
University of Texas at El Paso
DigitalCommons@UTEP

Open Access Theses & Dissertations

2010-01-01

Controlling Features and Processes for
Radionuclide Release from Unsaturated Zone
Geological Repositories
Lubna K. Hamdan
University of Texas at El Paso, lubnakhamdan@yahoo.com

Follow this and additional works at: https://digitalcommons.utep.edu/open_etd
Part of the Environmental Engineering Commons, Environmental Sciences Commons, and the

Geology Commons

This is brought to you for free and open access by DigitalCommons@UTEP. It has been accepted for inclusion in Open Access Theses & Dissertations
by an authorized administrator of DigitalCommons@UTEP. For more information, please contact lweber@utep.edu.

Recommended Citation
Hamdan, Lubna K., "Controlling Features and Processes for Radionuclide Release from Unsaturated Zone Geological Repositories"
(2010). Open Access Theses & Dissertations. 2702.
https://digitalcommons.utep.edu/open_etd/2702

https://digitalcommons.utep.edu/?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F2702&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.utep.edu/open_etd?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F2702&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.utep.edu/open_etd?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F2702&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/254?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F2702&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/167?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F2702&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/156?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F2702&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.utep.edu/open_etd/2702?utm_source=digitalcommons.utep.edu%2Fopen_etd%2F2702&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:lweber@utep.edu


CONTROLLING FEATURES AND PROCESSES FOR RADIONUCLIDE 

RELEASE FROM UNSATURATED ZONE GEOLOGICAL 

REPOSITORIES 

 

LUBNA KAMEL HAMDAN 

Environmental Science and Engineering Program  

 

 

APPROVED: 
 

John C. Walton, Ph.D., Chair 

 Wen-Yee Lee, Ph.D. 

David Borrok, Ph.D. 
 
 
 
Robert Rice, Ph.D. 
 
 
 
Arturo Woocay, Ph.D.  
 

 

 

 
Patricia D. Witherspoon, Ph.D. 
Dean of the Graduate School 



 

 

 

 

 

 

 

 

 
Copyright © 

 

by 

Lubna Kamel Hamdan 

2010 

 

 



Dedication 

 

 

 

 

 

 

 

 

 

 

 

 

 وَُ�� ر�ب� زِدِ	� ِ��ً��
And say: O my Lord increase me in 

knowledge.  

 

I dedicate this work to my dear family, especially 

my beloved parents. Their support, 

encouragement, and prayer helped me overcome 

the difficulties and eased the pressure that I faced 

during my PhD study 



CONTROLLING FEATURES AND PROCESSES FOR RADIONUCLIDE 

RELEASE FROM UNSATURATED ZONE GEOLOGICAL REPOSITORIES 

 

 

by 

 

LUBNA KAMEL HAMDAN, B. S., M. S 

 

 

 

DISSERTATION 

 

Presented to the Faculty of the Graduate School of  

The University of Texas at El Paso 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

 DOCTOR OF PHILOSOPHY 

 

 

 

 

Environmental Science and Engineering Program  

THE UNIVERSITY OF TEXAS AT EL PASO 

 May 2010 



 v 

Acknowledgements 

I would like to express my sincere appreciation, gratitude, and respect to my advisor, Dr. 

John Walton, for his valuable guidance, continued help, support, and encouragement, and for 

having confidence in me.  I was lucky to be his student and learn from his experience and skills 

in the field of research.  

I would like to thank my committee members: Dr. Wen-Yee Lee, Dr. David Borrok, Dr. 

Robert Rice, and Dr. Arturo Woocay for their guidance and accepting the heavy task of going 

through my dissertation.  I am grateful to all my professors in the Environmental Science and 

Engineering Ph.D. program and the staff and faculty of the Civil Engineering Department for 

their support.  Many thanks to the Center for Environmental Resource Management (CERM) of 

The University of Texas at El Paso (UTEP) especially: Dr. Benedict, Cindy Conroy, Gwen Pratt, 

and Joseph Gonzales for their help and support. 

I would like also to thank my colleagues and friends in Dr. Walton’s research group for 

their help and support.  Also I would like to thank and appreciate the good friends that I have 

made during my graduate study at UTEP for their help and support. 

Finally my thanks and appreciation is to my sister Fadwa and her family (especially my 

nephew Thaer) for their support, help, and encouragement, and to all my family members: 

parents, sisters and brothers; I am blessed to have such a supportive and loving family.   

This work was funded by the Nye County NWRPO through a grant provided by the U.S. 

Department of Energy: Office of Civilian Radioactive Waste Management.  Financial support 

was also provided by CERM of UTEP.  Funds that allowed me to present my results at 

conferences were provided by Nye County NWRPO, CERM, the College of Science, the 



 vi 

Graduate School, and the Student Government Association (SGA) at UTEP.  I would like to 

thank all these organizations for their financial support.  



 vii  

Abstract 

In the long run, nuclear waste packages will fail gradually due to localized and general 

corrosion and radionuclides will be transported to the accessible environment by ground water.  

Two main failure scenarios are expected for the waste packages: Flow-through model and 

bathtub model; in the flow-through model water flows through the waste container, while in the 

bathtub model water pools inside the waste package.  The Department of Energy, in their 

performance assessment of the proposed repository at Yucca Mountain, excluded the bathtub 

model from their analysis and assumed the diffusion and advection to be in the same direction in 

the flow-through model.  In this research, a new conceptual model is introduced for radionuclide 

release from a flow-through category failed waste container.  Due to the residual heat release of 

the nuclear waste, this model expects a bidirectional transport for radionuclides in the sheltered 

areas; advection toward the warmest region and diffusion in the opposite direction.  As a result, a 

sequestration process is expected for the radionuclides in the sheltered areas, which would delay 

the radionuclide release and make it gradual.  The analysis showed that the sequestration will be 

more effective at higher rates of heat generation and lower moisture conditions.  As for the 

bathtub model, conditions inside the bathtub category failed waste container are investigated.   

The analysis showed that temperature stratification is expected in the lower half of the waste 

package, which would limit oxygen availability and slow the corrosion of the spent nuclear fuel 

and other waste package components.  As a result, the estimated life for all waste package 

components will be longer and consequently radionuclide release will be delayed.   
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Chapter 1 

1. General Introduction 

After twenty years of little or no net growth in installed nuclear power capacity in most of 

the countries, there is today again great interest in nuclear power.  Many energy analysts expect 

now a notable nuclear energy renaissance worldwide, motivated by common global concerns 

about: global warming, energy independence, and energy security.  The expected expansion of 

nuclear energy use will result in hundreds of thousands of metric tons of spent nuclear fuel 

(SNF) (Feiveson, 2007), (Gentenaar, 2009).  

 To produce electricity, nuclear reactors use fuel made of solid ceramic pellets of 

enriched uranium (UO2 powder) sealed in strong metal tubes usually of zircalloy or stainless 

steel.  The tubes are bundled together to form a nuclear fuel assembly.  When the uranium pellets 

are no longer efficient for producing electricity the assembly is removed from the reactor.  The 

removed assembly, now called SNF, is highly radioactive and gives off thermal energy.  

Therefore, the removed fuel assemblies are stored in special water pond located at the reactor 

cite to allow the decrease of their heat release and radioactivity, or they can be dry stored in 

engineered facilities, cooled by air. However both kinds of storages are interim step intended 

only to make it easier to handle the SNF due to the radioactivity decay.  After the temporary 

storage, the SNF is either reprocessed to recover the usable portion of it or sent to long-term 

storage and final disposal without reprocessing.  (World Nuclear Association, 2006).   

