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ABSTRACT

Estimating the performance of a potential high-level nuclear waste repository at
Yucca Mountain, Nevada, requires understanding parameters that define the evolution of
environmental conditions inside the drift that stores the waste packages.  The complex
relationships between thermal, hydrological, and chemical processes lead to difficulty in
estimating the in-drift environmental conditions that influence the quantity and chemistry of
water that could contact the engineered barrier system.  This report summarizes ongoing
investigations at the Center for Nuclear Waste Regulatory Analyses of the combined effect of
the thermal processes and moisture redistribution in drifts using laboratory and numerical
models.  In particular, this report describes an intermediate scale (20-percent drift scale)
experiment and a related numerical model that were developed to provide confidence in the
modeling capabilities.  The experimental setup simulates the effects of uniform and nonuniform
heat load distributions between the waste packages.  Based on the results of the numerical and
laboratory studies, FLOW-3D YMUZ2 (Green and Manepally, 2006) was developed to
incorporate radiative heat transfer and moisture transport processes.  These processes are not
included in FLOW-3D® Version 9.0 (Flow Science, Inc., 2005).  Numerical simulations of the
heat and mass transfer processes were performed using FLOW-3D Version 9.0 and
FLOW-3D YMUZ2.  The experimental and numerical model results indicate a strong upward
cross-sectional air flow above the waste packages and through gaps between the waste
packages.  Toward the cold end of the drift, the flow is mainly in the axial direction moving in the
hot-to-cold direction at the top of the drift and in the cold-to-hot direction at the center and
bottom of the drift.  The temperature predictions compared well with the laboratory
measurements.  FLOW-3D YMUZ2 allowed prediction of relative humidity and condensation
zones for the test case where moisture was introduced into the drift to represent a potential
source of seepage.  A qualitative comparison of the observed and simulated condensation
zones indicated a good match and demonstrated the effect of heat load on the size and shape
of the condensation regions.  In addition, a numerical model for fluid flow and heat transfer
processes in a full-scale repository drift using FLOW-3D YMUZ2 is also presented.  Comparison
to previous results that excluded thermal radiation indicated that thermal radiation significantly
affects the overall in-drift heat transfer process.  The air circulation is greater when radiation
effects are included, leading to lower waste package temperatures.  Simulation results show
that axial flow is not impeded by the strong vertical cross-sectional convective flow currents that
develop because of heat load at the waste package, implying axial convection and the cold-trap
process will not be limited to the extreme ends of each drift.
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1  INTRODUCTION

The environmental conditions inside the drift that stores the waste packages are important
parameters required to estimate the performance of a potential high-level nuclear waste
repository at Yucca Mountain, Nevada.  The complex relationships between thermal,
hydrological, and chemical processes lead to difficulty in estimating the in-drift environmental
conditions that influence the quantity and chemistry of water potentially contacting the
engineered barrier system.  Identifying the source, distribution, and magnitude of water
potentially contacting the engineered barrier system is important for estimating the chemistry of
the water that could lead to corrosion of the engineered barrier system (includes waste
package, drip shield).  This report summarizes ongoing investigations at the Center for Nuclear
Waste Regulatory Analyses (CNWRA) of the combined effect of the thermal processes and
moisture redistribution in drifts using laboratory and numerical modeling.  In particular, this
report describes an intermediate scale experiment (20-percent drift scale) and a related
numerical model that was developed to provide confidence in the modeling capabilities.  A
numerical model for flow and heat transfer processes in a full-scale repository drift is
also presented.

1.1 Background

Natural convection and the cold-trap process will modify in-drift temperature and moisture
distributions along emplacement drifts at the potential high-level waste repository at Yucca
Mountain, Nevada.  Temperature and relative humidity are important inputs for assessing
chemistry of water contacting engineered barrier components and potential corrosion of those
components.  In preparation for reviewing future U.S. Department of Energy (DOE) analyses,
U.S. Nuclear Regulatory Commission (NRC) and CNWRA have undertaken laboratory and
numerical modeling investigations to explore and identify important issues associated with
natural convection and the cold-trap process on temperature and moisture estimates along
drifts.  Fedors, et al. (2004, 2003a) presented some of the results of these investigations.   

The proposed emplacement of high-level waste in drifts will significantly elevate the
temperatures of the drift environment.  Convection cells caused by temperature gradients along
drifts will lead to the movement of air and vapor.  In the cold-trap process, water evaporates at
hotter locations, is carried in the vapor phase by convective air flow, and condenses at cooler
locations.  Elevated relative humidity combined with deliquescence may lead to liquid phase
water contacting waste packages initially in peripheral zones of the repository where drift-wall
temperature may not exceed the boiling point.  As time proceeds and the thermal perturbation
decays, this zone with potential deliquescence migrates inward toward the center of the
repository.  The geometry of the components of the engineered barrier system (e.g., waste
package and support, drip shield, and invert) and interaction with the wallrock complicates the
problem of simulating air flow and condensation associated with the cold-trap process.

Understanding convection in drifts is the first step for understanding the cold-trap process. 
Axial convection in the drift and latent-heat transfer will dampen axial temperature gradients.
Offsetting this dampening is the heat flux out of the drift and thermal radiation, which magnifies
the temperature gradient between hot and cold locations.  The intimate linkage of in-drift natural
convection and condensation to heat and mass transfer in the host rock complicates modeling



1Computational fluid dynamics (CFD) is referenced frequently throughout this report; consequently, the acronym CFD will
be used.
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efforts and requires the coupling of computational fluid dynamics (CFD)1 and fluid flow in porous
media models.  This coupling is difficult because of the greatly different time scales of the flow
processes in the host rock and the drift.  Porous media flow and heat transfer in the host rock
has a much longer time scale (e.g., months to years) than does the convective flow in the drifts
(e.g., minutes to hours).  The simulations of porous media flow and in-drift flows using CFD
codes as a combined analysis tool may be necessary.  Similarly, from the perspective of the
Reynolds number (ratio of inertial to viscous forces in the flow space), both CFD and porous
media models are needed.  Approximations of inertial flow effects at solid boundaries inherent
in Darcy-based porous media models may not be valid for gas phase flow in large openings,
such as the air spaces in drifts.  Thus, CFD models are utilized for the large air spaces in drifts
and porous media models for the fractured host rock.  Currently, CFD and porous media model
simulations have been kept separate, and the results are manually linked (e.g., Bechtel SAIC
Company, LLC, 2004a,b; Fedors, et al., 2004).  The question of manual or tight (e.g., iterative)
linkage is a secondary issue at this point because of a larger question related to the sparseness
of data to support any model results. 

Conductive, radiative, convective, and latent-heat transfer processes all influence temperature
estimates in the emplacement drifts of Yucca Mountain (Fedors, et al., 2004).  Conduction is
important in the solid portions of the engineered barriers and in the wallrock.  Radiation is
important across air spaces.  Convection of air above and below the drip shield will lead to
cross-sectional and axial air flow patterns that will enhance heat transfer away from waste
packages.  Individually, natural convection, thermal radiation, conduction, and latent
heat-transfer processes are reasonably well understood; however, their combined effect in
geometrically complex environments is poorly understood and difficult to model.  The approach
taken here is to use estimated temperature gradients using analytical heat transfer or
thermohydrological porous media models to provide boundary conditions to the CFD models. 
The analysis will help identify important characteristics of air flow and moisture redistribution
patterns that need to be considered in process models and performance assessment.

Drift-scale {i.e., 1 km [0.6 mi]} and local-scale {i.e., <100 m [<328 ft]} temperature variations may
be important to performance of the potential repository.  Drift-scale temperature gradients may
drive axial convection cells that move water in the vapor phase to locations where condensation
could occur.  Local-scale convection cells affected by the geometric arrangement of the
engineered barrier components and emplacement strategy can create zones of reduced
temperature, elevated relative humidity, and preferential condensation that are limited to specific
sections of a drift.  These air flow patterns can lead to nonuniform temperatures around and
between waste packages because of convection beneath the drip shield, around the waste
package stand, between individual waste packages, within a rubble pile caused by drift
degradation, and between sections of waste packages.  Besides variations in temperature
caused by the geometrical arrangement of the engineered barrier system, variations in
temperature also are caused by differences in heat load between individual waste packages. 
These local zones around the complex geometry of the engineered barrier system are not
addressed in this report, but will be addressed in future studies.
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The original Features, Events and Processes for DOE performance assessment model related
to condensation and cold-trap effect was subdivided into two parts, one for local, or drift-scale
effects and one for large, or repository-scale effects. The subdivision of the cold trap Feature,
Event, and Process was needed so that drift-scale cold trap processes could be included, and
repository-scale processes could be excluded. The two parts were described as follows:

1. Condensation forms on roofs of drifts (drift-scale cold traps) 
FEP Number: 2.1.08.04.0A 
FEP Description: Emplacement of waste in drifts creates thermal gradients within

the repository. Such thermal gradients can lead to drift-scale cold
traps characterized by latent heat transfer from warmer to cooler
locations. This mechanism can result in condensation forming on
the roof or other parts of the drifts, leading to enhanced dripping
on the drip shields, waste packages, or exposed waste material.

2. Condensation forms at repository edges (repository-scale cold traps) 
FEP Number 2.1.08.04.0B
FEP Description:  Emplacement of waste in drifts creates thermal gradients within

the repository. Such thermal gradients can lead to repository-scale
cold traps characterized by latent heat transfer from warmer to
cooler locations. This mechanism can result in condensation
forming at repository edges or elsewhere in the EBS, leading to
enhanced dripping on the drip shields, waste packages, or
exposed waste material.

Both 2.1.08.04.0A and B are now classified as included. The inclusion of drift- and repository-
scale cold trap effects in DOE performance assessment model is based on analysis presented
in DOE reports (Bechtel SAIC LLC., 2004a, b, c). In a recent letter from DOE2, revisions to
Bechtel SAIC LLC. (2004a,b) were provided along with a description of which components of
the DOE performance assessment model included drift-scale or repository-scale cold trap
processes.  These documents are currently being reviewed by NRC staff.

1.2 Relevance to Repository Performance

NRC (2004) suggested that a number of processes directly influenced by in-drift
thermohydrological conditions were of high and medium importance to performance. 
NRC (2004) stated that (i) persistence of passive film on Alloy 22, seepage, and chemistry of
seepage water (chemistry of water in drifts) are of high significance; (ii) effects of accumulated
rockfall on engineered barriers, stress corrosion cracking of Alloy 22, and drip shield integrity
are of medium significance; and (iii) invert flow and transport are of low significance.  In-drift
thermohydrological conditions significantly affect the gradients for temperature and relative
humidity; and moisture redistribution.  These conditions, in turn, affect the chemistry of water
contacting the drip shield and waste package, corrosion of the engineered barrier system, and
transport of radionuclides through the invert to the unsaturated zone below the drifts.  In
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addition, temperature estimates can be significantly modified when (i) drift degradation leading
to formation of a rubble pile, (ii) natural convection, and (iii) the cold-trap process
are considered.

During the performance period, general corrosion rates are expected to be low; however, the
uncertainty of localized corrosion could play a prominent role in the uncertainty of dose
(Mohanty, et al., 2002).  From a risk-informed perspective, parameters needed to support inputs
to corrosion models include those that quantify factors which affect the onset of localized
corrosion of Alloy 22 and the processes by which water contacts the waste containers.  Waste
package, drip shield, and drift wall temperatures; and relative humidity are important parameters
for supporting estimates of the chemistry of water contacting waste packages and drip shields,
which in turn are inputs for corrosion models.  Because the rate of localized corrosion of
Alloy 22 is fast, the time of onset of conditions conducive to localized corrosion is more
important than the duration of these conditions.  Localized corrosion for Alloy 22 is most likely
to occur at temperatures near or above the boiling point of water, supported by concentrated
solutions formed by evaporation of seepage water.  

Using current models, the period when temperatures are sufficiently high to allow localized
corrosion propagation (at lower temperatures, say less than 70 °C [158 °F], initiation and
propagation of localized corrosion is less likely) has been estimated to span several hundred to
several thousand years depending on thermohydrological model inputs and assumptions
(Fedors, et al., 2003b; Manepally and Fedors, 2003; Bechtel SAIC Company, LLC, 2004a).
Physical processes by which water contacts the waste container during the time window of
localized corrosion should be understood well enough to support estimation of the chemistry of
the liquid phase contacting the waste package.  Hydrological processes by which water enters
and redistributes in drifts, possibly contacting the waste packages, include seepage and
dripping, uniform condensation, cold-trap movement of moisture along a drift, and film and
rivulet movement of liquid phase water on any in-drift surface.  Assuming the integrity of the drip
shield is maintained, natural convection associated with the cold-trap process could elevate the
relative humidity near the waste packages.  One possible mechanism to elevate the relative
humidity beneath the drip shield is evaporation from the invert.  Redistribution of water in the
invert and evaporation beneath the waste package may lead to condensation on the underside
of the drip shield, followed by dripping onto the waste package.  It is currently uncertain whether
deliquescence of salts in dust, or dust-condensate mixtures, may be able to support localized
corrosion.  Corrosion processes at elevated temperatures (above 130 °C [266 °F]) are also
uncertain.  High general corrosion rates have been measured in NaCl-NaNO2-KNO3 salt
mixtures in the range between 150 and 180 °C [302 and 356 °F] (Yang, 2006). 

