location and
additional rock domain calculations to determine the changes in host rock saturation that
are incorporated in the temperature calculations.

� The more simple numerical model (ANSYS) calculates phase change in a limited
manner, and does not calculate mass transport.

� The more complex numerical model (MULTIFLUX) includes all of the physical
processes in the first bullet above.

� Both models assume that axial conduction in the host rock is negligible during the
duration of forced ventilation, that frictional heating of the air, waste package, and drift
wall are negligible, and that seepage of liquid water into the drift during the ventilation
period is negligible.
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Validation of the models uses multiple approaches:

� The alternate numerical models are divided into submodels applicable to the rock and in-
drift domains.  These submodels are tested using simplified situations with analytic
solutions.  Both numerical models produce results in agreement with analytic solutions

� The ANSYS numerical model is run with 100-m and 25-m axial discretization.  The
close agreement of the results indicates that 100-m discretization is adequate.  A
physical explanation for the conclusion, based on limited axial change of the convective
heat flux, is developed.

� The MULTIFLUX numerical model is run with a test case similar to the ANSYS test
case.  MULTIFLUX rock properties are modified to treat phase change in the same
manner as ANSYS, and to eliminate mass transport.  The results from the two test cases
agree, indicating that the complex MULTIFLUX method of coupling the rock and air
domains functions accurately.

� The MULTIFLUX numerical model is run with the ANSYS test case, but with rock
properties that accurately model phase change and mass transport.  The results are used
to quantify the small effect of these processes on ventilation efficiency and air relative
humidity.

� The conclusion of these multiple approaches is that both numerical models (ANSYS and
MULTIFLUX) are valid to calculate the ventilation efficiency and air relative humidity.

The ANSYS and MULTIFLUX numerical model results for a test case similar to the SR design
are presented.  The potential changes in results due to removal of simplifications in the test case
are addressed:

� The ANSYS ventilation efficiencies of ~85% for a 50 year forced ventilation duration,
and ~95% for a 300 yr duration, are higher than the values of 70% and 80% used in SR
calculations.  Hence, it is expected that preclosure temperatures will be somewhat lower
if the SR calculations are redone with the improved ventilation model.  The postclosure
peak temperatures will also be reduced, but to a lesser extent.

� The MULTIFLUX efficiencies, which include the effects of mass transfer, are about 1%
lower than the ANSYS efficiencies for a 50-yr duration, and about 5% lower for a 300-
yr ventilation duration.  The several competing effects of including the additional
physical processes in the model tend to offset each other, with the dominant effect of
more effective heat transfer in the rock due to evaporation and condensation resulting in
lower in-drift temperatures and lower overall efficiencies.  The overall efficiencies from
MULTIFLUX, ~84% for 50-yr ventilation, and ~90% for 300-yr ventilation are higher
than the 70% and 80% values used in SR calculations.
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� The change in relative humidity of the drift air is primarily due to changes in the air
temperature, with influx of water vapor having a lesser effect.  For an inlet relative
humidity of 30%, the exit relative humidity varies between 2 and 20% during the
duration of ventilation.

4. TSPAI CONSIDERATIONS

A series of KTI agreements in the TSPA Integration area are pertinent to the technical work
described in this letter report.

TSPAI.3.38:

“DOE will develop guidance in the model abstraction process that can be adhered
to by all model developers so that (1) the abstraction process, (2) the selection of
conservatism in components, and (3) representation of uncertainty are systematic
across the TSPA model.  DOE will evaluate and define approaches to deal with:
(1) evaluating non-linear models as to what their most conservative settings may
be if conservatism is being used to address uncertainty, and (2) trying to utilize
human intuition in a complex system.  In addition, DOE will consider adding
these items to the internal/external reviewer's checklists to ensure proper
implementation of the improved methodology (TSPA0002).  DOE will develop
written guidance in the model abstraction process for model developers so that (1)
the abstraction process, (2) the selection of conservatism in components, and (3)
representation of uncertainty, are systematic across the TSPA model.  These
guidelines will address: (1) evaluation of non-linear models when conservatism is
being utilized to address uncertainty, and (2) utilization of decisions based on
technical judgement in a complex system.  These guidelines will be developed,
implemented, and be made available to the NRC in FY 2002.”

The work described in this letter report increases the realism in the model and uses alternate
models.  The added realism and alternate models improve the evaluation of both uncertainty and
conservatism in this area of the TSPA.