To solve the problem of SNF accumulation, permanent disposal sites are needed.  Among 

technical experts, the accepted method for radioactive waste disposal is to contain the waste and 

isolate it form the accessible environment.  Scientists and researchers worldwide have studied 
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various ways to dispose nuclear waste; they considered disposal in ocean floor, space, ice sheets, 

and remote islands. They agreed that the emplacement of radioactive waste at significant depths 

underground, i.e. the geological disposal, is the best option for isolating it from the environment 

accessible to humans.  In a geological repository, waste containment and isolation are provided 

by: the containers into which the nuclear waste is put before being emplaced in the repository, 

various additional engineered barriers, and the natural barrier provided by the host rock, see 

Figure 1.1.  In addition, geological disposal assures long term safety without surveillance and 

maintenance (IAEA, 2003). 

 
 

 

Figure 1.1 a) Natural barriers include the rock, the soil, and other natural features of Yucca 
Mountain.    b) Engineered barriers include the waste container, the drip shield, and 
the repository construction (DOE, 2007 a). 

 
Up to December 2005, the United States accumulated about 53,440 metric tons of spent 

nuclear fuel. In addition, there will be about 22,000 canisters of solid high- level radioactive 

waste (highly radioactive material associated with weapons production) for future disposal in a 

repository.  By the year 2035 this amount will increase to an estimated 119,000 metric tons 

(DOE, 2007 b).  The DOE planed to construct a geological repository at Yucca Mountain (YM) 

to dispose SNF and high-level radioactive waste.  Yucca Mountain is located on federal land in a 

a) b) 



 

remote area in Nye County, Nevada, about 100 miles northwest of Las Vegas, see Figure 

YM was chosen as a site for the geological repository because its natural characteristics aid in 

repository performance. These Natural characteristics include: a semiarid climate, relatively 

stable site geology (the YM area has a low incidence of large magnitude seismic activity and 

volcanic activity in the YM region has declined through recent geologic time), 

table, and limited groundwater flow through the unsaturated zone (UZ) and the saturated zone 

(SZ) (SNL, 2008 ).  The proposed nuclear repository inside YM is to be built between 660 and 

1400 feet (201 - 427 m) below the mountain's surface and 

m) above the water table.  The DOE would emplace around 70,000 MTHM of SNF and high

level radioactive waste in the repository (OSTI, 2000).

Figure 1.2 Location of Yucca Mountain
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YM was chosen as a site for the geological repository because its natural characteristics aid in 

performance. These Natural characteristics include: a semiarid climate, relatively 

stable site geology (the YM area has a low incidence of large magnitude seismic activity and 

volcanic activity in the YM region has declined through recent geologic time), a deep water 

table, and limited groundwater flow through the unsaturated zone (UZ) and the saturated zone 

(SZ) (SNL, 2008 ).  The proposed nuclear repository inside YM is to be built between 660 and 

between 570 and 1,200 feet (174 - 366 

m) above the water table.  The DOE would emplace around 70,000 MTHM of SNF and high-

(Hamburger, 2006). 
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To protect people and the environment, the design of YM repository depends on natural 

and engineered barriers to isolate the nuclear waste and keep it dry as long as possible, Figure 

1.1 shows the design of YM repository.  However, in the long run nuclear waste packages will 

fail due to localized and general corrosion and water will have access to the nuclear waste.  As a 

result, radionuclides will be transported to the accessible environment by groundwater.   

The license application, to be submitted by DOE to obtain the Nuclear Regulatory 

Commission (NRC) license to construct a repository in YM, should present scientifically 

defensible analyses of how the repository will perform over 10,000 years. To assess the behavior 

of the repository over 10,000 years and beyond, DOE used a computer model called “Total 

System Performance Assessment (TSPA) Model/Analysis for the License Application”.  This 

model uses data and results from individual process models to assess the performance of all parts 

of the repository when they work together to keep the waste isolated.  The TSPA model also 

simulates the effect of damaging events, such as earthquakes and volcanoes, on the repository 

total performance and calculates the consequences to the people and environment (SNL, 2008). 

Release of radionuclides from the Yucca Mountain repository is a key factor determining 

the repository performance.  Release rate calculations are performed by the Engineered Barrier 

System Radionuclide Transport Abstraction (EBS RT).  The purpose of the EBS RT Abstraction 

is to provide the conceptual model, used in the TSPA model, to determine the time-dependent 

flux of radionuclides from the EBS to the UZ.  This model consists of two main components: a 

flow model and a transport model.  The flow model defines the pathways for water flow in the 

EBS and computes the flow rate in each pathway; Figure 1.3 shows the potential flow pathways 

in the EBS.  The transport model considers both advective and diffusive transport from a 

breached waste package.  The advective transport occurs when the dissolved radionuclides (or 



 

absorbed onto collides) are carried from the waste package by the seepage flux, which passes 

through waste package breaches.  Diffusive transport, occurs as a result of a gradient in 

radionuclides concentration, is the sole way of transport when there is no flow through a waste 

package.  This situation is assumed to predominate during the regulatory compliance period of 

the repository (SNL, 2007).  

 

Figure1.3 The potential pathways for water flow 

Source term (the transport mechanisms determining the amounts and types of 

radionuclides released) is an area with extremely high conceptual uncertainty at Yucca 

Mountain.  Conceptual uncertainty is not fully captured in performance assessment calculations

such as the DOE TSPA model.  For this reason areas identified by DOE as contributing to 

uncertainty may reflect mathematical projection of subjective judgments. In order to ensure 
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protection of public health, improved understanding of the processes actually controlling 

radionuclide release at Yucca Mountain is important.  The goal of this research is to develop 

conceptual models of radionuclide release from the EBS and explore some of the implications of 

the revised conceptual models.  These models are based on natural processes anticipated to take 

place inside a partially failed waste container as a result of persistent heat release from the 

nuclear waste.   

Two main scenarios are expected for waste packages failure: flow-through model (in 

which the waste package is penetrated from top and bottom and water flows through it) and 

bathtub model (in which the waste package is penetrated from the top only causing water to pool 

inside it); Figure 1.4 shows schematic diagrams for both kinds of failure.  In the flow-through 

model, DOE assumed that advective transport and diffusive transport are in the same direction 

(Figure 1.4 a). This research considered the effect of partial evaporation for water entering a 

flow-through category failed waste container, which would lead to bidirectional transport (the 

diffusive transport is in opposite direction to the advective transport). The bathtub model was 

screened out by DOE as an alternative conceptual model to the flow-through model, in order to 

overestimate radionuclide transport (SNL, 2007).  This research, made a detailed study for the 

bathtub model, considering two possibilities: temperature stratification of the pooled water 

versus mixing process and their effect on oxygen availability and radionuclide release. 
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Figure 1.4 Schematic diagrams for the main scenarios of the waste packages failure: a) Flow-
through model. b) Bathtub model. 

Finally, it is worthwhile to mention that although the calculations of the models 

introduced in this research are based on the EBS of the proposed repository at YM, these 

models apply, in general, to any unsaturated zone geological nuclear waste repository. 