A dry invert may be rewetted by condensate drainage from the drift wall and drip shield into the
invert.  Deliquescence of salts enables liquid phase water to form on waste package surfaces at
relative humidity values well below the saturated vapor pressure.  Salt deliquescence may
provide electrolytes to support electrochemical reactions leading to corrosion of waste package
materials.  An independent variable controlling salt deliquescence is the relative humidity; thus,
uncertainty in timing and magnitude of relative humidity in the vicinity of waste packages, with
and without considering the cold-trap process, warrants further analyses.
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1.3 Organization of the Report

Chapter 2 describes DOE and NRC approaches to represent in-drift heat and mass transfer
processes.  The NRC approach includes use of a CFD code—FLOW-3D® (Flow Science, Inc.,
2005)—to model in-drift heat transfer processes.  As the standard FLOW-3D Version 9 did not
have the capability to simulate radiative heat transfer and the moisture transport processes
associated with high-humidity air, custom software modules were developed.  This modified
version of FLOW-3D, called FLOW-3D YMUZ2 (Green and Manepally, 2006), includes the
Radiation and Moisture Transport Modules, which are described in Section 2.2.1.  
A summary of the laboratory and numerical model results of the intermediate scale experiment
(20-percent drift scale) is presented in Chapter 3.  The CFD model using FLOW-3D YMUZ2 for
a full-scale repository drift is discussed in Chapter 4.  The summary and recommendations for
future work are presented in Chapter 5 of this report.



1Computational fluid dynamics (CFD) is referenced frequently throughout this report; consequently, the acronym CFD will
be used.
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2  DOE AND NRC APPROACH TO REPRESENT IN-DRIFT CONVECTION
AND MOISTURE TRANSPORT

Understanding the processes of in-drift convection and moisture transport is important for
estimating in-drift temperature and relative humidity.  These conditions are important for
assessing the chemistry of water that could potentially contact and lead to conditions conducive
for corrosion of the engineered barrier system components.  This chapter discusses the
U.S. Department of Energy (DOE) and the U.S. Nuclear Regulatory Commission (NRC)
approach to represent in-drift convection and moisture transport.  

2.1 DOE Approach

The first analysis and model report on in-drift convection and moisture distribution was not
released until 2004 (i.e., Bechtel SAIC Company, LLC, 2004b).  Previously, DOE believed the
processes associated with in-drift evaporation, convection, and condensation to be of minor
significance.  Observations in the Passive Test of the Enhanced Characterization of the
Repository Block drift led DOE to focus their efforts on developing models that account for
in-drift convection and moisture redistribution to better understand the system and better
quantify the significance of these processes.  The presence of liquid water apparently related to
moisture redistribution driven by temperature gradients in the Passive Test suggested that the
magnitude of water fluxes associated with the cold-trap process may be significant during the
postclosure period.

2.1.1 DOE Models

DOE has used two types of models to address in-drift convection and moisture redistribution: 
computational fluid dynamics (CFD)1 and thermohydrological porous media models.  CFD
models focused on understanding in-drift processes and estimating the contribution of
condensation to the flux of water entering the invert.  Thermohydrological porous media models
focused on incorporating the effect of in-drift processes on estimating temperature and relative
humidity at the waste package and drip shield.

CFD Model

DOE uses cross-sectionally-averaged flow fields, estimated using CFD simulations, as input to
a one-dimensional axial dispersion transport model.  The axial dispersion coefficients used for
the transport model are estimated as a function of drift position and temperature boundary
conditions.  The axial dispersion model comprises the DOE condensation model, and thus, is
used to estimate magnitude of condensation flux along a drift.

To obtain the flow fields, DOE uses the CFD code FLUENT®, which solves the time-averaged
Navier-Stokes equations including turbulence and the energy equation including thermal
radiation (Bechtel SAIC Company, LLC, 2004b).  Temperature variation along a drift in the
surrounding host rock is included by incorporating 5 m [16 ft] of host rock (thermal model only)
in the simulations.  Two- and three-dimensional models are used to focus on issues at different
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scales, including representation of drip shield, waste packages, and invert in the grids.  In the
three-dimensional convection-only model, a 71-m [234-ft] portion of a drift (14 waste packages)
is used as an analog for the much larger (~500-m [1640-ft]) emplacement half-drifts because of
computational limitations.  The two-dimensional representation uses the line-averaged waste
package power and is used to gain confidence that radiation and turbulence in gas-phase flow
are accounted for in the three-dimensional model.

Thermohydrological Model

In the thermohydrological models, a porous media approximation is used to represent the in-drift
space.  The in-drift space is assigned a pseudo-permeability set to a large value to ensure that
convective gas flow is not impeded inside the drift.  The value of the pseudo-permeability is
approximately four orders of magnitude larger than the typical fracture continuum permeability
values used in the porous media models (Bechtel SAIC Company, LLC, 2004a).  To
approximate three-dimensional buoyant heat transfer associated with convection in open
spaces, the thermohydrological model uses an effective thermal conductivity to account for
radiation, convection, and conduction.  The waste package and drip shield are considered a
single solid source of heat; thus, convection and moisture redistribution are not simulated
between the waste package and drip shield.

A scaled down version of the repository illustrated the effect of including in-drift convection and
moisture redistribution.  A three-dimensional porous media model with three short drifts was
simulated for three different cases:  (i) no axial transport in the drift or invert; (ii) a low value of a
binary diffusion coefficient for axial transport, along with using pseudo-permeability and effective
heat conductivity and adding a bulkhead; and (iii) a high value of a binary diffusion coefficient
for axial transport, along with using pseudo-permeability and effective heat conductivity but no
bulkhead (moisture and heat were allowed to escape to unheated portions of the drift).  Bechtel
SAIC Company, LLC (2004a) concluded that the effect of convection and moisture redistribution
on relative humidity, temperature, and rock saturation is encompassed in the broad range of
uncertainty driven by percolation and host rock thermal conductivity.

2.1.2 NRC Comments on DOE Model Results

Four NRC and DOE Technical Agreements directly apply to in-drift convection
and condensation.

• TEF.2.04:  “Provide the Multi-Scale Thermohydrologic Model AMR, Rev. 01.  The DOE
will provide the Multi-Scale Thermohydrologic Model AMR (ANL–EBS–MD–00049)
Rev. 01 to the NRC.  Expected availability is FY 02.”

• TEF.2.05:  “Represent the cold-trap effect in the appropriate models or provide the
technical basis for exclusion of it in the various scale models (mountain, drift, etc.)
considering effects on TEF and other abstraction/models (chemistry).  See page 11 of
the Open Item (OI) 2 presentation.  The DOE will represent the cold-trap effect in the
Multi-Scale Thermohydrologic Model AMR (ANL–EBS–MD–00049) Rev. 01, expected to
be available in FY 02.  This report will provide technical support for inclusion or
exclusion of the cold-trap effect in the various scale models.  The analysis will consider
thermal effects on flow and the in-drift geochemical environment abstraction.” 
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• GEN.1.01 (Comment 5):  “DOE did not adequately assess the probability and effects of
condensation forming under the drip shield for the LTOM.”

• GEN.1.01 (Comment 16):  “Closed drifts will have RH [Relative Humidity] close to 1.0.
Small temperature gradients in this environment may result in convection, vapor
transport, and dripping from condensation.  This provides a pathway for water to enter
the drift, by vapor exchange at the drift wall, and drip onto engineered materials.
Presently the DOE considers convection and condensation in a drift cross-section but
does not consider convection along the drift axis.  Basis:  Detailed discussions of the
bases for Agreements TEF.2.04 and TEF.2.05 are provided in NRC (2000).  Agreement
TEF 2.05 addresses condensation generally under the heading of cold-trap effect.  This
agreement specifically addresses lateral flow of vapor along the drift axis in response to
temperature gradients such as those created by the edge-effect.  This process may be
responsible for the dripping observed in the sealed ECRB [Enhanced Characterization of
Repository Block] drift.”

All four technical agreements are considered closed (Kokajko, 2005) based on information
provided in Bechtel SAIC Company, LLC (2004d), which summarized information from draft
documents that were not yet publicly available.  Since that time, those draft reports have been
released by DOE (Bechtel SAIC Company, LLC, 2004a,b).  Although the agreements were
considered closed in Kokajko (2005), NRC suggested that DOE consider several comments,
which are still considered relevant and are summarized here.

“The DOE should consider (i) ensuring consistency between repository designs used to
support computational fluid dynamics modeling and those designs that would be
included in a potential license application; (ii) providing a supporting basis for the
estimates of the magnitude of heat and mass transfer along drifts (Bechtel SAIC
Company, LLC, 2004c); and (iii) providing a supporting basis for the estimates of binary
diffusion coefficients used for in-drift cells of the repository scale thermohydrological
porous media model.”

Of particular note is the second item, which refers to laboratory or field experimental support for
the CFD model estimation of heat and mass transfer.  The Passive Test of the Enhanced
Characterization of the Repository Block drift has been mentioned as possibly containing
observations and data that could be used to support results from in-drift heat and mass transfer
models.  DOE has not released an analysis of how data and observations from the Passive Test
support the in-drift convection and condensation results.

Another test, the natural convection laboratory test at the Atlas Facility (Bechtel SAIC Company,
LLC, 2004b), could not be used to support heat transfer results because uneven heating of
analog waste packages led to calibration of heat transfer coefficients, rather than use of directly
measured values.  Moisture redistribution was not assessed in the Atlas Facility Natural
Convection test.  DOE may have avoided the issue of heat transfer coefficients in their
simulations by using highly resolved grids near solid boundaries to explicitly simulate boundary
layer transfer.  NRC currently is assessing the adequacy of the grid resolution in Bechtel SAIC
Company, LLC (2004b) to address the issue of heat transfer at solid boundaries. 



2Duquette, D.J.  Letter (July 28) to Dr. M. Chu, DOE.  Arlington, Virginia:  U.S. Nuclear Waste Technical Review
Board.  2004.

3Ibid.
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2.1.3 Current DOE Efforts

Over the past three years, the U.S. Nuclear Waste Technical Review Board (2006a,b)
recommended that DOE continue to support research intended to better understand the in-drift
processes of convection, moisture redistribution, and the associated effect on chemistry,
including linkages to processes occurring in the host rock.  They believed that DOE needed to
better understand in-drift processes to provide technical basis so that the abstractions in the
Total System Performance Assessment were realistic or even conservative (U.S. Nuclear
Waste Technical Review Board, 2006a).  

In 2004, the U.S. Nuclear Waste Technical Review Board2 noted that 

“(T)he extent to which the DOE has characterized accurately the likely waste
package environments (i.e., temperature, relative humidity, and chemical species
present) is unclear at this point.  Accurate characterization of probable waste
package environments and the corrosion response of the waste package alloy to
those environments will continue to be a major focus of the Board’s technical and
scientific review.”

In addition, the U.S. Nuclear Waste Technical Review Board

“ … continues to question the pervasiveness of vaporization and capillary
barriers because of persistent uncertainties related to the expected repository
tunnel environments.  Examples of uncertainties include (1) the conceptual basis
for the drift-scale thermohydrologic seepage analysis, including the axial
convective transport of water vapor, air, and thermal energy in drifts; (2) the
source of liquid water observed in the bulkheaded part of the cross drift; (3) the
effects of drift degradation on the waste package environment; and (4) potentially
unrealistic combinations of parameters used in the performance-assessment
calculations of seepage.”3

The U.S. Nuclear Waste Technical Review Board continues to maintain that the key goals of a
thermal-management strategy should be to enhance understanding of postclosure near-field
and in-drift conditions and to ensure that these conditions do not adversely affect the
long-term performance of both the natural- and engineered-barrier systems (U.S. Nuclear
Waste Technical Review Board, 2006a,b).  The board recommended that a group of outside
experts should review the strategy periodically during its development because of the
importance of the thermal-management strategy. 

Consistent with the U.S. Nuclear Waste Technical Review Board recommendations, the
Science and Technology program, which evolved from the Office of Science and Technology
and International, includes a major thrust in the area of understanding in-drift processes
(Bodvarsson and Tsang, 2006).  DOE believed that better understanding of the in-drift
processes would allow for less conservative assumptions in their Total System Performance
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Assessment in the areas of (i) suppression of dripping because of moisture redistribution
caused by heat-induced circulations and natural ventilation; (ii) effect of moisture redistribution
on chemistry of water using an integrated model that rigorously accounts for mass balance
instead of separate, noncommunicating models; and (iii) coupled models to integrate in-drift
processes and wallrock processes to better estimate evaporation, moisture redistribution, and
condensation both along the drift and across the drift and engineered barrier system, such as
condensate flux to the invert (Bodvarsson and Tsang, 2006).  One example of this work focused
on the moisture flux to unheated portions of drifts (Danko, et al., 2006), and more work is
expected in the future based on a publicly released work plan (Birkholzer and Danko, 2005).

The Passive Test in the Enhanced Characterization of Repository Block drift continues to be the
primary DOE field or laboratory test capable of supporting DOE modeling exercises of in-drift
convection and moisture redistribution.  No data supporting the in-drift modeling has been
presented as part of any Yucca Mountain Program report, though observations have been
discussed with NRC during tours of the test (e.g., Coleman and Arlt, 2001).  Although not yet
presented in an analysis and model report, Salve and Kneafsey (2005) published many detailed
observations and data on the Passive Test.  Their focus, however, was on the mechanism for
moving water through the rock into the drift, not on convection and moisture redistribution within
the drift.  The U.S. Nuclear Waste Technical Review Board (2006a,b) continues to express
support for evaluating the data from the Passive Test to provide support for DOE seepage and
in-drift model results.  DOE plans to evaluate moisture data from the Passive Test in Enhanced
Characterization of Repository Block to better understand convection and condensation
processes in the near-field and host rock in fiscal year 2007 (Golan, 2006).