TSPAI.3.39:

“In future performance assessments, DOE should document the simplifications
used for abstractions per TSPAI.3.38 activities.  Justification will be provided to
show that the simplifications appropriately represent the necessary processes and
appropriately propagate process model uncertainties.  Comparisons of output from
process models to performance assessment abstractions will be provided, with the
level of detail in the comparisons commensurate with any reduction in propagated
uncertainty and the risk significance of the model (TSPA0003).  DOE will
document the simplifications utilized for abstractions per TSPAI.3.38 activities
for all future performance assessments.  Justification will be provided to show
that the simplifications appropriately represent the necessary processes and
appropriately propagate process model uncertainties.  Comparisons of output from
process models to performance assessment abstractions will be provided, with the
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level of detail in the comparisons commensurate with any reduction in propagated
uncertainty and the risk significance of the model.  The documentation of the
information will be provided in abstraction AMRs in FY 2003.”

The range of physical processes included in the numerical models described in this letter report
addresses the effects of model simplification.  The ANSYS numerical model, which is simpler
than the MULTIFLUX-FULL numerical model, captures the thermal effects of ventilation.

TSPAI.3.40:

“DOE will implement effective controls to ensure that the abstractions defined in
the AMR's are consistently propagated into the TSPA, or ensure that the TSPA
documentation describes any differences.  Specific examples of needed revisions
(if still applicable) include: (1) the implementation of flux splitting in the TSPA
model, (2) the propagation of thermohydrology uncertainty/variability into the
WAPDEG corrosion model calculations, and (3) the implementation of the in-
package chemistry abstraction.  DOE will implement program improvements to
ensure that the abstractions defined in the AMRs are consistently propagated into
the TSPA, or ensure that the TSPA documentation describes any differences.
Program improvements may include, for example, upgrades to work plans,
procedural upgrades, preparation of desktop guides, worker training, increased
review and oversight.  The program improvements will be implemented and be
made available to the NRC during FY 2002.”

The greater degree of uncertainty quantification that can be obtained from the results described
in this letter report are a potential input to the propagation of uncertainties in TSPA.

TSPAI.4.01:

“DOE will document the methodology that will be used to incorporate alternative
conceptual models into the performance assessment.  The methodology will
ensure that the representation of alternative conceptual models in the TSPA does
not result in an underestimation of risk.  DOE will document the guidance given
to process-level experts for the treatment of alternative models.  The
implementation of the methodology will be sufficient to allow a clear
understanding of the potential effect of alternative conceptual models and their
associated uncertainties on the performance assessment. The methodology will be
documented in the TSPA-LA methods and assumptions document in FY02.  The
results will be documented in the appropriate AMRs or the TSPA for any
potential license application in FY 2003.”

This letter report discusses two alternate numerical models (ANSYS an MULTIFLUX) that
implement some or all of the physical processes listed in Section 3.1.  As such, it facilitates
comparison of alternatives and evaluation of intrinsic model uncertainty.
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TSPAI.4.02:

“DOE will provide the documentation that supports the representation of
distribution coefficients (Kd's) in the performance assessment as uncorrelated is
consistent with the physical processes and does not result in an underestimation of
risk.  This will be documented in the TSPA for any potential license application in
FY03.”

The preclosure ventilation thermal hydrologic performance provides initial conditions for the
postclosure analyses.  In addition, the abstracted results (overall ventilation efficiency or
ventilation efficiency as a function of time and axial location) allow incorporation of the
complex ventilation behavior into the Multi-Scale TH model in a simplified, but accurate,
manner.

TSPAI.4.03:

“DOE will document the method that will be used to demonstrate that the overall
results of the TSPA are stable.  DOE will provide documentation that submodels
(including submodels used to develop input parameters and transfer functions) are
also numerically stable. DOE will address in the method the stability of the results
with respect to the number of realizations.  DOE will describe in the method the
statistical measures that will be used to support the argument of stability.  The
method will be documented in TSPA LA Methods and Assumptions Document in
FY02.  The results of the analyses will be provided in the TSPA (or other
appropriate documentation) for any potential license application in FY 2003.”

The ANSYS numerical model exhibited unstable behavior at very early times when the initial
time step was too large.  The MULTIFLUX numerical model uses multiple realizations as a tool
to identify the interface (drift wall) histories that couple the rock and in-drift domains.  The
models as a whole can be run in multiple realizations to capture effects such as thermal
conductivity uncertainty.
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5.2 CODES, STANDARDS, REGULATIONS, AND PROCEDURES
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5.3 SOURCE DATA, LISTED BY DATA TRACKING NUMBER

MO0104SPATEM00.001. ESF Temperature and Humidity Monitoring Record.  Submittal date:
04/02/2001.

5.4 SOFTWARE SOURCES

LLNL (Lawrence Livermore National 1999. Software Code:  NUFT.  V3.0s.  10088-3.0s-00.

BSC 2001d.  Software Code:  ANSYS.  V5.6.2.  10145-5.6.2-01.

BSC 2001e.  Software Code:  MULTIFLUX.  V2.2 (10/29/01).  10485-2.2 (10/29/01) -00.
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