These models are based on a key characteristic of the nuclear waste, heat production, and 

the geology, unsaturated zone location.  
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2. Limitations and Patterns of Radionuclide Release from Partially Failed 

Containers 

 
Lubna Hamdan, John Walton, and Arturo Woocay 

 

Environmental Science and Engineering, University of Texas at El Paso, 500 W. University Ave., 

El Paso, TX, 79968, lkhamdan@miners.utep.edu, walton@utep.edu, awoocay@hotmail.com 

 
 

Over time, the waste package is likely to evolve into a combination of failure locations 

mixed with relicts of intact Alloy-22. In this paper we address the potentially serious failure 

where multiple penetrations allow water to flow through the waste package. Residual heat 

release in the waste is anticipated to set up flow systems in the relict protected areas, where 

liquid water flows into the protected area toward the warmest region and vapor flows outward, 

effectively preventing release and sometimes sequestering radionuclides in the relict sheltered 

areas. We derive a dimensionless group that specifies the condition where residual heat from 

relict waste package materials should set up this internal flow pattern. The dimensionless group 

is used to estimate the minimum size of the covered areas required to sequester radionuclides 

and prevent release. Over time, the minimum area required for protection slowly increases, 

while general corrosion decreases the average size of relict areas. Convolution of the two 

processes suggests that radionuclide release from the flow-through category of partially failed 

waste packages will be gradual and long delayed. 
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2.1 INTRODUCTION 

Understanding the processes actually controlling radionuclide release at Yucca Mountain 

(YM) is essential to ensure the future protection of the public’s health. A key factor determining 

the performance of the proposed repository is the possibility of radionuclide release from the 

Engineered Barrier System (EBS) at YM. Once radionuclides are released into the host rock and 

given ample time, most radionuclides will eventually make it out into the broader environment. 

Source term – the transport mechanisms determining the amounts and types of radionuclides 

released– is an area with high conceptual uncertainty, and the models used to estimate release 

may be largely based upon processes that may not in general occur. 

In this paper we develop a conceptual model of radionuclide release from the EBS and 

explore some of the implications of the conceptual model. This model addresses the potentially 

serious failure of a waste package, where multiple penetrations allow water to flow through the 

system, entering at a higher elevation and exiting at a lower elevation in a partially failed waste 

package container. 

 2.2 GEOMETRY AND ENVIRONMENT FOR RADIONUCLIDE RELEASE 

Release rate analysis is complicated by the fact that the geometry and properties of the 

inside of a failed waste container are unknown, and fundamentally unknowable. Corrosion 

predictions are based upon short term data in perhaps non representative environments since the 

environment is also unknown. Thus the corrosion rate of Alloy-22, stainless steel, and Zircaloy, 

may or may not proceed in an anticipated order. Small cells of evaporation and condensation are 

likely to leave some portions of the waste package metals in more benign and others in more 

harsh corrosion environments, making it difficult to predict exactly which pieces will last the 

longest. It is not guaranteed that the most corrosion resistant materials will last longest. Over 



 

time, as parts lose structural integrity and corrosion products fill voids, the waste package is 

likely to evolve into a mixture of porous media and discrete objects. This heterogeneity may or 

may not form capillary breaks (i.e., discontinuous liquid transport pathways) w

waste package, further complicating mass transport. All of these properties will change slowly 

over time. 

If it is possible to further understand the processes controlling release rate, it seems likely 

that we can only be successful if the

many of the evolving material properties. One potentially controlling process is the release of 

thermal energy (heat) from the radioactive waste over time. Figure 

release based upon the line load plotted on a logarithmic scale. The figure indicates that heat 

release occurs, albeit at a very low rate, up

 

Figure 2.1 Line load on a logarithmic scale. Small, but significant, heat release occurs up
million years. 
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2.3 FLOW-THROUGH CONCEPTUAL 

This model addresses the potentially serious failure of the waste package, where multiple 

penetrations allow water to flow through the system (see Figure 

included in this model. 

 

Figure 2.2 Schematic drawing showing physical processes in a flow through system.

 
Predicted temperature increase from the outside to the inside of a hypothetical failed 

waste container is shown in Figure 

characteristic of soils [1]. The calculations were performed using the equation for heat flow in a 

solid, infinite, circular cylinder with internal heat generation after [2]:

 

where: 

T = temperature difference (°C) 

Ao = rate of heat generation (W/m

ro, r = radii of the cylinder surface and the inner point (m)
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ONCEPTUAL MODEL 

This model addresses the potentially serious failure of the waste package, where multiple 

penetrations allow water to flow through the system (see Figure 2.2). Diffusion

Schematic drawing showing physical processes in a flow through system.

Predicted temperature increase from the outside to the inside of a hypothetical failed 

waste container is shown in Figure 2.3, over a range of potential thermal 

characteristic of soils [1]. The calculations were performed using the equation for heat flow in a 

solid, infinite, circular cylinder with internal heat generation after [2]: 

(1) 

 

= rate of heat generation (W/m3) 

, r = radii of the cylinder surface and the inner point (m) 

This model addresses the potentially serious failure of the waste package, where multiple 

2). Diffusion-only release is 

 

Schematic drawing showing physical processes in a flow through system. 

Predicted temperature increase from the outside to the inside of a hypothetical failed 

3, over a range of potential thermal conductivities 

characteristic of soils [1]. The calculations were performed using the equation for heat flow in a 



 

K = thermal conductivity (W/ (m°C))

Since the precise thermal properties of the rubble and how it changes with time are 

unknown, Figure 2.3 is intended only to illustrate, in a semi

heat energy available. 

Figure 2.3 Plausible temperature rise from outside to inside of the rubble.

Residual heat release in the waste package is anticipated to 

relict protected areas, where liquid water flows into the center of the protected area, toward the 

warmest region, and vapor flows outward away from the warmest region. In the flow systems, 

created by residual heat release, water

greatest concentration of heavy metal is present, leading to a capillary pressure gradient and 

subsequent wicking of water and dissolved or suspended constituents toward the heat source. 

Since the liquid flow is toward the heat source, liquid releases from these areas not only must be 

from diffusion, as a result of a gradient in radionuclide concentration, but the diffusion is against 
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Residual heat release in the waste package is anticipated to set up flow systems in the 

relict protected areas, where liquid water flows into the center of the protected area, toward the 

warmest region, and vapor flows outward away from the warmest region. In the flow systems, 

created by residual heat release, water evaporates from the warmest regions, typically where the 

greatest concentration of heavy metal is present, leading to a capillary pressure gradient and 

subsequent wicking of water and dissolved or suspended constituents toward the heat source. 

iquid flow is toward the heat source, liquid releases from these areas not only must be 
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relict protected areas, where liquid water flows into the center of the protected area, toward the 

warmest region, and vapor flows outward away from the warmest region. In the flow systems, 

evaporates from the warmest regions, typically where the 

greatest concentration of heavy metal is present, leading to a capillary pressure gradient and 

subsequent wicking of water and dissolved or suspended constituents toward the heat source. 

iquid flow is toward the heat source, liquid releases from these areas not only must be 

from diffusion, as a result of a gradient in radionuclide concentration, but the diffusion is against 
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the advective transport direction: essentially the ions must “swim upstream” to escape (see 

Figure 2.2).  

Given the flow system toward the majority of the radioactivity (heat source), 

radionuclides in these locations can only escape if the rate of diffusion is greater than the rate of 

advection. The ratio of advection to diffusion is given by the dimensionless Peclet number: 

 

(2) 

where: 

V = inward advective velocity, m/s 

L = characteristic length (diameter of non drip region), m 

D = effective diffusion coefficient, m2/s 

Dimensionless numbers have the advantage of not needing exact geometries to make 

general conclusions. In this situation, the Peclet number is interpreted such that if Pe < -1, 

radionuclides entering the liquid water phase from the spent fuel will tend to accumulate at the 

hottest locations within the rubble and not be released into the crushed rock below. The Peclet 

number is negative because transport is in the opposite direction. 

A simple experiment illustrating the flow system is shown in Figure 2.4. In this case an 

ordinary bathroom towel was immersed in water spiked with dye. Over time, the dye travels up 

the towel (by capillary effect) and becomes concentrated at the point where evaporation becomes 

complete. The system is one of sequestration, not release. 