Natural ventilation through access tunnels and shafts is another mechanism that could
potentially remove moisture from the drift and drift wall.  The concept is that moisture is
removed from the emplacement drifts by exchange of air with the ground surface.  The air at the
ground surface generally has a low relative humidity at ground surface temperatures, and
consequently an even lower relative humidity at emplacement drift temperatures.  The
processes related to natural ventilation have not been incorporated into publicly released
versions of the DOE performance assessment model.  Danko and Bahrami (2006, 2003),
however, have simulated the effects of natural ventilation by including a model link that uses air
pressure differences between drifts and the ground surface to approximate the air exchange.  
Additional modeling plans with integrated in-drift and host rock models discussed in Birkholzer
and Danko (2005), which may more realistically track moisture redistribution in the reflux zone
during the thermal peak and continue after the wallrock temperatures have dropped below
boiling, may be used to further study the effect of natural ventilation on moisture removal.

2.2 NRC Approach

The effect of heat on moisture movement in the fractured tuff wallrock and in the drifts has
historically been based on porous media model representations.  In-drift heat transfer also has
been approximated using simplified, analytical expressions for thermal radiation,
convection, and conduction.  Using these approaches, in-drift temperature and relative humidity
estimates along a typical drift are calculated.  These estimates, however, do not reflect the
effects of axial convection, latent heat transfer, and moisture redistribution (e.g., the cold-trap
process) in drifts.  The NRC approach is designed to gain a better understanding of the
combined effect of the thermal processes and moisture redistribution in drifts using laboratory,
analytical, and numerical models.  Individually, the heat-transfer processes of conduction,
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convection, radiation, and latent heat are reasonably well understood.  The combined effects of
all heat-transfer processes in geometrically complex environments, however, are difficult to
model.  The NRC approach, which estimates temperature gradients using analytical heat
transfer and thermohydrological porous media models, has been described in detail in
Fedors, et al. (2004).  Those temperature gradients are then used to constrain two- and
three-dimensional CFD models to identify important characteristics of air flow and
moisture redistribution patterns that need to be considered in process models and
performance assessment. 

Understanding convection in drifts is the first step in understanding the cold-trap process. 
Natural convection is expected to modify temperature gradients along drifts and within the
complex engineered barrier system, and to enhance evaporation, moisture transport, and
condensation above that expected by diffusion alone.  Ongoing independent studies at the
Center for Nuclear Waste Regulatory Analyses (CNWRA) (Fedors, et al., 2004, 2003a,b) have
evaluated the combined effect of the in-drift natural convection with thermal radiation,
conduction, and latent heat transfer using numerical (CFD) and laboratory models.  These
efforts have resulted in (i) development of increased understanding of the cold-trap process, 
(ii) identification of heat transfer processes that need to be explicitly represented in the CFD
models, and (iii) experimental data not readily available in literature that can be used to validate
CFD models. 

Note that the current laboratory and CFD models do not include several aspects that could
influence the in-drift heat transfer processes:  (i) a detailed representation of the engineered
barrier system components such as the drip shield, invert, emplacement pallet, and ground
supports; (ii) variation in the heat load to the difference in waste package characteristics; and
(iii) effects due to the presence of rubble caused by drift degradation.  These aspects will be
addressed in the future.

2.2.1 Laboratory and Numerical Models

Measured data in the scientific literature were found to marginally support models of air flow and
moisture redistribution in nonventilated heated tunnels.  Thus, a prototype benchtop laboratory
experiment was developed, details of which are provided in Fedors, et al. (2003a).  The
benchtop experiment is a 1-percent scale model of the proposed drifts for Yucca Mountain.  The
initial modeling effort did not match the experimental results with a high level of accuracy
(Fedors, et al., 2003a).  Two important processes lacking in early modeling efforts were
identified:  (i) the CFD simulations of the benchtop experiment did not explicitly track moisture
movement, including phase change and latent-heat transfer and (ii) the simulations did not
adequately track heat transfer at solid boundaries.  The first reason identified for the poor match
between the model and the experiment (the lack of a phase change model in the CFD code)
was fixed by developing a Moisture Transport Module for FLOW-3D (Flow Science, Inc., 2005)
that accounts for the mass transfer and latent heat transfer associated with the evaporation and
condensation of water in the drift (Green, et al., 2004).  CFD results obtained using the Moisture
Transport Module better represent the expected relative humidity near the heat source.  The low
measured values of relative humidity near the heat source invalidate the previous assumption of
100-percent relative humidity used prior to implementation of the Moisture Transport Module.  A
second reason suggested for difficulties in matching measured temperatures near the heat
source in the benchtop cold-trap experiment was the inadequacy of standard heat transfer
models at interfaces of solids and air (Fedors, et al., 2003a).  Later testing of heat transfer
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models simulated using detailed grids within the boundary layers at the solid-gas boundaries
helped reduce uncertainty caused by assumed heat transfer models (Fedors, et al., 2004).

Additionally, two other experiments were developed to provide measured data to support the
parameters used in the CFD models.  The first involved a small condensation cell intended to
provide data for moisture redistribution using a geometry that allows tight control of conditions. 
Tests were conducted to measure (i) water evaporation and water condensation rates in a
natural convection flow, and (ii) the amount of water transported from the water source to the
condensation plate.  The measured water transport rates were used to validate the Moisture
Transport Module (Section 2.2.1), and details are provided in Green and Manepally (2006). 

The second experiment was an approximately 20-percent scale model of the emplacement drift
with four analog waste packages providing a heat source in a long pipe.  A detailed description
of the 20-percent drift-scale experiment and the related CFD model is provided in Chapter 3 of
this report.  The valuable insights learned from the prototype benchtop experiment guided many
of the design features of the 20-percent scale experiment.  The laboratory experiments and
corresponding CFD models provided the basis for developing custom modules that were
incorporated into the commercial version of FLOW-3D (Version 9.0) and are discussed further
in Section 2.2.1.  This modified version of FLOW-3D, also called FLOW-3D YMUZ2 (Green and
Manepally, 2006), was used to develop a full drift-scale CFD model, described in detail in
Chapter 4.    

2.2.2 Radiation and Moisture Transport Modules in FLOW-3D YMUZ2

The CFD simulations performed previously with FLOW-3D to investigate the environmental
condition in drifts did not include moisture and thermal radiation effects as a part of the CFD
algorithm.  These effects were roughly approximated in the post-processing of the previously
reported CFD results (Fedors, et al., 2004), but it was acknowledged that moisture and thermal
radiation can affect the flow and temperature fields significantly, thus requiring them to be
embedded as part of the CFD calculations.  

FLOW-3D Version 9 (Flow Science, Inc., 2005) does not have the capability to simulate the
transport  processes associated with high-humidity air or the thermal radiation heat transfer
between solid surfaces.  Custom software modules were written expressly for these purposes
and incorporated into FLOW-3D Version 9.0 as user-defined functions.  The modules can be
used independently or in combination as required by the user.  The Moisture Transport Module
and the Radiation Module in FLOW-3D YMUZ2 are briefly described here.  A detailed
description of the modules is available in Green and Manepally (2006).

Moisture Transport Module

Previous studies (Fedors, et al., 2004) concluded that the expected high-humidity in-drift
conditions at Yucca Mountain require that evaporation and condensation processes be included
in the model.  Laboratory tests and analytical calculations (Fedors, et al., 2004; Green and
Manepally, 2006) indicate that the Moisture Transport Module is also capable of allowing for
condensed water to be present in the bulk of the flow domain in addition to the modeling of
phase change at solid surfaces. 
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The key assumptions and features of the Moisture Transport Module are as follows:

• Air and water vapor act as ideal gases with temperature-dependent density.  This allows
the ideal gas equation of state to be used to compute the mixture density as a function of
temperature and composition for simulating the buoyancy effects on fluid momentum. 
This is consistent with the incompressible ideal gas equation of state used widely for the
computation of moist air thermal processes. 

 
• A Boussinesq-like assumption is used in that the density is assumed to be constant in

the energy equation.  This allows the effects of buoyancy to be included in the simulation
without having to treat the fluid as fully compressible.

 
• Water can enter and exit the flow domain only at walls specified as sources or sinks of

water.  For the purposes of the simulations, the water is assumed to always be present
at these surfaces.  The mass transfer rates are dictated solely by the diffusion of water
vapor to or from the surfaces as needed to satisfy the conservation of mass and energy
in the fluid near the surface.

   
• Walls not specified as sources/sinks of water can have water condense on them.  This

water is available for reevaporation from these walls.  If the condensed water is
completely reevaporated, this surface is no longer a source for water until more
water condenses.

• The energy of phase change is taken from or given to the walls for evaporation and
condensation, respectively.  The fluid itself is heated or cooled via convection and
conduction heat transfer from or to the wall.

 
• Condensed “fog” acts as a mist that diffuses and advects like water vapor.  When the

relative humidity is limited to 100 percent, water can condense in the bulk of the flow
domain.  This water is not allowed to coalesce and “rain” out.  That phenomenon is
currently outside the scope of this module.

The Moisture Transport Module is coupled with the solution algorithms in FLOW-3D through
three interactions.  Primarily, this module provides the necessary boundary conditions for the
solution of the species diffusion equation in FLOW-3D.  This module also computes the value of
the energy sources associated with the water phase change at the walls and in the bulk of the
flow domain.     

Radiation Module

The expected in-drift thermal radiation conditions are consistent with radiative exchange
between surfaces in an enclosure in the infrared range of the electromagnetic spectrum.  This
process is handled well by established engineering analysis of thermal radiation.  The key
assumptions and features of the module are as follows.

• The user selects which solid objects in the flow domain are to be subject to thermal
radiation heat transfer.  The surfaces of the selected objects are subdivided by the user 
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into facets in accordance with the orientation of the surface and the desired spatial
resolution.  Typically, many CFD grid mesh units are included in each radiation
surface facet.

• Radiation facets are treated as individual surfaces for radiation heat transfer and provide
a heat flux boundary condition for their associated solid objects.

 
• Radiation configuration factors for all the facets can be computed by the module or

specified directly by the user.

• All surfaces are assumed to be diffuse and gray.  The spectral characteristics of the
surfaces are ignored by assuming that the surface emissivity is a uniform and constant
value.  Each surface can have a different emissivity value.

 
• The gas between the surfaces is transparent to radiation.  The gas in the drifts will be a

mixture of air and water vapor.  Water vapor will absorb thermal radiation in several
bands of wavelengths in the infrared part of the electromagnetic spectrum.  These
effects are neglected here as being too detailed considering the overall fidelity of
the analysis.

 
The thermal radiation module is coupled to the solution algorithms in FLOW-3D through a single
interaction.  The radiation heat flux serves as a boundary condition for the solution of the
conduction heat transfer energy equation for each affected object.  This, in turn, affects the gas
flow field as dictated by the simulation of the convection and conduction heat transfer processes
at the affected surfaces. 

2.3 Summary

The DOE and NRC approach to address in-drift convection and moisture redistribution that
influence the in-drift environment is discussed in this chapter.  DOE uses (i) CFD models
focused on understanding in-drift processes and (ii) thermohydrological models focused on
incorporating the effect of in-drift processes in porous media models.  A summary of the NRC
comments on DOE model results as a part of the responses to technical agreements is also
presented.  A discussion of the NRC approach, which involves analytical heat transfer and
thermohydrological porous media models used to constrain CFD models using FLOW-3D, is
presented.  The laboratory and numerical models developed at CNWRA to gain a better
understanding of the combined effect of the natural convection with thermal radiation,
conduction, and latent heat transfer are summarized.  These efforts have resulted in
(i) development of increased understanding of the cold-trap process, (ii) identification of heat
transfer processes that need to be explicitly represented in the CFD models, (iii) experimental
data that is not readily available in literature that can be used to validate numerical models, and
(iv) identification of important characteristics of air flow and moisture redistribution patterns that
need to be considered in process models and performance assessment.  Based on the results
of the numerical and laboratory studies, custom software modules were developed and
incorporated into the commercial version of FLOW-3D.  This modified version of FLOW-3D,
called FLOW-3D YMUZ2, is used to develop numerical models for representing in-drift heat
transfer processes.  The Radiation Module in FLOW-3D YMUZ2 simulates thermal radiation
between solid surfaces and is coupled with the conduction and convection heat transfer
processes.  The Moisture Transport Module in FLOW-3D YMUZ2 simulates transport processes
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associated with high-humidity air including a modeling phase change at solid surfaces and
allows for condensed water to be present in the bulk of the flow domain. 
 



1Computational fluid dynamics (CFD) is referenced frequently throughout this report; consequently, the acronym CFD will
be used.

3-1

3   20-PERCENT SCALE MODEL OF A DRIFT

The 20-percent drift-scale experiment was proposed to gain insight to the cold-trap process and
provide measured data (temperature and relative humidity) for modeling the cold-trap process
using computational fluid dynamics (CFD)1 simulations.  The data collected from the
experiments in the 20-percent drift scale provided boundary conditions and initial values
necessary to perform CFD analysis of a three-dimensional model of the laboratory experiment. 
The comparison of measured and simulated parameters presented in Section 3.2 of this report
will validate the use of the CFD code, FLOW-3D YMUZ2 (Green and Manepally, 2006) to
predict the thermal and fluid flow processes that take place in a heated enclosed pipe scaled to
approximately 20 percent of a proposed emplacement drift at Yucca Mountain.  Successful CFD
modeling of the measured data will establish confidence in results of full-scale drift modeling
under conditions expected during the repository performance.

3.1 The 20-Percent Drift-Scale Experiment

This section describes the experimental setup of the 20-percent drift-scale laboratory model. 
This experiment does not replicate expected in-drift conditions at Yucca Mountain, but rather
aims to develop a fundamental understanding of the cold-trap process and provide experimental
data to compare against numerical simulations.  Currently, an intact drift (i.e., drift does not
degrade over time) design has been implemented to simplify the range of processes occurring
in the experiment.  Additional features such as a drip shield and rubble piles caused by drift
degradation could be added in future analysis.