 

 



 

Figure 2.4 Dye moves upward and concentrates in a towel dipped in water and dye. This is an 
example of the sequestration method presented, although in this case the 
evaporation is driven by the low

2.4 NATURAL ANALOG 

Another example illustrating the physical processes involved in this conceptual model 

comes from nature. Figure 2.5 shows a picture taken at the 1880’s era silver mine on North 

Percha Creek, NM. At an unknown time, the mouth of mine was blocked with two ba

of mine tailings to slow the release of contaminated water from the mine tunnels. Despite the 

presence of water on both sides of the berms and a significant hydraulic head difference (~20 

cm/100 cm) driving water flow through the berms, efflore

tailings. The crusts form when water at the upper surfaces evaporates, leading to a gradient in 

capillary pressure that causes water to rise upward in the berms.

As the water continues to evaporate, the concentration

the tailings/air interface and minerals begin to precipitate. The interesting observation is that, 

rather than being released into the water, the minerals from the tailings forming the berms 

accumulate at the top. This process is driven by evaporation of water into the lower humidity air 
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pward and concentrates in a towel dipped in water and dye. This is an 
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Another example illustrating the physical processes involved in this conceptual model 

5 shows a picture taken at the 1880’s era silver mine on North 

Percha Creek, NM. At an unknown time, the mouth of mine was blocked with two ba

of mine tailings to slow the release of contaminated water from the mine tunnels. Despite the 

presence of water on both sides of the berms and a significant hydraulic head difference (~20 

cm/100 cm) driving water flow through the berms, efflorescent crusts form on the top of the wet 

tailings. The crusts form when water at the upper surfaces evaporates, leading to a gradient in 

capillary pressure that causes water to rise upward in the berms. 

As the water continues to evaporate, the concentration of dissolved species increases near 

the tailings/air interface and minerals begin to precipitate. The interesting observation is that, 

rather than being released into the water, the minerals from the tailings forming the berms 

process is driven by evaporation of water into the lower humidity air 

pward and concentrates in a towel dipped in water and dye. This is an 
example of the sequestration method presented, although in this case the 

humidity room air rather than heat generation 

Another example illustrating the physical processes involved in this conceptual model 

5 shows a picture taken at the 1880’s era silver mine on North 

Percha Creek, NM. At an unknown time, the mouth of mine was blocked with two bars or berms 

of mine tailings to slow the release of contaminated water from the mine tunnels. Despite the 

presence of water on both sides of the berms and a significant hydraulic head difference (~20 

scent crusts form on the top of the wet 

tailings. The crusts form when water at the upper surfaces evaporates, leading to a gradient in 

of dissolved species increases near 

the tailings/air interface and minerals begin to precipitate. The interesting observation is that, 

rather than being released into the water, the minerals from the tailings forming the berms 

process is driven by evaporation of water into the lower humidity air 



 

near the drift entrance. This is similar to the situation in a failed waste package where liquid 

water will flow by capillary forces toward thermally hot waste where evaporation occurs. 

close-up picture to the crusts atop

 

Figure 2.5 North Percha Creek mine berm with formation of efflorescent crusts.

Figure 2.6 A close-up picture of crusts. The evaporative concentration process appears to survive 
even in a wet system.

17 

near the drift entrance. This is similar to the situation in a failed waste package where liquid 

water will flow by capillary forces toward thermally hot waste where evaporation occurs. 

up picture to the crusts atop the berms is shown in Figure 2.6. 
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2.5 CALCULATIONS AND RESULTS

 
Using Peclet number values, the minimum size of the covered areas required to sequester 

radionuclides and prevent release is estimated. In this derivation, it is assumed that heat 

generated by the waste is available to evaporate water. Accordingly, the adv

moist system can be estimated from the heat generation of the waste and the latent heat of 

evaporation of water. Diffusion coefficients are estimated from the data of Conca and Wright [3]. 

The equations are solved for the minimum prote

release, using two different values of volumetric water content. Figure 

minimum size for sequestration increases gradually over time, especially after 105 years, but 

with significant protection extending out to one million years. Unlike many conceptual models, 

this calculation is not highly sensitive to infiltration increases related to long

changes; thus, the potential for spikes in release related to changes in infiltration is 

 

Figure 2.7 Minimum size of sheltered (no drip) area required to protect the waste from leaching. 
Sheltered areas larger than this size do not support radionuclide release.
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ESULTS 

Using Peclet number values, the minimum size of the covered areas required to sequester 

radionuclides and prevent release is estimated. In this derivation, it is assumed that heat 

generated by the waste is available to evaporate water. Accordingly, the advective velocity in a 

moist system can be estimated from the heat generation of the waste and the latent heat of 

evaporation of water. Diffusion coefficients are estimated from the data of Conca and Wright [3]. 

The equations are solved for the minimum protected (no drip) region (L) required to prevent 

release, using two different values of volumetric water content. Figure 2.7 shows that the 

minimum size for sequestration increases gradually over time, especially after 105 years, but 

on extending out to one million years. Unlike many conceptual models, 

this calculation is not highly sensitive to infiltration increases related to long

changes; thus, the potential for spikes in release related to changes in infiltration is 

7 Minimum size of sheltered (no drip) area required to protect the waste from leaching. 
Sheltered areas larger than this size do not support radionuclide release.

Using Peclet number values, the minimum size of the covered areas required to sequester 

radionuclides and prevent release is estimated. In this derivation, it is assumed that heat 

ective velocity in a 

moist system can be estimated from the heat generation of the waste and the latent heat of 

evaporation of water. Diffusion coefficients are estimated from the data of Conca and Wright [3]. 

cted (no drip) region (L) required to prevent 

7 shows that the 

minimum size for sequestration increases gradually over time, especially after 105 years, but 

on extending out to one million years. Unlike many conceptual models, 

this calculation is not highly sensitive to infiltration increases related to long-term climatic 

changes; thus, the potential for spikes in release related to changes in infiltration is small. 

 

7 Minimum size of sheltered (no drip) area required to protect the waste from leaching. 
Sheltered areas larger than this size do not support radionuclide release. 



 19 

2.6 CONCLUSIONS 

As Figure 2.7 demonstrates, the minimum area required for protection (sequestering the 

radionuclides and preventing their release) slowly increases over time, as the amount of heat 

generated from the waste package decreases. On the other hand, general corrosion decreases the 

average size of relict areas. Convolution of the two processes suggests that radionuclide release 

from the flow-through category of partially failed waste packages will be gradual and long 

delayed, even in the case of early penetration by localized corrosion. In addition, colloids 

transported by advection into the warmest regions have very small diffusion coefficients. As a 

result, the release of radionuclides, attached to these colloids, by diffusion will be delayed more. 
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ABSTRACT  

In this paper we shed some light on the safety of unsaturated zone nuclear geological 

repositories in the long run, by examining the effect of physical and chemical processes that take 

place inside a partially failed nuclear waste container.  Our analysis addresses the safety of the 

proposed nuclear repository at Yucca Mountain, which is intended to store high-level nuclear 

waste.  Our study is independent of the U. S. Department of Energy (DOE) analysis, which 

involves a number of complex computer codes and assumptions, and relies on the performance 

of an engineered barrier system.   Our safety analysis could be applied in general to any 

geological repository designed to be in an unsaturated zone, since it is based on the geology, 

unsaturated zone location, and a key characteristic of the waste, heat production.  This analysis 

shows that the radionuclide release from a partially failed waste container, stored in an 

unsaturated zone geological repository, is likely to be gradual and long delayed. 

  

Keywords: Geological repository, Advective transport, Radionuclide sequestration. 

 

3.1 INTRODUCTION 

In December 2006, an international workshop focused on the infrastructure issues that 

must be addressed before embarking on a nuclear power program, was held at the International 

Atomic Energy Agency's headquarters in Vienna.  Twenty nonnuclear countries (potential new 

entrants to nuclear energy use) participated in this workshop which reflects the growing global 

interest in the nuclear energy (ANS, 2007).  This renewed interest in nuclear energy is a result of 

an increasing concern for the global climate and the realization that greenhouse gas emissions, 
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which mainly result from the burning of fossil fuels, need to be reduced (Nuttall, 2005).  Some 

scientists believe that nuclear power should not be favored since there are more effective ways to 

reduce carbon emissions, for instance: improvements in end-use efficiency (the efficiency of 

converting the energy delivered to the point of end use, such as electrical energy, into desired 

energy services such as hot showers and cold drinks (Lovins, 2005), improvements in the 

efficiency of the power sector itself, and the future availability of other low-carbon electricity 

supply options such as coal plants with carbon capture and storage, and wind farms (Feiveson, 

2007).  Nevertheless, nuclear power will play an increasing role, at least, as part of the global 

clean energy mix in the future, to meet the predicted global surge in electricity demand, and to 

increase energy security and independence (Squassoni, 2007).  

Although nuclear power is considered clean energy, it has major environmental (radiation 

exposure) and security (nuclear proliferation) concerns regarding the treatment of spent nuclear 

fuel (SNF).  Some countries reprocess the SNF for possible future use.  Other countries use the 

strategy of interim storage of the SNF with the object of either ultimate disposal in a geological 

repository or making a later decision (reprocessing or emplacement in a geological repository) 

(Feiveson, 2007).  Since there will be inevitable expansion of nuclear power use in the future, it 

is projected that hundreds of thousands of metric tons of SNF will accumulate. Reprocessing of 

SNF reduces the amount of nuclear waste and its decay heat, but it does not eliminate nuclear 

waste altogether, which eventually needs to be disposed in a safe and permanent place (Vujic, 

2007).  Geological repositories are reasonable solution for the problems of accumulated SNF.  

Inside a geological repository, such as the proposed repository at Yucca Mountain, large 

quantities of SNF can be disposed permanently in a secure and environmentally safe place. 

Disposal of nuclear waste in a geological repository will reduce the nuclear proliferation risks 
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(Feiveson, 2007) and protect people and the environment. In addition, recent work has shown 

that geological disposal can be developed in stages, such that the possibility of retrieval is 

retained for a long time (IAEA, 2003), which allows spent fuel retrieval for reprocessing 

purposes in the future, once efficient and suitable reprocessing technologies are available (Vujic, 

2007) 

3.2  CONDITIONS INSIDE THE GEOLOGICAL REPOSITORY AND WASTE PACKAGES IN THE 

LONG RUN 

The main purpose of the unsaturated zone geological repository is to shield nuclear 

radiation (by layers of soils and rock), and keep the nuclear waste dry as long as possible to 

prevent the release of radionuclides by corrosion of the storage canisters and transport by water 

to the accessible environment.  The DOE, after extensive studies, chose to locate the geological 

repository at Yucca Mountain (an arid region) in the unsaturated zone, and to protect the nuclear 

waste with multiple engineered barriers to isolate them from water as long as possible (DOE, 

2001).  In the first period after the permanent closure of the repository, a zone of boiling to 

above-boiling conditions is expected to form through and around the emplacement drift (dry-out 

zone). As the heat output from the waste packages declines with time, due to radioactive decay, 

the dry-out zone shrinks and eventually the condensed water will be available to drip inside the 

emplacement drift (SNL, 2007a).  Over time, due to physical and chemical disturbances in the 

repository environment, engineered barrier system and waste packages are likely to corrode at 

different rates and different locations (general and localized corrosions), and ultimately water 

will have access to the nuclear waste.  As the waste package fails, small cells of evaporation and 

condensation are expected to build up inside the waste package, and leave some portions of the 

waste package materials in more harsh corrosion environments than others.  Under these 



 

different rates of corrosion, the waste package is anticipated to evolve into a mixture of corroded 

material and intact relicts of Alloy 22 and other waste package components.  

Meanwhile, heat release from nuclear waste will continue, in general, apart from the 

evolving material properties of the waste package.  The average heat release per unit volume 

over time for two types of waste packages intended to be stored in the repository are shown in 

Figure 3.1.  The first type is pressurized water reactor [21PWR], with the highest average heat

release, and the second type is defense glass logs [DHLW

release (SNL, 2008 a).  Figure 

packages declines over time, it persists (at very small rates) beyond

 

Figure3.1 The rate of heat release per volume from radioactive waste packages over time, plotted 
on a logarithmic scale. Small, but significant, heat release continues up to one 

 
In summary, in the long run, the inter

of porous material (the corroded material) and discrete pieces of Alloy 22 and other waste 
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waste package is anticipated to evolve into a mixture of corroded 

material and intact relicts of Alloy 22 and other waste package components.   

Meanwhile, heat release from nuclear waste will continue, in general, apart from the 

s of the waste package.  The average heat release per unit volume 

over time for two types of waste packages intended to be stored in the repository are shown in 

1.  The first type is pressurized water reactor [21PWR], with the highest average heat

release, and the second type is defense glass logs [DHLW-L], which has the lowest average heat 

release (SNL, 2008 a).  Figure 3.1 indicates that although heat release from nuclear waste 

packages declines over time, it persists (at very small rates) beyond one million years. 

1 The rate of heat release per volume from radioactive waste packages over time, plotted 
on a logarithmic scale. Small, but significant, heat release continues up to one 

million years. 

In summary, in the long run, the interior of a waste package is likely to be a combination 

of porous material (the corroded material) and discrete pieces of Alloy 22 and other waste 

waste package is anticipated to evolve into a mixture of corroded 

Meanwhile, heat release from nuclear waste will continue, in general, apart from the 

s of the waste package.  The average heat release per unit volume 

over time for two types of waste packages intended to be stored in the repository are shown in 

1.  The first type is pressurized water reactor [21PWR], with the highest average heat 

L], which has the lowest average heat 

1 indicates that although heat release from nuclear waste 

one million years.  

 

1 The rate of heat release per volume from radioactive waste packages over time, plotted 
on a logarithmic scale. Small, but significant, heat release continues up to one 
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of porous material (the corroded material) and discrete pieces of Alloy 22 and other waste 
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package objects, present in a moist environment accompanied by residual little heat release.  

What effects might these factors have on radionuclide release from partially failed waste 

containers? 

3.3 THEORY 

To examine the effect of the moisture inside a partially failed waste container on 

radionuclide release in the presence of a little heat release, we first need to shed some light on 

two phenomena: heat flow in soil or porous media (since the interior of the waste package is a 

mixture of porous material and discrete objects), and a natural sequestration of minerals, in North 

Percha Creek mine, NM, formed by a process similar to those anticipated to exist inside a 

partially failed waste container in the long run. 

3.3.1 Heat flow in soil (or porous media) 

The two main processes of heat transfer in soil are conduction, which refers to heat 

transport by molecular collisions, and convection of latent heat (energy per mass required for 

vaporization), which refers to latent heat energy transport in water vapor (in a porous media at 

low temperature and low temperature gradient radiation and convection could be neglected).  