3.1.1  Design

The experimental setup consists of a polyvinylchloride pipe closed on each end to simulate the
enclosed environment and four aluminum analog waste packages (Figure 3-1).  The pipe that
simulates the drift walls is approximately 6.51 m [21.35 ft] in length, with internal and external
diameters of approximately 1.06 m [3.48 ft] and 1.134 m [3.72 ft], respectively.  The end caps on
the pipe are made of 1.3 cm [0.5 in] thick low thermal conductivity Lexan® to minimize heat loss
and allow visual observation of the experiment. 

Figure 3-2 shows the 20-percent drift-scale pipe geometry and dimensions of relevance.  This
axial cross section of the pipe shows the offset of the waste packages placed eccentrically into
the drift pipe and separated by a constant distance of 5 cm [2 in] from the left end of the pipe
(hot end wall) and between adjacent waste packages.  The extremes of the pipe were sealed to
minimize the flow of air in and out of the pipe.  The end cap of the pipe closest to the waste
packages will be referred to as the hot end wall throughout this report; likewise, the other end
cap which is far away from the waste packages is called the cold end wall. 

Four waste packages similarly scaled to 20 percent of the proposed waste package dimensions
for Yucca Mountain are used to simulate the effects of uniform and nonuniform heat loads on
the evolution of the cold-trap process.  Each waste package is approximately 30.5 cm [12 in] in
diameter and approximately 1 m [3.28 ft] in length.  
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Figure 3-1.  Photographs of the 20-Percent Scale Drift Natural Convection and
Cold-Trap Laboratory Model With (a) Polyvinylchloride Pipe, (b) Four Analog Waste

Packages and Stands, and (c) Waste Packages Inside the Pipe With Thermocouples to
Measure Surface Temperature 
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Extending internally from one face of each waste package is a heating rod.  During the
experiments, the rod is heated in the presence of a vacuum pressure of 689.5 Pa [0.1 psia]
inside the analog waste package so that radiation is the dominant heat transfer process
between the rod and the walls and resulted in uniform heating of the waste packages.  This step
addresses the issue of non-uniform heating observed in the U.S. Department of Energy (DOE)
natural convection laboratory test (Bechtel SAIC Company, LLC, 2004b).  As noted in Section
2.1.2, the natural convection laboratory test at the Atlas Facility could not be used to support
heat transfer results because uneven heating of analog waste packages led to calibration of
heat transfer coefficients, rather than use of directly measured values. 

For tests with moisture, water was introduced inside the polyvinylchloride pipe through  tubing
located right above the waste package closer to the hot end (Figure 3-2).  Paper towels were
located on the top of the first waste package (WPA) to (i) distribute the liquid on the surface of
the waste package, (ii) avoid water dripping off the waste package, and (iii) enable visual
observation as the experiment progressed (Figure 3-3).
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Figure 3-2.  Schematic Drawing of the 20-Percent Drift Scale Laboratory Model.  Longitudinal Cross Section Shows the
Length of the Tube and Waste Packages as Well as Their Location Relative to the Hot End Wall.  Four 20-Percent Scale

Waste Packages (WPA, WPB, WPC, and WPD) Are Placed Eccentrically in the Z-Direction.
Dimensions Are in Meters.  [1 m = 3.28 ft]  
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Figure 3-3.  Photograph of Wet Area on Top of Waste Package A (WPA) During
Experiments with Moisture 

3.1.2  System Monitoring

During the experiments, temperature was monitored using a series of nested calibrated
thermocouples (120 total) on the surface of the waste packages, suspended in the air, and on
the inner and outer walls of the pipe.  Figures A–1 through A–3 in Appendix A, show the
locations along the drift of 10 cross sections (A1–A5, BM1, BM2, B1, CM1, C1) of the pipe, as
well as the individual schematics depicting the location of thermocouples on each cross section. 
An example of the location of thermocouples in a cross section of the pipe is shown in
Figure 3-4. 
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Figure 3-4.  Schematic of Location of Thermocouples at Cross Section A1 and
Calculation of the Cross-Sectional Average Air Temperature

In following sections of this report, the term “cross-sectional average temperature” will refer to
the average of the individual measured or simulated air temperature values at the different
locations in a cross section as shown in Figure 3-4.  The number of points in each cross section 
was based on preliminary CFD simulations; sensors were located appropriately in areas where
significant fluid (air) movement and/or temperature gradients were anticipated.  Details related
to the number and location of temperature sensors at each particular cross section are provided
in Figures A–1 through A–3 in Appendix A.

During the testing with moisture, temperature was monitored using thermocouples and
thermistors.  Relative humidity was monitored using a series of sensors at 15 different locations
along the centerline of the drift and at different heights.  Locations of the thermocouples and
relative humidity sensors are based on preliminary CFD simulations.  The vacuum in the analog
waste package was monitored before and after each test to ensure that radiation was the
dominant process inside the waste package, thus leading to application of a uniform heat load.   

Temperature sensor calibrations were conducted with all the sensors connected to their
respective channels in the data acquisition unit so that an ‘end-to-end’ calibration was
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performed.  The sensors were placed in a large stirred water bath where the water temperature
was measured with a calibrated mercury-in-glass thermometer.  Lines were fit to the calibration
data for each sensor and the slope and offset values were programmed into the data acquisition
unit.  Calibrations were performed at the beginning of the test program and near the end of the
test program.  A statistical analysis of the calibration results shows that short term uncertainty in
the temperature measurement is about ±0.2 °C [±0.1 °F] for both sets of calibration results.  The
temperature sensor readings were used with the corresponding calibration regression curves to
achieve this level of uncertainty.

The humidity measurements were made with commercially available humidity sensors.  The
sensors were calibrated to the factory standards: ±3-percent for the range of 20 percent to 90
percent relative humidity, ±5-percent for humidity values less than 20 percent or greater than 90
percent.

3.1.3   Experiments and Results

The objective of the testing was to collect temperature and relative humidity data when the
thermal and fluid processes inside the drift reached pseudo steady-state conditions.  These
thermal and fluid processes change with time; however, the use of constant boundary
conditions and heat rates will allow the system to reach a point where on average, in-drift
parameter change is negligible as compared to the initial transient response at the beginning of
the test.

Two main scenarios were considered for the testing.  For the first scenario, the drift was
instrumented as described in Section 3.1.2, and cap ends were installed at each end of the pipe
isolating the ambient air within the pipe from the rest of the room.  “Dry” is used here to identify
any experimental or numerical results obtained under this first scenario as no water was
introduced internally.  Relative humidity gradients inside the drift as a consequence of the initial
concentration of moisture in the ambient air before pipe closure are considered to be negligible
as compared to when water was added inside the drift.  Only temperatures were measured for
the dry cases.  

The second scenario involves adding water inside the 20-percent drift-scale pipe to represent a
potential source of seepage in the drift.  Liquid water was added on top of the waste package
that is closest to the hot end wall (Figure 3-3).  During testing, temperature and relative humidity
were measured at different locations.  This part of the analysis aids in understanding both
temperature and moisture redistribution along the 20-percent drift-scale model.  The results and
analyses related to the second scenario are identified by “moist” in the following sections of
this report.

Four different combinations of heating rates applied to the waste packages were selected to
investigate the effect of the total heat load and distribution on the cold-trap process inside the
drift pipe (Table 3-1).  The nomenclature in Table 3-1 is used in the following sections of this
report to identify the different configurations of heat load distribution applied during the testing
and CFD analysis.  The four different heat load distributions shown in Table 3-1 were used
during the tests with dry air, and only two cases, one with uniform {50 W [170.6 BTU/h]} and one
with nonuniform heat distributions {75-25-25-75 W [266-85-85-266 BTU/h]}, were employed
during the tests with moisture.  Relevant characteristics of the data collected during the
experiments are discussed in this section.  Test data is also presented in Section 3.3 of this
report in combination with CFD results. 
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Each set of temperature measurements in a particular cross section of the drift was averaged as
explained in Figure 3-4.   A plot of the cross-sectional average temperatures as a function of the
distance along the drift is shown in Figure 3-5.  Average temperatures are always higher for the 
uniform heating case 75 W [266 BTU/h].  This was expected since the total heat load
{300 W [1,024 BTU/h]} is higher than for the three other cases {200 W [682 BTU/h]}.  Toward
the cold end of the drift, a short distance after the last waste package (WPD), all curves for the
cases with the same total heat rate of 200 W [682 BTU/h] but different heat load distributions
result in the same temperature profile.  In general, there is a decrease in temperature from the
hot end toward the cold end on the order of 2–4 °C [3.6–7.2 °F]. 

The profile in the region above the waste packages varies for the different heat distributions
during the dry tests.  There seems to be a correlation between the distribution of heat
among the four waste packages and the cross-sectional average temperature profile.   

Table 3-1.  Summary of the Heat Load Distribution and Nomenclature Used for the 20-Percent
Drift-Scale Experiment Test Cases 

Waste
Package WPA WPB WPC WPD

Total
Heat Rate 

(W)* Nomenclature

In-Drift Fluid
Condition: 

Moist (M)†; Dry (D)‡

Uniform
Heating Rate
(W)*

50 50 50 50 200 50 W M and D

75 75 75 75 300 75 W D

Nonuniform
Heating Rate
(W)*

75 25 25 75 200 75-25-25-75 W M and D

80 60 40 20 200 80-60-40-20 W D

*1 W = 3.4 BTU/h
†M also implies that temperature and relative humidity were measured during testing and that FLOW-3D YMUZ2
(Green, S. and C. Manepally.  “Software Validation Report for FLOW-3D® Version 9.0.”  San Antonio, Texas: 
Center for Nuclear Waste Regulatory Analyses.  2006.) with the Radiation and Moisture Transport Modules was
used for the numerical simulation.
‡D also implies that only temperatures were measured during testing and that FLOW-3D Version 9.0
(Flow Science, Inc.  “FLOW-3D® User’s Manual.”  Version 9.0.  Santa Fe, New Mexico:  Flow Science, Inc.  2005.)
was used for the numerical simulation.

For instance, the profile obtained for the nonuniform heating configuration 75-25-25-75 W
[266-85-85-266 BTU/h] exhibits two maximums located above the waste packages with higher
heat loads (WPA and WPD) and an approximately flat profile at a lower temperature above the
two central waste packages (WPB and WPC) that have a heat load three times lower {25 W
[85 BTU/h] each} than the other two {75 W [266 BTU/h] each}. 

Relative humidity and temperature measurements obtained during the moist testing at
15 different locations along the drift and at different heights are shown in Figure 3-6.  These
results correspond to measurements of relative humidity with a nonuniform distribution of heat
between the individual waste packages {75-25-25-75 W [266-85-85-266 BTU/h]}.  During this
testing, water drips on top of WPA where evaporation occurs.  The water vapor is transported
by the in-drift air that circulates in the axial and cross-sectional directions in the form of
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convection cells.  The higher values of relative humidity measured during the testing with both
uniform and nonuniform heating are found at those locations closer to the cold end wall with a
maximum measured value of 98 percent.  Relative humidity values obtained from the
experiments range from 77 to 98 percent for both the uniform and nonuniform cases.

3.2   20-Percent Scale Numerical Model

This section of the report focuses on the prediction of the temperature, relative humidity, and
flow patterns (axial and radial) in the 20-percent drift-scale test facility by using FLOW-3D
Version 9.0 (Flow Science, Inc., 2005).  

Figure 3-5.  Observed Average Cross-Sectional Air-Temperature Profile for All Dry
Tests With Different Heat Load Distributions Between Individual Waste Packages

 ”1 m = 3.28 ft; °F = (1.8 x T°C + 32); 1W = 3.4 BTU/h]  
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3.2.1   Numerical Model Description

The 20-percent drift-scale experiment was modeled using FLOW-3D Version 9.0 in an attempt
to develop numerical modeling techniques that could be used to model large-scale experiments
and the full-scale Yucca Mountain repository.

The three-dimensional CFD model includes the major components and geometric
characteristics of the 20-percent drift-scale experimental setup.  The numerical domain is
defined by a rectangular mesh block which is 6.6 m [21.8 ft] long and has a square cross
section with sides of 1.7 m [5.6 ft].  The numerical geometry is formed by primitive elements
(cylinders) called obstacles.  Figure 3-7 shows a two-dimensional view of the cross section
along the centerline of the FLOW-3D model of the 20-percent drift scale.  The drift is
represented by a 6.5 m [21.4 ft] long hollow cylinder with an inner diameter of 1.06 m [3.48 ft]
and an outer diameter of 1.134 m [3.72 ft].  Likewise, the four waste packages are represented
by solid cylinders of 1 m [3.28 ft] in length and diameters of 0.3 m [1 ft].

Dirichlet-type boundary conditions were applied to all the external walls of the model. 
Prescribed temperatures were obtained by averaging the measurements made with
thermocouples at different locations on the exterior wall surface of the 20-percent drift-scale
test during each test and are listed in Table A–1 in Appendix A.  The boundaries of the
computational domain are defined by the external surfaces of the pipe and the plastic end caps. 
When available at the time of initiating a run, experimental measurements were also used as
initial temperature values assigned to the inner walls of the 20-percent drift scale.  The average
 rate of heat applied to each waste package during the experiments was also used for the
numerical analysis as fixed heat load values and is listed in Table A–1 in Appendix A. 

Figure 3-6.  Relative Humidity and Temperature Measurements for the Moist
Nonuniform 75-25-25-75-W Case  ”1 m = 3.28 ft; °F= (1.8 x T °C + 32); 1 W = 3.4 BTU/h]  
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Figure 3-7.  Schematic of a Three-Dimensional CFD Model of the 20-Percent Scale Drift
Experiment Shown in Figure 3-2 [1 m = 3.28 ft]

The Boussinesq approximation simulated the natural convection in the drift.  That is, the density
of the air is assumed to vary with temperature, but not with pressure.  The thermal and transport
properties for dry and moist air used in the CFD simulations are shown in Table A–2 in
Appendix A.

The grid for these simulations is not fine enough to resolve the boundary layers next to solid
surfaces.  Surface heat transfer coefficients are computed in accordance with a built-in
algorithm that selects a heat transfer model based on the local conditions of temperature, fluid
properties, and surface geometry.  In these simulations, a built in model was selected for
turbulent or laminar natural convection, depending on local conditions of air velocity, air
temperature, and surface temperature at each grid location.

Wall and air temperatures inside the 20-percent drift scale for the dry air cases were estimated
using FLOW-3D Version 9.0.  For the moist cases, the moisture and temperature distribution in
the 20-percent drift scale experiment were estimated using FLOW-3D YMUZ2 and included the
Moisture Transport and Radiation Modules.

3.2.2  Numerical Model Results

The numerical model results using FLOW-3D Version 9.0 are presented in Sections 3.2.2.1 and
3.2.2.2.  Section 3.2.2.1 includes the temperature values simulated at each point of the
computational grid, using FLOW-3D Version 9.0 for the same dry cases modeled during the
20-percent drift-scale laboratory experiments and including uniform {50 and 75 W [170.6 and
266 BTU/h]} and nonuniform {75-25-25-75 and 80-60-40-20 W [266-85-85-266 and
273-205-137-68 BTU/h]} heat load distributions.  The results presented in Section 3.2.2.1
involve solving the equations of fluid motion and the combined effects of conduction and
convection heat transfer, to predict the flow field and temperature distribution in the 20-percent
drift-scale model.  Radiation and Moisture Transport were neglected during these calculations.
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The Radiation and Moisture Transport Modules in FLOW-3D YMUZ2 allowed the computational
simulation of the temperature and relative humidity values for moist cases.  These results are
shown in Section 3.2.2.2.  Two heat distribution configurations, uniform {50 W [170.6 BTU/h]}
and nonuniform {75-25-25-75 W [266-85-85-266 BTU/h]}, were analyzed.

The uniform heat distribution 50 W [170.6 BTU/h] was selected as a representative example of
the cold-trap process in the 20-percent drift-scale model.  Also, three cross-sectional planes of
the pipe were selected to facilitate the discussion and comparison of the results in the following
sections.  One axial plane that divides the 20-percent drift in two identical parts (Figure A–1)
and two cross sections of the drift named BM1 and CM1 (Figure A–2) are used to plot the flow
field and the temperature and relative humidity contours.

The two cross sections BM1 and CM1 are located at 1.6 m [5.3 ft] and 5.13 m [16.83 ft] from the
hot end of the drift as shown in Figure A–1.  These sections will show the cross-sectional
characteristics of the flow field, temperature distribution and level of moisture in the region of the
pipe that contains the waste packages (BM1) and the region of the pipe toward the cold
end (CM1).  

3.2.2.1 Simulation of Dry Case—FLOW-3D Version 9.0

The flow field in the axial direction along the drift is shown in Figure 3-8.  The velocity vectors
scaled by the velocity magnitude are projected in the x-z plane on top of the contour plot of the
y-velocity component in an attempt to show the three-dimensional characteristics of the flow
field.  The structure of the flow field varies significantly in different parts of the drift due to
geometrical features and temperature gradients between the waste packages and the walls of
the drift. 

Above the waste packages and through gaps between waste packages, the flow moves
upward, away from the surface of the waste packages and mainly in a vertical direction.  Flow
also moves across the x-z plane in both directions, indicated by red, yellow, and blue contours. 
As can be ascertained by the right-hand rule, positive values of the y-velocity component (red
and yellow areas) indicate that the flow moves perpendicular and out of the x-z plane; negative
values (blue areas) indicate flow into the x-z plane.

The flow field in the region of the drift away from the waste packages moves from the cold end
to the hot end at the top of the drift.  At the cold end wall, the flow moves downward and away
from the wall in the cold-to-hot direction.  The axial flow moving from cold end to hot end
extends farther below the waste packages, decreasing in magnitude as it approaches the hot
end wall.  Only a small layer of air closer to the bottom of the waste packages continues moving
from cold end to hot end and upward through the gaps.

Note that the velocity vectors shown in Figure 3-8 and other similar views of the simulated flow
in the 20-percent scale test show a “snapshot” of the velocity patterns inside the test section. 
The flow field is actually quasi-periodic and the velocity and temperature oscillate about a mean
value at each location in the flow domain.  The most prominent of the transient patterns occur
directly over the simulated waste package where a buoyant thermal plume oscillates laterally
across the vertical plane of symmetry in the test section.  The scope of the test did not include
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recording data at a high enough frequency to capture these transient features; so, the
discussion in this report is limited to the overall trends of the approximate mean values of the
flow field. 

Views of cross sections BM1 and CM1 in Figure 3-8 are shown in Figure 3-9a,b, respectively. 
At cross section BM1, the air flow above the waste package moves in two circular patterns, one 
on each side of the cross section.  Air flows upward at the center and downward along the side
walls of the drift until it starts moving toward the waste package and up to the center.  In the
axial direction, the flow moves randomly across the y-z plane in both directions.  

This is indicated by the yellow and blue shading surrounded by regions of zero axial velocity
(green).  At the bottom of the drift, the x-velocity component is near zero (green zone), followed
by a blue-colored region below the waste package indicating that the flow is moving in the axial
direction from cold end to hot end.  There is no radial flow of air in the region below the waste
package.  Figure 3-9b shows very little flow movement in the radial direction (indicated by small
arrows).  Larger vectors indicate the movement of air down the side walls.  The contour plots
show that the air flows from the hot end to the cold end at the top of the drift (red shading) and
from the cold end to the hot end at the center and bottom of the drift (blue shading).  Between
these two counter-current regions, a zone of zero velocity is generated as a result of the
combination of shearing forces in opposite directions.

3.2.2.2  Simulation of Moist Case—FLOW-3D YMUZ2

As a result of the difference in the bulk fluid density between dry and moist air, the magnitude of
air velocity for the moist case is lower than for the dry case.  The flow field in the axial plane for
the moist case (Figure 3-10) is very similar to that observed for the dry case.  There is a strong
upward cross-sectional flow on top of the waste package.  However, in the region without
waste packages, the flow is mainly axial, moving from hot to cold at the top of the drift and from
cold to hot at the center and bottom of the drift.  The cross-sectional velocity field is shown in
Figure 3-11a,b at cross sections BM1 and CM1.  BM1 also shows the two circular patterns of
the flow moving in the region above the waste package.  Below the waste, package the flow
moves from the cold to the hot end.  The flow field in CM1 (Figure 3-11b) is slightly different to
that observed for the dry case.  With moisture, the region of positive x-velocity component (flow
moves from hot to cold) at the top of the drift is wider than for the dry case.  Also, the velocity
vectors show various regions of circulation that were not observed in the dry case.
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Figure 3-8.  FLOW-3D Version 9.0 Axial Air Velocity (m/s) Field for the Dry Uniform 50-W [170.6-BTU/h] Case.  Vectors
Shown Are Resultant of X and Z Components of Axial Air Velocity.  Contours Indicate Magnitude of Y-Component of Axial

Air Velocity.  Dimensions Are in Meters.  [1 m/s = 3.28 ft/s; 1 m = 3.28 ft]
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(a)

(b)
Figure 3-9.  FLOW-3D Version 9.0 Axial Air Velocity (m/s) Field for the Dry Uniform 50-W

 [170.6-BTU/h] Case at (a) Cross Section BM1 and (b) Cross Section CM1.  Vectors Shown
Are Resultant of Z and Y Components of Axial Air Velocity.  Contours Indicate the

Magnitude of X-Component of Axial Air Velocity.  Dimensions Are in Meters.
[1 m/s = 3.28 ft/s; 1 m = 3.28 ft]
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Figure 3-10.  FLOW-3D YMUZ2 Axial Air Velocity (m/s) Field for the Moist Uniform 50-W [170.6-BTU/h] Case.  Note the Water
Drips on WPA.  Vectors Shown Are Resultant of Z and X Components of Axial Air Velocity.  Contours Indicate the

Magnitude of Y-Component of Axial Air Velocity.  Dimensions Are in Meters.
[1 m/s = 3.28 ft/s; 1 m = 3.28 ft]
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Figure 3-12 shows the contour plot of the (a) fraction of relative humidity and (b) temperature in
a plane along the centerline of the drift.  Figure 3-12a indicates that the region above the WPA
has a relative humidity between 90 and 100 percent given that water is available for evaporation
on top of WPA.  The relative humidity is around 87 percent above the other three waste
packages.  Other regions of high relative humidity are located below the waste packages and
toward the cold end of the drift.  Regions of high and low relative humidity shown in
Figure 3-12a correspond to regions of low and high temperature shown in Figure 3-12b. 
Temperature differences of about 1 °C [1.8 °F] correspond to relative humidity gradients of
approximately 4 percent. 

Contour plots of the relative humidity in the cross sections BM1 and CM1 are shown in
Figures 3-13a,b, respectively.  The relative humidity distribution across section BM1 indicates
that the relative humidity around the second waste package (WPB) is about 85 percent.  The
relative humidity in CM1 increases from top to bottom of the drift as the air with higher density
tends to go to the bottom and air with lower density moves to the top due to buoyancy forces.
The correlation of temperature, relative humidity, and axial air velocity can be inferred from
Figures 3-11 through 3-13.  Regions of high temperature (BM1) correspond to low relative
humidity and high axial air velocity.  Conversely, regions of low temperature (CM1) correspond
to high relative humidity and low axial air velocity.

3.3  Comparison of Numerical Simulations and
Experimental Results

3.3.1  Dry Case—FLOW-3D Version 9.0

Air temperature values measured along the 20-percent drift scale are plotted in Figure 3-14 as a
function of the distance from the hot end wall.  The schematic drawing at the right-low corner of
Figure 3-14 indicates the cross-sectional location of the line along which ten temperature
sensors were located during the dry experiments with uniform heating of 50 W [170.6 BTU/h]
case. This sensor location is labeled “T2” in all the cross sections described in Figure A–2
(except for the cross section CM1 where it is “T3”).  FLOW-3D Version 9.0 was used to predict
the in-drift (CFD) temperature distribution and is shown in Figure 3-14.  The CFD calculations
do not include the effects of radiation heat transfer.  Figure 3-14 shows that the FLOW-3D
Version 9.0 code overpredicts the air temperature by less than 2 °C [3.6 °F] and the waste
package temperature by approximately 3 °C [5.4 °F].  It also shows that the simulated air
temperature profile closely follows the trend of the experimental measurements.  Measured and
simulated temperatures in two cross sections of the drift (BM1 and CM1) are shown in
Figure 3-15a,b.  Figure 3-15a shows the air temperature at eight locations in BM1 and the
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Figure 3-11.  FLOW-3D YMUZ2 Axial Air Velocity (m/s) Field for the Moist Uniform 50-W
[170.6-BTU/h] Case at (a) Cross Section BM1 and (b) Cross Section CM1.  Vectors Shown

Are Resultant of Z and Y Components of Axial Air Velocity.  Contours Indicate the
Magnitude of X-Component of Axial Air Velocity.  Dimensions Are in Meters.

[1 m/s = 3.28 ft/s; 1 m = 3.28 ft]

(b)

(a)
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(a) 

(b)

Figure 3-12.  FLOW-3D YMUZ2 Contour Plots of (a) Relative Humidity and
(b) Temperature (K) for the Moist Uniform 50-W [170.6-BTU/h] Case.  Note:  Water

Drips on First Waste Package (WPA).  Dimensions Are in Meters.  
{1 m = 3.28 ft; T (°F) = 1.80 × (T (K) !273.15) + 32}
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(b)

Figure 3-13.  FLOW-3D YMUZ2 Relative Humidity Contours at (a) Cross Section BM1 and
(b) Cross Section CM1 for the Moist Uniform 50-W [170.6-BTU/h] Case.  Dimensions Are

in Meters. [1 m = 3.28 ft]

(a)
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Temperature Profile Along the Drift for the Dry Uniform 50-W [170.6-BTU/h] Case. 

 Inset Shows the Radial Location of the Sensor in the Experiment. 
[1 m = 3.28 ft; °F = (1.8 × T °C + 32)]

average waste package temperature, and Figure 3-15b shows the temperature values at three
different locations at the center, top, and bottom of the pipe.

In general, the FLOW-3D Version 9.0 code predicts higher temperature values than those
observed during the experiments.  The temperature distribution seems to be symmetric about a
vertical plane in the middle of the drift.  By comparing the temperature values at each side of the
pipe, it is evident that symmetric points have almost identical temperatures.  This symmetry was
also observed at other cross sections of the pipe that are not shown and in the CFD results.

The cross-sectional average air temperature is plotted as a function of the distance from the hot
end of the drift in Figures 3-16 and 3-17.  These results correspond to the dry case for all heat
load distribution configurations.  The numerical results do not include the effects of radiation
and moisture distribution.  Cross-sectional average temperatures obtained with
uniform heat distributions are shown in Figures 3-16a {50 W [170.6 BTU/h]} and 3-16b {75 W
[266 BTU/h]}, and those with nonuniform heat distribution are shown in Figures 3-17a
{75-25-25-75 W [266-85-85-266 BTU/h]} and 3-17b {80-60-40-20 W [273-205-137-68 BTU/h]}. 
The four plots in Figures 3-16 and 3-17 show a consistent overprediction of the air temperature
from the numerical simulations using FLOW-3D Version 9.0.  Average simulated temperature
values are up to 2.8 °C [5.04 °F] higher than average measured values.
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Figure 3-15.  Comparison of Measured (Test) and Simulated FLOW-3D Version 9.0 (CFD)
Air Temperatures at Various Locations at (a) Cross Section BM1 and (b) Cross Section

CM1 for the Dry Uniform 50-W [170.6-BTU/h] Case.  Dimensions Are in Meters. 
[1 m = 3.28 ft; °F = (1.8 × T °C + 32)]

(b)(a)

Figure 3-18 shows the overall performance of FLOW-3D Version 9.0 in estimating air
temperature at different locations within the 20-percent drift scale and for all heat distribution
configurations.  In general, FLOW-3D Version 9.0 overpredicts the air temperature by up to 3 °C
[5.4 °F].  This difference could be attributed to the fact that the standard version of the code
does not include the effect of radiation heat transfer in the energy equation.  In reality, some of
the heat coming from the waste package is transferred in the form of radiation directly to the
surrounding walls.  In the simulation, all the heat emanating from the waste packages is
available for convection heat transfer, resulting in higher temperatures of the surrounding air. 