Movement of water vapor from one location to another in the soil constitutes a transport of heat 

in a latent form because, during its movement, water vapor goes through internal condensation-

evaporation phase changes which will result in heat energy liberation or consumption (Jury et al., 

1991).  Figure 3.2 shows a schematic diagram illustrating the condensation-evaporation phase 

change of vapor during its movement in soil. This condensation and evaporation mechanism of 

vapor transport is postulated to be partially responsible for the enhanced vapor diffusion in soil 

(compared to air diffusion rates) in the presence of its liquid (Philip & De Vries, 1957).  Since 
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the presence of a temperature gradient in moist soil will cause the movement of heat as well as 

liquid water and water vapor, thermal conductivity of soil cannot be measured directly (De Vries, 

1958).  Instead, the effective thermal conductivity of porous media can be measured 

experimentally, which includes the effects of conduction and convection of latent heat (Jury et 

al., 1991).  However, Hiraiwa and Kasubuchi (2000) estimated the fraction of thermal 

conductivity of soil attributed to the convection of latent heat by subtracting the effective thermal 

conductivity of soil near 0 °C from that at any higher temperature. This fraction depends on the 

temperature and volumetric water content of soil.  Cass et al. (1984) measured effective thermal 

conductivity of soil as a function of temperature, water content, and pressure to separate the 

fraction due to the convection of latent heat.  Wildenschild and Roberts (2001) used the same 

method for Topopah Spring Tuff. 

 

Figure 3.2 Schematic diagram illustrates the condensation-evaporation phase change of vapor 
during its transport in soil. The small arrows represent the direction of water vapor 
movement; as vapor enters the small pores it condensates and heat is released, and 
when it passes the small pores it evaporates and heat is consumed. 
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Based on the heat transfer phenomenon in a porous media, we assume that a fraction of 

the residual heat in the waste package is available for water evaporation and that it is equal to the 

fraction of thermal conductivity attributed to the convection of latent heat.  Figure 3.3 shows the 

fraction of thermal conductivity attributed to the convection of latent heat (β) versus volumetric 

water content (ϴ), for four kinds of soil estimated at a temperature of 32.5 °C from Hiraiwa and 

Kasubuchi (2000) and Cass et al. (1984). 

 

 

Figure 3.3 The fraction of thermal conductivity attributed to the convection of latent heat (β) 
versus volumetric water content (ϴ) for different kinds of soil estimated at 32.5 °C 
from Hiraiwa and Kasubuchi (2000) and Cass et al. (1984). 
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3.3.2 North Percha Creek mine, NM 

Figure 3.4 shows a picture of the mouth of an old deserted silver mine on North Percha 

Creek, NM.  The mouth of the mine is blocked with berms of mine tailings to reduce the seepage 

of contaminated water from the mine tunnels.  Due to the significant hydraulic head gradient 

(~20 cm/100 cm) across the berms, we expect water to flow through the berms, carrying with it 

the dissolved minerals from the tailings forming the berms.  Instead, as Figure 3.4 shows, the 

water flow through the berms resulted in a sequestration process for some of the minerals of the 

tailings on the top of the berms (the efflorescent crusts formed on the top of the tailings berms).  

Indeed, the low humidity of the air near the entrance of the drift causes continuous evaporation 

of the water at the upper surfaces of the wet tailings. This evaporation creates a capillary 

pressure gradient that pulls water, with its dissolved and suspended minerals, upward through the 

berms.  As water evaporation continues, the concentration of the minerals increases and they 

start to precipitate forming the crusts on the top of berms.  Interestingly, some tailings minerals 

are sequestered rather than released, due to the water evaporation driven by low air humidity. 
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Figure 3.4 Mouth of North Percha Creek mine.  Efflorescent crusts form on top of the wet 
tailings as water evaporates at the upper surfaces. Water evaporation creates a 
capillary pressure gradient that causes water to rise upward in the berms. 

 
Based on the above phenomena, and given the fact that the temperature inside the waste 

package is not homogenous (usually center of the waste package due to heat loss, and areas 

where heavy metals concentrate, are hotter than others), we introduce a conceptual model to 

examine the effect of the nuclear waste residual heat release on radionuclide release from a 

partially failed waste container.  The process is similar but not identical to the process at Percha 

Creek.  

Water flow due to the 
hydraulic head difference 
across the berms 

Water flow caused by 
water evaporation at the 
upper surfaces of tailings 
 

Efflorescent 
crust 
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3.3.3 Radionuclide sequestration model 

This model addresses a potential serious failure case of the waste packages, in which 

several penetrations in the package allow water to flow through it from top to bottom (see Figure 

3.5).   In this case we anticipate water evaporation at sheltered (from direct seepage and 

condensate) hotter areas to create a capillary pressure gradient that causes at least part of the 

direct seepage to divert its direction toward the hotter regions, carrying with it dissolved and 

suspended radionuclides; in the same manner as water evaporation at the upper surfaces of the 

mine berms did to the contaminated water flowing through the berms.  This means that there will 

be convective transport of the radionuclides toward the sheltered areas.  As water evaporation 

continues, the concentration of radionuclides in the diverted seepage increases and radionuclides 

start to precipitate (as tailings minerals did); that is, radionuclides will be sequestered in the 

sheltered hot areas.  We notice that this process, in the meantime, will create a gradient in the 

radionuclide concentration in the diverted seepage that initiates diffusive transport of 

radionuclides in the opposite direction (toward the direct seepage).  Figure 3.5 shows a schematic 

diagram for the anticipated radionuclide transport processes inside a partially failed waste 

container. 
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Figure 3.5 Schematic diagram illustrates the physical processes inside a partially failed container.  
Evaporation in the hotter regions drives water to flow toward sheltered regions 
(advective transport), while the increase in radionuclide concentration (due to 
evaporation) causes a diffusive transport in the opposite direction. 

 
According to our model, radionuclides transported by convection (in the diverted 

seepage) will be sequestered in the sheltered areas, while radionuclides transported by diffusion 

could be released with the direct seepage.  Under such conditions, radionuclides can only be 

released from the sheltered areas by diffusion when diffusive transport rate is greater than 

convective transport rate of the diverted seepage.  On the contrary, if convection rate is greater 

than diffusion rate, radionuclides will be sequestered instead of released. To give a quantitative 

perception for radionuclide transport toward sheltered regions, simple one- dimensional 

calculations are made for this phenomenon, using the equations of water transport in soil, since 

the rubble inside the waste package is projected to resemble the physical properties of soil 

(porous media). 

Water 
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transport due 
to gravity 
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seepage) 

Convective transport due 
to capillary pressure 

gradient (diverted seepage)  

Diffusive transport 

X (length of sheltered 
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3.3.4 Mathematical treatment 

In these calculations, the interior of the waste package is assumed to be homogenous and 

with no source or sink for radionuclides.  At steady state, the first order advection-dispersion 

equation (in this equation, dispersion is treated mathematically like diffusion) for a chemical 

fully dissolved in water gives the critical case, which separates between the sequestration and 

release conditions in our model, convection rate equals diffusion rate (Walton, 2008): 

�� � ��� 
	

	�         (1) 

where: 

V = specific discharge or Darcy velocity (m/s = m3 / (m2.s)) 

C = concentration of chemical in water (kg/m3) or (kmol/m3) 

θ = volumetric water content  

τ = tortuosity and constrictivity factor 

D = diffusion coefficient of the chemical in water (m2/s). 

(θτD) in Equation 1 represents the diffusivity of the chemical in the bulk porous medium.   