3.3.2  Moist Air—FLOW-3D YMUZ2

The CFD results presented in this section were obtained using FLOW-3D YMUZ2 that
incorporates the effects of radiation heat transfer and moisture transport in the solution of the
mass, momentum, and energy equations.  The effect of uniform {50 W [170.6 BTU/h]} and
nonuniform {75-25-25-75 W [266-85-85-266 BTU/h]} heat load distributions were studied and
water was available for evaporation on top of WPA. 

Simulated and measured temperature values for the air and waste packages are presented in
Figure 3-19 at two cross sections along the pipe (BM1, CM1) for the case with moist air and
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uniform heat distribution {50 W [170.6 BTU/h]}.  The distribution of the temperature is symmetric
about the vertical plane as can be concluded by comparing the temperature values at symmetric
points in the cross section shown in Figure 3-20a.  Simulated air temperatures are lower than
measured values by less than 2 °C [3.6 °F].  In general, the cross-sectional average
temperature profiles obtained from the numerical simulations (FLOW-3D YMUZ2) follow the
same trend observed for the profiles obtained by averaging the test data.  This indicates that the
heat distribution within the drift can be simulated with a reasonable level of accuracy and
provides some confidence in estimating temperature fields for the full-scale drift simulations.

Figures 3-20 and 3-21 demonstrate the overall performance of FLOW-3D YMUZ2 with the
incorporation of the Radiation and Moisture Transport Modules in the estimation of the air
temperatures (Figure 3-20) and relative humidity values (Figure 3-21) inside the 20-percent drift
scale.  These two plots include all the data measured during the moist testing and the
corresponding numerical results.  Figure 3-20 shows that the numerical code tends to
underpredict the air temperature by less than 3 °C [5.4 °F]. 

The Moisture Transport Module in FLOW-3D YMUZ2 allows the prediction of the relative
humidity levels inside the drift.  Figure 3-21 indicates that the code overpredicts the relative
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Figure 3-19.  Comparison of Measured (Test) and Simulated FLOW-3D YMUZ2 (CFD) Air
Temperature at Cross Sections (a) BM1 and (b) CM1 for the Moist Uniform

50-W [170.6-BTU/h] Case.  Dimensions Are in Meters [1 m = 3.28 ft; °F = (1.8 × T °C + 32)]

(a) (b)

humidity at some locations by up to 10 percent.  The outlier data point (>± 10-percent error) is
attributed to a malfunctioning relative humidity sensor and can be neglected.

In the Moisture Transport Module, the flux or the evaporation of water from a solid surface is not
directly controlled by the user input for the simulation.  Instead, the user specifies a surface area
from which water can evaporate and the evaporation rate is determined by the local conditions
of temperature and humidity.  The tendency of FLOW-3D YMUZ2 to underpredict the air
temperatures and overpredict the relative humidity values inside the 20-percent drift scale could
be the result of a larger wetted area in the simulations compared to the test observation.  As
more water is available for evaporation in the CFD model, more energy is used in evaporating
the water, which decreases the air temperature and increases relative humidity levels. 

3.3.3  Condensation Zone

The variation in temperature because of the geometrical arrangement of the drift model,
differences in heat load between the waste packages, and the axial and cross sectional flow
patterns create zones of reduced temperature, elevated relative humidity, and preferential
condensation.  Condensation of water occurred on the drift and on both hot and cold end walls
as shown in Figure 3-22.
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Visual observation of the inside of the 20-percent drift-scale model during the experiments
revealed the presence of liquid water as a result of condensation.  Schematics of the inside
walls of the drift model as if it was cut longwise at the top and unrolled to form a rectangular
surface are shown in Figures 3-23 and 3-24 for the moist uniform 50 W [170.6 BTU/h] and moist
nonuniform {75-25-25-75 W [266-85-85-266 BTU/h]} cases, respectively.  These two figures
show the boundary of the condensation zone visually observed during the experiment and
the simulated boundary based on CFD results.  The Moisture Transport Module in
FLOW-3D YMUZ2 enabled the prediction of condensation zones in the 20-percent drift-scale
model.  The condensation regions derived from the CFD results are obtained by averaging the
condensation rate on the walls.  Note that these results are not intended to predict the exact
area and shape of the condensation regions observed during the tests, but to establish a
qualitative comparison between experimental and numerical results for the 20-percent
drift scale.

As observed in Figures 3-23 and 3-24, FLOW-3D YMUZ2 predicts two preferred condensation
zones at both extremes of the 20-percent drift-scale model, which is consistent with
experimental observations.  In both cases, there is condensation of water on the drift walls
within 1 m [3.28 ft] of the hot end wall below WPA, and there is a larger condensation region at
the cold end at less than 0.5 m [1.64 ft] from WPD.  These results show that the water 
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introduced into the 20-percent drift model at one point (on top of WPA) is evaporated and
transported to other parts of the drift where condensation occurs.  They also show that
differences in the distribution of heat load between individual waste packages lead to different
sizes and shapes of the condensation regions.

3.4  Summary

A model was built and experimental tests were carried out to evaluate the processes governing
the temperature distribution and moisture transport in a drift model scaled to approximately
20 percent of a proposed emplacement drift at Yucca Mountain.  The 20-percent drift-scale
model consists of a polyvinylchloride pipe 6.51 m [21.35 ft] long with an internal diameter of
approximately 1.06 m [3.48 ft] and includes four waste packages that were heated during the
experiment to simulate postclosure conditions.  The experimental setup allows the effects of
uniform and nonuniform heat load distributions between the waste packages to be simulated.

Numerical simulations of the thermal, fluid flow, and moisture transport processes were
performed using FLOW-3D Version 9.0 and FLOW-3D YMUZ2.  A three-dimensional numerical
model of the 20-percent drift scale was developed and boundary conditions based on
experimental data were used in the CFD analysis. 
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(b)

Figure 3-22.  Photographs of Observed Condensation on the (a) Hot and (b) Cold End
Walls of the 20-Percent Scale Experiment

(a)
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(a)

Figure 3-23.  Comparison of the Observed and FLOW-3D YMUZ2 (Simulated)
Condensation Zones for the Moist Uniform 50-W [170.6-BTU/h] Case.  Dimensions Shown

Are in Meters.  [1 m = 3.28 ft]

Two main scenarios were considered.  In one case, the experiments were performed with
ambient air enclosed at atmospheric pressure inside the drift (dry tests), and the other case
included the addition of liquid water dripping on top of one waste package (moist tests) to
simulate a possible source of seepage inside the drift.  For the dry tests, two uniform {50 and
75 W [170.6 and 266 BTU/h]} and two nonuniform {75-25-25-75 and 80-60-40-20 W
[266-85-85-266 and 273-205-137-68 BTU/h]} heat load distributions were considered.  For the
moist tests, only one uniform {50 W [170.6 BTU/h]} and one nonuniform {75-25-25-75 W
[266-85-85-266 BTU/h]} heating configurations were used.

Numerical simulations were performed for each experimental test.  For the dry case, FLOW-3D
Version 9.0 was used to predict temperatures and flow fields.  FLOW-3D Version 9.0 only
includes the effects of convection and conduction heat transfer, neglects the effects of radiation
heat transfer, and does not have capabilities to estimate the moisture redistribution.  The moist
cases were simulated using FLOW-3D YMUZ2, which included the Radiation and Moisture
Transport Modules.  Flow fields, temperatures, and relative humidity values were simulated for
the cases with moist air.
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Figure 3-24.  Comparison of the Observed (Test) and FLOW-3D YMUZ2 (Simulated)
Condensation Zones for the Moist Nonuniform  (75-25-25-75-W) Case.  Dimensions

Shown Are in Meters.  [1 m = 3.28 ft; 1 W = 3.4 BTU/h]

Different heat load distributions between individual waste packages give rise to different
temperature profiles in the region right above the waste packages while leaving the regions of
the drift that do not contain any sources of heat almost unaffected.  Numerical and experimental
results indicate that the in-drift air temperatures are symmetrically distributed about the vertical
plane that divides the drift into identical parts. 

The flow field inside the 20-percent drift scale shows two circular patterns in the cross-sectional
direction and low velocities in the axial direction for the region above the waste packages.
Toward the cold end of the drift, after the waste packages, the flow is mainly in the axial
direction, moving in the hot-to-cold direction at the top of the drift and in the cold-to-hot direction
at the center and bottom of the drift.  The flow below the waste packages is not representative
of that of the 20-percent drift-scale model because the metallic stands for waste packages were
not included in the CFD model.  In the absence of the stands, the flow below the waste
packages is mainly axial, moving from the cold end to hot end.

FLOW-3D Version 9.0 overpredicts the temperature of the air inside the drift by less than 3 °C
[5.4 °F] as a result of neglecting radiation heat transfer that takes place during the experiment.
The Radiation and Moisture Transport Modules in FLOW-3D YMUZ2 allow the estimation of
temperatures affected not only by conduction and convection but also by radiation heat transfer.
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It also allows the prediction of relative humidity levels inside the drift for the analysis of
moisture redistribution. 

FLOW-3D YMUZ2 underpredicts the air temperature {by less than 2 °C [3.6 °F]} and
overpredicts the relative humidity values by up to 10 percent inside the 20-percent drift scale. 
This could be attributed to higher difference in wetted areas in the observed wetted area and
area used in the CFD model.

The Moisture Transport Module enabled the prediction of condensation zones by averaging the
condensation rates at the drift wall.  A qualitative comparison of the observed and simulated
condensation zones indicated a good match.  The observed and simulated results show the
effect of heat load on the spatial extent of the condensation zones.



1Computational fluid dynamics (CFD) is referenced frequently throughout this report; consequently, the acronym CFD will
be used.

4-1

Figure 4-1.  (a) Axial Cross Section of CFD Geometry.  This Cross Section Is at the
Vertical Plane of Symmetry.  (b) Details of the CFD Geometric Model Near Drift End.  This

View Shows That the Waste Packages at the Closed End of the Drift Are Discretely
Modeled.  [1 m = 3.28 ft]

4  DRIFT-SCALE NUMERICAL MODEL

A drift-scale simulation including the effects of thermal radiation using FLOW-3D YMUZ2
(Green and Manepally, 2006) within the drift is described in this section.  The results of this
simulation are compared to the drift-scale simulation results described by Fedors, et al. (2004)
that did not include thermal radiation effects. 

4.1 Model Description

Schematics of the computational fluid dynamics (CFD)1 model are shown in Figures 4-1
and 4-2.  A 200-m [656-ft] length of drift extending from a closed end was simulated using a
three-dimensional mesh in FLOW-3D (Flow Science, Inc., 2005).  The drift diameter is 5.5 m
[18.0 ft] and includes nonporous fill to represent the invert.  Figure 4-1 shows the approximate 
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Figure 4-2.  Geometrical Cross Section of CFD Model.  The CFD Geometry Includes an
Assumed Invert, and 1 m [3.28 ft] of Rock Around the Drift Wall Was Modeled.  The

Material at Greater Than 1 Radius Provides for an Axially Varying Temperature Outer
Boundary Condition on the 1-m [3.28-ft] Rock Cylinder.

36:1 length to diameter aspect ratio of this geometry.  A mesh spacing of 0.29 m [0.95 ft] was
used near the closed end of the drift, and the mesh spacing expanded to approximately 3.9 m
[12.8 ft] at the opposite end of the simulated portion of the drift.  These simulations assumed
that the flow and heat transfer are symmetric about the center vertical plane of the drift, so only
half of the drift is included in the CFD simulations.  There is some flow across the plane of
symmetry where convection plumes rise from the waste packages.  This flow across the plane
of symmetry was observed in the 20-percent drift-scale experiment (Figures 3-9 and 3-11). 
This effect is considered to be of secondary importance in comparison to the overall flow and is
not included in the simulations described here.  Waste packages are individually simulated as
1.8-m [5.9-ft] diameter by 5.1-m [16.7-ft] long cylinders in a 66-m [216-ft] drift segment 5 m
[16 ft] from the closed end.  The waste packages are placed at 6.1-m [20.0-ft] intervals.  As
seen in Figure 4-2, the geometric center of the waste packages is placed 1 m [3.28 ft] below
the center of the drift.  For these simulations, the waste package supports and drip shield are
not represented in the geometric description.    

The waste package power output is specified as 2,150 W [7,338 BTU/h] per waste package at
109.1 years (Fedors, et al., 2004).  At distances greater than 66 m [216.5 ft] from the closed
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end of the drift, a solid 1.8-m [5.9-ft] cylinder is used to represent all the of waste packages
(linear load), and the mesh spacing is expanded axially to achieve reasonable simulation run
times.  A uniformly distributed power of 352.4 W/m [366.6 BTU/(h-ft)], consistent with the power
for a single 1.8-m [5.9-ft] diameter waste package, is used instead of individual heat sources
for the inner portion of the drift segment.  A no-flow boundary condition at 200 m [656.2 ft] from
the closed end is specified.  This boundary condition is consistent with the small axial gradient
in the rock temperature as given by Fedors, et al. (2004).  This boundary condition also
assumes that the axial flow of air and the axial air temperature gradient are small at this
location.  A 1-m [3.28-ft] thickness of rock surrounding the drift is included in the simulation. 
The specified temperature at the outer surface of this rock layer is based on temperatures at
109.1 years obtained from the  mountain-scale conduction model described in Fedors, et al.
(2004).  The temperature gradients near the edge of the repository early in the postclosure
period are greater than at later times.  Thus, the conditions at 109.1 years may be considered
as a bounding case for along-drift temperature gradients that drive axial convection.  The rock
surface temperature 1 m [3.28 ft] outside the closed end of the drift is specified as 80 °C [176
°F] and increases in a nonlinear fashion to 127 °C [261 °F] at a location 200 m [656 ft] from the
closed end (i.e., right boundary in Figure 4-1a).  The rock surface temperature is assumed to
be circumferentially uniform at each axial location.  Thermal and fluid properties of the waste
package, rock, and air used in the CFD model are listed in Table B–1 in Appendix B.

The grid for these simulations is not fine enough to resolve the boundary layers next to solid
surfaces.  Surface heat transfer coefficients are computed in accordance with a built-in
algorithm that selects a heat transfer model based on the local conditions of temperature,
fluid properties, and surface geometry (Flow Science, Inc., 2005).  The built-in model that
was selected at each grid location in these simulations was one for turbulent or laminar
natural convection, depending on local conditions of air velocity, air temperature, and
surface temperature.

As stated earlier, the drift-scale simulation results described by Fedors, et al. (2004) did not
include the effects of thermal radiation inside the drift.  The results described herein include the
effects of thermal radiation using the Radiation Module in FLOW-3D YMUZ2.  It is assumed
here that all the surfaces within the drift (i.e., drift wall and waste packages) are gray and
diffuse with respect to thermal radiation with emissivity of 0.9 (Incropera and Dewitt, 1996). 
Though the CFD simulations are for a half drift, the radiation configuration factors include the
effects of the complete drift geometry.  The surfaces of the drift wall and individual waste
packages within 66 m [216.5 ft] of the closed end of the drift were subdivided into large facets
for the purposes of the radiation heat transfer computations.  The cylindrical portion of the drift
wall was divided into six facets circumferentially (two for the invert, four for the cylindrical wall),
and the cylindrical portion of the waste packages was divided into four facets.  These facets
are shown in the sketch of Figure 4-3.  Axially, the cylindrical surfaces of the drift wall and the
waste packages were divided into facets consistent with the axial length of the waste
packages.  Finally, the ends of the drift and each waste package were divided into four facets. 
The radiation heat transfer was computed for a total number of 198 facets for the
three-dimensional drift and waste packages.  Radiation configuration factors for this scenario
were computed using the custom Radiation Module described in Section 2.1.2.  The radiation
configuration factors for these 198 facets were converted to the 99 facets required to simulate
the symmetric conditions of the CFD simulation to account for radiation heat transfer effects
across the vertical symmetry plane.  
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Figure 4-3.  Radiation Module Facets in Drift Cross Section.  Surface Mesh Cells on Solid
Surfaces Are Grouped Into Facets for Radiation Heat Transfer Calculations. 

The simulation results described by Fedors, et al. (2004) indicate that the air temperatures
inside the drift exceed 100 °C [212 °F], which corresponds to the boiling temperature of water
at 1 atmosphere [14.7 psi] assumed in the model.  Furthermore, it was shown that the
temperature and air circulation rates are not strongly affected by water vapor content. 
Consequently, the effects of moisture transport were not included in the drift-scale simulations
described herein.

4.2 Model Results

4.2.1 Simulated Temperatures and Gas Velocity

The simulation was run until the overall fluid kinetic energy and thermodynamic energy were
varying by less than 1 percent, indicating nearly steady-state conditions.  Representative
simulation results are shown in Figure 4-4.  This figure shows the temperature contours in the
longitudinal plane of symmetry along the simulated length of the drift.  The temperature
contours show an overall gradient increasing from the closed end of the drift toward the middle
of the drift.  Also, the temperatures are slightly higher near the top of the drift than at the
bottom.
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Figure 4-4.  FLOW-3D YMUZ2 Contours of Air Temperature (K) Along the Drift.
X and Z Dimensions Are in Meters.  {1 m = 3.28 ft; T (°F) = [1.80 × (T (K) !273.15) + 32]}

The details of the temperature contours and the velocity vectors are shown in Figure 4-5a,b for
a 30-m [98-ft] section nearest the closed end of the drift.  There is a general axial circulation
pattern along the drift consistent with a large convection cell that carries heat from the hotter
sections of the drift to the colder sections.  The air flow is toward the end wall along the top of
the drift.  The air flow returns from the end wall over a large portion of the cross section along
the waste packages.  This overall flow pattern is perturbed by the air flowing up through the
gaps between the waste packages.  Figure 4-5b shows the air and waste package
temperatures on the same scale.  The waste packages are at a nominal average temperature
of 152 °C [305 °F].  There is a radial and axial temperature gradient in the rock in this
simulation.  This three-dimensional variation in drift-wall temperature is a result of the imposed
axial variation in the outer rock surface temperature and the heat transfer from the air and
waste packages within the drift.  Note that the air temperatures in these simulation results are
all greater than 100 °C [212 °F], the boiling point of water.

The temperature field and velocity vectors in a cross section of the drift located 30 m [98 ft]
from the closed end are shown in Figure 4-6.  This figure shows there is a complex flow pattern
in the cross section planes consistent with large-scale natural convection flows. 
Counterrotating vortices are present along the top of the drift that interact with the longitudinal
circulation.   

The temperature field and velocity vectors in a cross section of the drift located 150 m [492 ft]
from the closed end are shown in Figure 4-7.  This figure shows a less complex pattern for this
location than that depicted in Figure 4-6.  Note the difference in contour scale in Figures 4-6
and 4-7.  As expected, the flow pattern in Figure 4-7 is similar to the purely two-dimensional
flow between infinitely long non-concentric cylinders.  The flow field characteristics are
described in more detail in the following section.



4-6

Figure 4-5.  FLOW-3D YMUZ2 Temperature (K) and Velocity (m/s) Near Closed End
of Drift.  (a) The FLOW-3D Predictions Show a Distinct Circulation Pattern at the

Closed End of the Drift.  Flow Along the Top of the Drift Is Toward the Closed End
Wall.  Gas Flow Is Away From the End Wall Along the Waste Packages in a Complex

Pattern.  (b) The Temperature Differences and Gradients in the Solid Objects Are
Shown Here.  X and Z Dimensions Are in Meters.  Note the Difference in

Contour Scale.
{1 m = 3.28 ft; T (°F) = [1.80 × (T (K) !273.15) + 32]; 1 m/s = 3.28 ft/s}

(a)

(b)
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Figure 4-6.  FLOW-3D YMUZ2 Air Temperature (K) and Velocity (m/s) at a 
Drift Cross Section at 30 m From Closed End Wall.  Dimensions Are in Meters.  

{1 m = 3.28 ft; T (°F) = [1.80 × (T (K) !273.15) + 32]; 1 m/s = 3.28 ft/s}

Figure 4-7.  FLOW-3D YMUZ2 Air Temperature (K) and Velocity (m/s) at a Drift Cross
Section at 150 m From Closed End Wall.  Dimensions Are in Meters.  
{1 m = 3.28 ft; T (°F) = [1.80 × (T (K) !273.15) + 32]; 1 m/s = 3.28 ft/s}
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Figure 4-8.  Air Temperature Comparison of FLOW-3D YMUZ2 (With Radiation) With
Fedors, et al. (2004) (Without Radiation).  Temperatures Shown Are Cross-Sectional

Averages.  [1 m = 3.28 ft; 1 °F = 1.8 × °C + 32]

4.2.2 Comparison With Previous Results

The three-dimensional simulation results from FLOW-3D YMUZ2 were post-processed to
provide cross-sectional average values for the air temperature and volumetric flow rate as a
function of distance from the closed end to facilitate comparison with Fedors, et al. (2004),
where results did not include radiation heat transfer.

The average cross-sectional air temperature profile is shown in Figure 4-8.  The average air
temperature generally increases as a function of the distance from the end of the drift.  There
are perturbations in the first 70 m [230 ft] corresponding to the locations of the gaps.  The air
flow pattern in the vicinity of the gaps affects only the localized air velocity and does not affect
the axial air flow velocity pattern shown in Figure 4-5a.  For distances greater than 70 m [230
ft], the temperature profile is smooth because the gaps between waste packages are not
included in this portion of the geometric representation of the waste packages.

When radiation effects are included, the cross-sectional average air temperature is estimated to
be less than when radiation effects are neglected except very near the closed end of the drift.   
The average air temperature is about the same for both cases near the closed end of the drift. 
As the distance from the closed end increases, however, the average air temperature in the

case with radiation effects is approximately 10 °C [18 °F] less than Fedors, et al. (2004)
estimates (Figure 4-8).  The axial air temperature difference [i.e., difference in temperatures at
the closed end (x = 0) and no-flow boundary (x = 200)] is only 9 °C [16.2 °F] when radiation is
included, as compared to 19 °C [34.2 °F] when radiation is excluded.  Radiation heat transfer
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allows energy to be transferred directly from the waste packages to the drift wall.  Compared to
the scenario described by Fedors, et al. (2004), where radiation was neglected, less energy is
transferred to the air via convection.  This results in the overall lowering of the simulated air
temperatures when radiation is included in the simulations.

Figures 4-9a and 4-9b show a combination of air, waste package, and rock temperatures along
a vertical line near the center of the drift at positions of 30 m [85 ft] and 150 m [492 ft],
respectively, from the closed end.  The temperature profiles at these locations are
representative of other nearby locations.  When radiation effects are included, the waste
package temperature is about 12 °C [22 °F] lower than Fedors, et al. (2004) estimates.  The
invert surface temperature is greater than the nearby air temperature when radiation effects are
included.  This phenomenon is not observed at the top of the drift because (i) the radiation heat
flux is reduced when the surfaces are farther apart and (ii) the air circulation is stronger at the
top of the drift and partially mitigates the radiation effects.  The simulated temperature profile at
the 30 m [85 ft] position (Figure 4-9a) also shows that the air temperature near the top drift wall
is slightly greater than the waste package temperature because of the heat carried from the
hotter section of the drift.  This is consistent with the air flow pattern shown in Figures 4-4 and
4-5 that indicates air at a relatively higher temperature is moving toward the drift end along the
top of the drift, while cooler air is moving away from the drift end at lower positions in the cross
section.  This feature is not seen in the profile at 150 m [492 ft] (Figure 4-9b ) because the
overall axial air circulation is much less at this location than at locations closer to the
closed end.

The axial air circulation rate is computed by integrating the fluid velocity of the cross section for
all locations where the gas is moving away from the closed end of the drift.  A closed boundary
is assumed for these simulations; therefore, at any given cross section along the drift axis, the
flow of gas away from the closed end of the drift is balanced by the flow toward the closed end.
Because a closed boundary is used, the effects of barometric pumping or natural convection
through the surrounding fractured tuff are not included in these simulations.  So air circulation
rate is the volumetric flow of air exchanged between volumes on either side of a plane at a
specified axial location.  The calculated air circulation rates are shown in Figure 4-10.  The
circulation rate is strongest near the closed end of the drift where the air circulates between the
hot waste package and the relatively cooler end wall.  The axial air circulation shows numerous
perturbations in this region because of the plumes rising from the waste package gaps.  Overall,
the air circulation rate is significantly greater when radiation effects are included in the
simulations compared to when radiation is neglected (Fedors, et al., 2004).

The greater air circulation rate, when radiation is included in the simulation, is a result of the
differences in how energy is transferred from the waste packages to the drift wall.  Figure 4-9a
and Figure 4-9b show that heat is transferred from the invert to the air near the centerline of the
drift when radiation effects are included (i.e., temperature of the invert is greater than
surrounding air temperature).  When radiation effects are neglected, however, the heat transfer
is in the opposite direction.  This difference in (i) cross sectional heat transfer profile and
(ii) reduced temperature gradients between the invert, rock and waste packages acts to
decrease the cross-sectional circulation rate when compared to the no-radiation case.  
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Figure 4-9.  Temperature Comparison of FLOW-3D YMUZ2 (With Radiation) With Fedors,
et al. (2004) (Without Radiation).  Results At Cross-Sections Located At (a) 30 m and

(b) 150 m From the Closed End of the Drift.  [°F = (1.8  × T °C + 32); 1 m = 3.28 ft]

(a)

(b)
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Figure 4-10.  Axial Air Circulation Rate Comparison of FLOW-3D YMUZ2 (With Radiation)
With Fedors, et al. (2004) (Without Radiation) Results

[1 m3/sec = 35.3 ft3/sec; 1 m = 3.28 ft] 

Conversely, this difference in the cross-sectional heat transfer profile acts to increase the axial
circulation for the radiation case because the axial temperature gradients are now more
significant than the cross-sectional temperature gradients.

The air circulation decreases to a small value before the no-flow boundary at x = 200 m [656 ft]
in the Fedors, et al. (2004) simulation, which is not consistent with the values observed in this
study.  This indicates that additional drift length should be included in the simulations to account
for the heat and mass transfer processes across the boundary {i.e., no flow boundary should be
located at distances >200 m [>656 ft] from the closed end}. 