Conca and Wright (1992), and Conca et al (1993) measured the diffusion coefficients for several 

granular materials, over wide range of volumetric water content.  Based on these measured data, 

the diffusion coefficient of a chemical in a bulk porous medium can be written, as a function of 

volumetric water content (θ), in this form of Archie’s law (SNL, 2007 b): 

��
�� �  ��� � ��.����        (2) 

To correct for the diffusion coefficient dependence on temperature, the following 

equation can be used (SNL, 2007 b): 

�� �  ���
�
�� 10��.������ �.�!"#�$"�.����!��#�"� �.�!$�

#�"�%&.�! '(��.������ �.�!"#$"�.����!��#"� �.�!$�
#"�%&.�! '

           (3) 
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where: 

DT is the diffusion coefficient (m2/s) at temperature T (K) 

DT₀ is the diffusion coefficient (m2/s) at temperature T₀ (K)  

In Equation 3, T₀ = 298 K. 

The specific discharge or Darcy velocity can be estimated from evaporation flux, since it 

derives the convective transport: 

�  �  )
* � +`-. 

*/0    

� � +`-�
/0            (4) 

where: 

1 = evaporation flux (m3 /s) 

2 = area (m2) 

3` = rate of heat generation (W/m3) 

4 = fraction of heat goes to water evaporation 

5 = volume (m3) 

6 = water density (Kg/m3) 

7 = latent heat (J/Kg) 

8 = distance from the direct seepage (m) 

Substituting Equations 2 and 4 into Equation 1 and separating variables give:  

	


  =  

+`-�	�
/09�.&%�: = ; 8<8   (5) 

where  ; � +`-
/09�.&%�: 
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Integrating Equation 5, using the following boundary conditions: 

C = C0   at x = 0 (the location of direct seepage, see Figure 3.5) 

C = Cx at a distance x from the direct seepage toward the sheltered areas 

gives: 


=

� = >�;=�

� $ � >� ?`@=�
�ABC�.&%�D$

     (6) 

Equation 6 gives the concentration profile of an infinitely soluble radionuclide over 

distance in terms of the ratio of its concentration at any point (x; down capillary convection 

stream) to the initial point (x = 0). 

Since these calculations are based on the critical condition: advection = diffusion, solving 

for (x) in Equation 6 gives the minimum length of sheltered area (i.e., region with no dripping or 

other externally driven liquid advection) required to sequester radionuclides and prevent release: 

8 � EF �G�
= 
�$⁄
;      

8 � EFIJK�.&%�:�G �
= 
�$⁄
`+L         (7) 

Equation 7 can also be obtained using Peclet number (Pe), which gives the ratio between 

the advective and diffusive components of solute transport (Mills et al., 1993): 

M> � NO
:                  (8) 

where: 

P = average linear velocity or pore velocity (m/s); P � Q
9 for partially saturated environment. 

L= characteristic length (m). 
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Small values of the Peclet number indicate that diffusion dominates, while large values 

indicate that advection dominates. A Pe =1 represents the critical condition in our model: 

advection equals diffusion.  In this case, substituting for (v) by (V/θ) and multiplying (D) by (τ) 

to correct for tortuosity and constrictivity we have: 

�� � Q
9 R           (9) 

Substituting Equations 2 and 4 into Equation 9 and solving for (L or x) we have: 

R � EIJK�.&%�:
`+L          (10) 

If we choose (Cx /C₀ = 1.649), Equation 7 turns out to be the same as Equation 10.  

3.4 RESULTS AND DISCUSSION 

The two main factors controlling radionuclide release in this model are the amount of 

heat released from the nuclear waste (Q`) and the amount of moisture (volumetric water content, 

θ).   The transport of a radionuclide toward sheltered areas can be represented by its 

concentration profile over distance, given by Equation 6.  Figure 3.6 shows the concentration 

profile for plutonium (Pu), which has a free water diffusion coefficient equal to 1.3x10-9 (SNL, 

2007 b), in a 21 PWR waste package.  The concentration profile is calculated for three different 

times (different values of  Q` ) and two different values of volumetric water content for each 

time, using the parameters shown in Table 3.1.  The fraction of heat that goes to water 

evaporation (β) is estimated using Hiraiwa and Kasubuchi (2000) because it covers a wide range 

of temperatures and volumetric water contents and soil is a reasonable analog for the interior of 

the waste package; approximate values are used for the time one million years.  We have 
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performed sensitivity calculations with other values for β and find that although the specific 

predictions vary, the resultant conclusions do not.  

Table 3.1 Parametric values used to calculate the concentration profiles in Figure 3.6. 

Time after 
closure (yr) 

Heat 
release 
(W/m3) 

Anticipated (T) for 
waste package (°C) a 

Temperature 
correction for D bulk 

Eq. (3) 

Fraction of heat (β) 

θ = 0.1 θ = 0.2 

10,000 yr 13 55 1.94 0.25 0.44 
100,000 yr 1.04 25 1 0.1 0.21 

1,000,000 yr 0.369 20 0.87 0.08 0.15 
 

a (SNL, 2008 b) 
 

Figure 3.6 shows that the concentration of radionuclides increases as we move toward the 

heat source in the sheltered areas, indicating mass transport for the radionuclides toward the 

sheltered areas (a sequestration process).  Figure 3.6 indicates that the concentration ratios are 

greater in earlier times, since the heat release that causes the advective transport toward sheltered 

areas is greater. Since we assume an infinite solubility for the radionuclides, the concentration 

ratios reach very large values, especially for the time 10,000 years, as we move deeper in the 

sheltered areas. This does not happen in reality since every material has a limited solubility and 

starts to precipitate after a critical concentration.  In addition, concentration ratios are greater for 

the lower values of volumetric water contents. These results are reasonable, since radionuclides 

are released by water transport (diffusive transport).  
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Figure 3.6 Ratio of radionuclide concentration (Cx / C0) vs. distance, calculated at three different 
times with two volumetric water content values. 

 
Equation 10 (or Equation 7 with the value Cx /C0 = 1.649) is used to estimate the 

minimum length of sheltered areas in the waste package needed to prevent radionuclide release 

over time.  Results are shown in Figure 3.7 for a 21 PWR waste package with two different 

volumetric water content values.  

Figure 3.7 indicates that the minimum length of sheltered areas increases gradually over 

time (as the heat release that causes radionuclide sequestration decreases), but with significant 

protection extending out to one million years.  In these calculations, the temperature corrections 

for the diffusion coefficient are not included, and an interpolation for the values of β over time is 

used.   As it is expected, the minimum length of sheltered areas is smaller for the volumetric 
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water content of value 0.1 since the diffusion process, which leads to radionuclide release in our 

model, will be less. 

 

Figure 3.7 Minimum size of sheltered (no drip) area over time, required to protect the waste from 
leaching, for two values of volumetric water content. Sheltered areas larger than 
this size do not support radionuclide release. 

 

3.5 CONCERNS 

It is worthwhile to mention that accumulation of soluble salts may affect or defeat the 

flow system (advection-diffusion) generated in the sheltered areas.  In addition, in our analysis 

we assumed that the interior of the waste package is homogenous, while it is expected to be 

heterogeneous and that will affect the transport properties of the system (capillary breaks may 

exist).  However, in our calculations we used the average heat release, whereas the localized heat 
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release will be greater in the areas where heavy metals concentrate.  This will enhance the flow 

system (since it is generated due to water evaporation), especially if the heavy metals are existed 

in the sheltered areas. 