The U.S. Department of Energy (DOE) model for in-drift heat transfer uses a 70-m [229.7-ft]-
long drift to represent heat and mass transfer processes in a full-scale drift (Bechtel SAIC
Company, LLC, 2004b).  This is much shorter than the axial length of a simulated drift described
in this report.  The ends of the 70-m [229.7-ft] section of drift in the DOE model were specified to
not allow mass, momentum, or heat transport across the boundary.  Thus, the axial transport of
these quantities takes place only within the drift.  The results presented in this report indicate
that there are significant effects of the axial convection at even distances of 170 m [557.7 ft]
from the closed end (Figure 4-10).  Hence, simulations for a longer axial extent of the drift
should be performed to determine whether the axial circulation can be neglected at any point in
the drift.
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4.3 Summary

Three main conclusions may be drawn from these simulation results.  First, thermal radiation
plays a significant role in the overall heat transfer processes in the drift.  When radiation heat
transfer effects are included in the simulation, the simulated waste package temperatures are
lower.  Second, the air circulation is greater when radiation effects are included in the
simulation.  Third, the cross-sectional air flow patterns do not eliminate axial circulation. 
Simulation results show that axial flow is not impeded by the vertical cross-sectional flow
currents that develop because of heat load at the waste packages, implying axial convection
and the cold-trap process will not be limited to the extreme ends of each drift.  As noted earlier,
rock temperature gradients are largest near the ends of drifts early in the postclosure period as
considered here.  Rock temperature gradients at later times (i.e., greater than 109 years) may
affect the in-drift processes differently than are simulated here.  Additional simulations of in-drift
heat transfer processes at later times should be performed to investigate these cases. 

Note that the Moisture Transport Module (Section 2.1.1) is not included in the drift-scale
simulations presented here.  The air temperatures are estimated to be greater than the boiling
point of water, so free liquid water is not likely to be present under these circumstances.  The
effects of liquid water cannot be neglected completely because of the possible presence of
water in the porous media of the drift wall and in deliquescent salts at above-boiling
temperatures.  It is recommended that in-drift moisture transport be included in future work to
assess its effect on the overall heat and mass transfer within the drift at above
boiling conditions.

Recommendations

• Simulations for a longer axial extent of the drift should be performed to determine
whether the axial circulation can be neglected at any point in the drift. 

• Simulations for times greater than 109.1 years should be performed to estimate how the
in-drift processes, especially moisture transport, respond to the changing thermal
conditions of the waste packages and the surrounding rock. 

• It is recognized that a drip shield will alter both the cross section and axial flow
patterns in the drift.  The presence of the drip shield should be accounted for in future
CFD models. 

• It is also recognized that the drift wall will likely degrade and cause rubble to pile on
the drip shield and waste packages (Manepally, et al., 2004), thereby impeding axial
and cross sectional flow.  The effects of the rubble should be included in future
CFD investigations.

• Moisture transport should be included in future CFD analyses to evaluate its effect on
the overall in-drift heat and mass transfer.  This is necessary for times when the in-drift
temperatures are below boiling and liquid and vapor water can coexist.  The Moisture
Transport Module should also be used  to (i) evaluate conditions that include the
potential presence of localized moisture because of thermal seepage; and (ii) analyze
the amount and location of condensation zones in the emplacement drift. 



1Computational fluid dynamics (CFD) is referenced frequently throughout this report; consequently, the acronym CFD will
be used.
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5 SUMMARY

The evolution of the in-drift environment significantly affects the performance of a potential high-
level nuclear waste repository at Yucca Mountain, Nevada.  The U.S. Department of Energy
(DOE) uses (i) computational fluid dynamics (CFD)1 models to understand in-drift processes
and to incorporate the effect of in-drift processes on porous media models.  DOE identifies two
features, events and processes related to cold trap effect that causes condensation to form 
(i) on the roof or other parts of the drifts (drift-scale); and (ii) at repository edges or elsewhere in
the engineered barrier system (repository-scale), leading to enhanced dripping on the drip
shields, waste packages, or exposed waste material.  The U.S. Nuclear Regulatory Commission
approach, which involves analytical heat transfer and thermohydrological porous media models
to constrain CFD models, has resulted in (i) development of increased understanding of the
cold-trap process, (ii) identification of heat transfer processes that need to be explicitly
represented in the CFD models, (iii) experimental data not readily available in literature that can
be used to validate numerical models, and (iv) identification of important characteristics of air
flow and moisture redistribution patterns that need to be considered in process models and
performance assessment.  Based on the results of the numerical and laboratory studies, custom
software modules were developed and incorporated into the commercial version of FLOW-3D. 
This modified version of FLOW-3D, called FLOW-3D YMUZ2 (Green and Manepally, 2006), is
used to develop numerical models for representing in-drift heat transfer processes.  The
Radiation Module in FLOW-3D YMUZ2 simulates thermal radiation between solid surfaces and
is coupled with the conduction and convection heat transfer processes.  The Moisture Transport
Module in FLOW-3D YMUZ2 simulates transport processes associated with high humidity air
(including modeling phase changes at solid surfaces) and allows condensed water to be
present in the bulk of the flow domain.  

The experimental studies include a 20-percent drift-scale model of the emplacement drift with
four analog waste packages providing a heat source in a long pipe.  A detailed description of
the 20-percent drift-scale experiment and the related CFD model is provided in Chapter 3 of this
report.  The experimental setup supports simulating the effects of uniform and nonuniform heat
load distributions between the waste packages.  Numerical simulations of the thermal, liquid
water flow, and water vapor transport processes were performed using FLOW-3D Version 9.0
and FLOW-3D YMUZ2.  A three-dimensional numerical model of the 20-percent drift-scale
experiment was developed, and boundary conditions based on experimental data were used in
the CFD analysis.  The experiments were performed for variable heat load conditions for (i) dry
case, where ambient air was enclosed at atmospheric pressure inside the drift  and (ii) moist
case, where liquid water was dripped on one waste package to simulate seepage inside the
drift.  The experimental and CFD model results indicate a strong upward cross-sectional flow
above the waste packages and through gaps between the waste packages.  Toward the cold
end of the drift, the flow is mainly in the axial direction, moving in the hot-to-cold direction at the
top of the drift and in the cold-to-hot direction at the center and bottom of the drift.  The
temperature predictions compared well with the laboratory measurements.  The Radiation and
Moisture Transport Modules in FLOW-3D YMUZ2 allowed prediction of relative humidity and
condensation zones for the moist case.  The CFD model results overpredict the relative
humidity values by up to 10 percent inside the 20-percent drift scale.  This could be attributed to
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higher concentrations of water in the numerical model than were actually added to the
experimental model during the tests.  A qualitative comparison of the observed and simulated
condensation zones indicated a good match.  The observed and simulated results show the
effect of heat load on the size and shape of the condensation regions.

A drift-scale CFD model was developed using FLOW-3D YMUZ2 and is described in Chapter 4. 
The results described herein include the effects of thermal radiation using the Radiation Module
in FLOW-3D YMUZ2 and simulated conditions during the peak thermal pulse (~109 years).  The
average air temperature generally increases as a function of the distance from the end of the
drift.  There are perturbations in the first 70 m [230 ft] because the upward air current from the
waste package gaps is stronger than the upward current over the middle portion of the waste
packages.  For distances greater than 70 m [230 ft], the temperature profile is smooth because
the gaps between waste packages are not included in this portion of the geometric
representation of the waste packages.  Comparison to CFD simulations by Fedors, et al. (2004)
that excluded thermal radiation indicated that thermal radiation significantly affects the in-drift
heat transfer process.  The air circulation is greater when radiation effects are included, leading
to lower waste package temperatures.  Simulation results show that axial flow is not impeded by
the strong vertical cross-sectional flow currents that develop because of heat load at the waste
package, implying axial convection and the cold-trap process will not be limited to the extreme
ends of each drift.

Note that the current laboratory and CFD models do not include several aspects that could
influence the in-drift heat transfer processes; these will be addressed in the future.  These
aspects include (i) a detailed representation of the engineered barrier system components like
the drip shield, invert, emplacement pallet, and ground supports; (ii) variation in the heat load
due to differences in waste package characteristics; and (iii) effects of the presence of rubble
because of drift degradation.  It is recommended that the Moisture Transport Module be
included in future CFD analyses to evaluate its effect on the overall in-drift heat and mass
transfer.  This is necessary for times when the in-drift temperatures are below boiling.  The
Moisture Transport Module in FLOW-3D YMUZ2 should also be used to evaluate (i) conditions
that include potential presence of localized moisture from thermal seepage and (ii) amount and
location of condensation zones in the drift.
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Figure A–1.  Schematic of the Longitudinal Cross Section Along the Centerline of the 20-Percent Scale Drift Experiment
(From Hot End to Cold End).  Dimensions Are in Meters.  [1 m = 3.28 ft] 
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Figure A–2.  Cross Sections A1–A5, BM, BM2, B1, and CM1of the Pipe With the Locations
of Thermocouples.  Dimensions Are in Meters.  [1 m = 3.28 ft]
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Table A–1.  Parameters Used in Computational Fluid Dynamics Simulations Based on
Experimental Data

Simulation Case
(D‡, M§, W†)

 Outside Wall Temperature (°C)* Heat Transfer Rate (W)†

Drift
Wall

Hot End
Wall

Cold End
Wall WPA WPB WPC WPD

D — 50W 25.27 25.82 25.11 50.79 51.21 51.11 50.16

D — 75W 25.74 26.46 25.71 75.71 75.76 75.67 75.71

D — 75-25-25-75W 25.22 25.85 25.14 75.21 25.15 25.17 74.44

D — 80-60-40-20W 25.50 26.39 25.34 79.96 58.90 39.84 20.98

M — 50W 23.85 24.26 23.63 49.47 50.82 50.12 50.24

M — 75-25-25-75W 24.45 25.05 24.22 75.41 25.74 25.58 75.57
*°F = (1.8 × T °C + 32)
†1 W = 3.4 BTU/h
‡D — Dry Case
§M — Moist Case

Table A–2.  Air Properties Used in Computational Fluid Dynamics Simulations* 
Property Value Value in English Units

Dry air specific heat at constant volume at 300 K
[80.3 °F] 

717.7 
J/(kg-K)

0.1714 
BTU/lbm-°F

Dry air density at 300 K [80.3 °F] and
atmospheric pressure

1.177 
kg/m3

0.0735 
lbm/ft3

Dry air thermal conductivity at 300 K [80.3 °F]
and atmospheric pressure

0.02624 
W/(m-K)

0.01516 
BTU/(h-ft-°F)

Dry air thermal expansion coefficient at 300 K
[80.3 °F] 

0.003 K!1 1.245 °F!1

Dry air viscosity 18.46 × 10!6

(N-s)/m2
0.0447 

lbm/(ft-h)
Heat of vaporization or latent heat of vaporization
of water at 300 K [80.3 °F] and 101,325 N/m2

[2,116 lb/ft2]

2,260,000 
J/kg

971.687
BTU/lbm

Water vapor specific heat at constant volume at
300 K [80.3 °F] 

1,402.34
J/(kg-K)

0.34
BTU/(lbm-°F)

Liquid water specific heat at constant volume at
300 K [80.3 °F] 

4,180.00
J/(kg-K)

0.998
BTU/(lbm-°F)

Gas constant for water vapor 461.51 
J/(kg-K)

0.11
BTU/(lbm-°F)

Gas constant for air 286.8 
J/(kg-K)

0.069
BTU/(lbm-°F)

*Source:  Bolz, R.E. and G.L. Tuve.  “CRC Handbook of Tables for Applied Engineering Science.”  2nd Edition. 
Cleveland, Ohio:  Chemical Rubber Company Press.  1973.
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Table B–1.  Properties Used in Computational Fluid Dynamics Simulations for the Drift
Scale Numerical Model*

Property Value Value in English Units
Air 

Specific heat at constant volume
at 417 K [290.9 °F] 

728.7 J/(kg-K) 0.174 BTU/(lbm-°F)

Nominal air density
at 417 K [290.9 °F]†

0.84 kg/m3 0.052 lbm/ft3

Thermal conductivity
at 417 K [290.9 °F]

0.035 W/(m-K) 0.02 BTU/(h-ft-°F)

Dry air thermal expansion coefficient
at 417  K [°F] 

2.43 × 10!3 K!1 1.35 × 10!3 °F!1

Dynamic viscosity 2.35 × 10!5 (N-s)/m2 5.69 × 10!3  lbm/(ft-h) 
Gas constant for air 289.0 J/(kg-K) 0.069 BTU/(lbm-°F)

Rock
Thermal Conductivity‡ 1.61 W/(m-K) 0.93 BTU/(h-ft-°F)
Heat Capacity§ 300 J/(m3-K) 4.47 × 10!3 BTU/(ft3-°F) 
Surface Emissivity2 0.9 0.9

Waste Package
Thermal Conductivity‡ 10 W/(m-K) 5.78 BTU/(h-ft-°F)
Heat Capacity§ 3,000 J/(m3-K) 4.47 × 10!2 BTU/(ft3-°F) 
Surface Emissivity2 0.9 0.9
*Source:  Bolz, R.E. and G.L. Tuve.  “CRC Handbook of Tables for Applied Engineering Science.”  2nd Edition. 
Cleveland, Ohio:  Chemical Rubber Company Press.  1973.
†Nominal air density used for only the equation for conservation of thermal energy in accordance with Boussinesq
assumption.  Ideal incompressible gas model used for conservation of fluid momentum and conservation of mass.
‡Based on Fedors, R.W., S. Green, D. Walter, G. Adams, D. Farrell and S. Svedeman.  “Temperature and
Relative Humidity Along Heated Drifts With and Without Drift Degradation.”  CNWRA 2004-04.  San Antonio,
Texas:  Center for Nuclear Waste Regulatory Analyses.  2004.
§Not actual value.  Value specified to allow solid materials to reach steady state as quickly as possible without
affecting the timestep required for fluid motion simulations.
2Nominal value for rough rock and stainless steel surfaces.
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