3.6 CONCLUSIONS 

Heat release characteristics of the nuclear waste contribute to the safety of geological 

nuclear waste repositories constructed in the unsaturated zone, since heat-generating waste stored 

in a partially saturated environment tends to sequester radionuclides in the sheltered areas and 

prevent their release.  The radionuclide sequestration model showed that the sequestration 

process is more effective at higher rates of heat generation and lower moisture conditions.  In 

addition, the minimum size of sheltered areas needed to prevent radionuclide release increases 

over time.  On the other hand, the size of sheltered areas decreases over time due to general 

corrosion.  A convolution of these two processes suggests that radionuclide release is likely to be 

gradual and long delayed.   
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ABSTRACT 

Nuclear power use is expected to expand in the future and result in hundreds of thousands 

of metric tons of spent nuclear fuel (SNF).  One of the main concerns of nuclear energy use is 

SNF disposal. Storage in geological repositories is a reasonable solution for the accumulation of 

SNF.  One of the key factors that determine the performance of the proposed geological 

repository at Yucca Mountain (YM), NV is the release of radionuclides from the engineered 

barrier system (EBS) by water transport.  Over time, EBS, including nuclear waste containers, is 

expected to fail gradually due to general and localized corrosion.  Physical and chemical 

disturbances in the environment of the repository will lead to different corrosion rates at different 

locations of the waste packages.  Considering the inherent uncertainty of the failure sequence of 

a waste package, two main failure scenarios are expected: flow through model (penetrations are 

on the top and bottom of the waste package causing water to flow through it) and bathtub model 

(penetrations are on the top with the waste package filling with water).  In this paper, we 

consider a bathtub category failed waste container and shed some light on chemical and physical 

processes that take place in the pooled water and their effects on radionuclide release.  We 
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consider two possibilities: temperature stratification of the pooled water versus mixing.  Our 

calculations show that there will be temperature stratification of the pooled water in the lower 

half of the waste package, and mixing in the upper half.  The effect of these situations on oxygen 

availability and consequently spent fuel alteration and waste container components corrosion is 

also considered. 

4.1 INTRODUCTION 

YM repository design depends on multiple natural and engineered barriers to isolate 

nuclear waste and keep it dry as long as possible. The U. S. Department of Energy (DOE) made 

comprehensive and detailed studies to assess the performance of the proposed repository at YM.  

In the long run, as the EBS is expected to fail, DOE (to be conservative) screened out the bathtub 

model as an alternative to the flow-through conceptual model.  Their analysis showed that the 

flow-through model increases radionuclide releases relative to the bathtub model [1].  However, 

the bathtub model in which water pools inside the waste package is a possible scenario for the 

waste package failure. It is worthwhile to predict the conditions inside the pooled water and 

estimate their effects on corrosion of the waste form and other waste package components.   

4.2 CONDITIONS INSIDE THE POOLED WATER OF THE BATHTUB MODEL 

A main factor in the corrosion process is oxygen availability.  The limited solubility of 

oxygen in water and the existence of temperature stratification may restrict oxygen accessibility 

inside the pooled water.  Temperature variance inside the pooled water is expected since the 

nuclear waste will continue heat release beyond one million years [2].  Temperature variance of 

the pooled water inside a failed waste package was calculated by discretization (finite difference) 

method using Excel.  In these calculations we assumed: the porosity of the corroded materials is 
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50%, the waste package is half filled with water, and heat transfer inside the waste package is by 

conduction only.  The thermal conductivity of soil is used for the corroded materials [3].  

Figure 4.1 shows the temperature variance inside a pressurized water reactor spent fuel (21 

PWR) 20,000 years after permanent closure of the repository. 

 

 

Figure 4.1 indicates that there is temperature stratification within the pooled water in the 

lower half of the waste package.  This means that depleted oxygen (by corrosion) can be 

replenished only by diffusion.  Similar calculations were made for a waste package fully filled 

with water; the calculations showed the same pattern for the lower part of the waste package 

(temperature stratification), while for the upper half of the waste package mixing process is 

Figure 4.1 Excel calculated temperature variance inside a 21 PWR waste package, half filled with 
water, 20,000 years after permanent closure of the repository, calculated using the finite 
difference method. Red color represents the hottest region. 

Temperature 
stratification 
inside pooled 
water 

Water level 
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expected in the pooled water since the cold water is above the hot water. This process will make 

the oxygen concentration approximately homogeneous in this region.   

4.3 CORROSION PROCESS WITHIN THE POOLED WATER 

Water as an additional chemical compound could affect the oxidation process and 

produce hydrated oxidation products.  As a reaction medium, water allows oxidation to proceed 

by dissolution-precipitation and may enhance diffusion along grain boundaries. In addition, in 

the case of spent nuclear fuel, water is a potential source of radiolytic oxidation products, such as 

hydrogen peroxide.  Radiolytic products may alter the kinetics and products of oxidation 

reaction [4].  However in this paper, we consider the effect of water as a reaction medium on 

oxygen availability.  Oxygen plays a principal role in redox reactions, the main cause of 

materials corrosion.  Consequently, oxygen has effects on radionuclide release. In addition, some 

radionuclides, such as uranium and plutonium, are less soluble under reducing conditions.    

4.3.1 Oxygen Availability in the Pooled Water 

Figure 4.2 is a schematic diagram illustrating the steady state balance of oxygen in the 

pooled water of a partially failed waste container (bathtub category) half filled with water. 

Oxygen diffuses from air into water (input), such that the concentration of oxygen in 

water according to Henry’s law equals: 

�T �  UVM    (Eq. 1) 

where Cw is the concentration of oxygen in water (mol/L), P is vapor pressure of oxygen in air 

(atm), and kH is Henry’s law constant (L. atm /mol) [5].  This makes the simplifying assumption 

that the air/water mass transfer coefficient is high relative to diffusion rates. 
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Accordingly, oxygen concentration in the water will be: 

�T � 1.07 X 10(� X 0.2 � 2.14 X 10([\]^/R � 6.848 X 10(� �b
c�  

where 1.07x10-3 mol/L-atm is the Henry’s law constant of oxygen in water at a temperature of 

37°C [6,7].  The transport of oxygen into the stagnant water is by diffusion: 

defgh ��b
i $ � � 	j

	� A     (Eq. 2) 

where D is diffusion coefficient of oxygen in water (m2/s), dc/dx is oxygen concentration 

gradient in water (kg/m4), and A is the surface area of water in contact with air (m2). Assuming 

that the concentration of oxygen 1 cm beneath the water surface equals zero, the input of oxygen 

into the water equals: 

defgh � 3.2 X 10(l  �.�[�X�m"�
m.m� X �8.7 X 0.2$ � 3.8 X 10(l Un/o   (Eq. 3) 

Here 8.7 m2 is the surface area of water if the transportation, aging and disposal (TAD) canister 

contains only water and is half filled with it; the factor 0.2 is to account for the existence of spent 

O2 diffusion into water 

Sink of O2 by 
corrosion 

Input = Sink 
D(dc/dx)A = R 

 

Cw= KH Pg 

Figure 4.2 Schematic diagram illustrating steady state oxygen balance in 
water pooled inside a partially failed waste container half filled 
with water.  

TAD canister 

Fuel basket  

Water 
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fuel rods and other waste package components, which occupy most of the surface.  The diffusion 

coefficient of oxygen in water is at a temperature of 37°C [8]. 

4.3.2 Oxygen Consumption Due to Stainless Steel Corrosion Only 

Oxygen is consumed from water by corrosion of spent fuel and other waste package 

components.  In this section, we consider the corrosion of Stainless Steel (SS) components only 

and their rate of oxygen consumption.  SS is the most corrosion resistant material of the TAD 

canister components (Alloy 22 is the outer corrosion barrier of the waste package that contains 

the TAD canister).    The composition of the TAD canister and its internal components is shown 

in Table 4.1 [9]; spent nuclear fuel is not included. 

Table 4.1 Materials that Compose the TAD Canister and its Internal Components, along with the 
Surface Area of the Components Made from Each Material 

Components of  TAD canister 

Material Surface area (m2) 
Internal components TAD canister shell 

SS 316 L 269.8 31.5 
SS 304B4 (borated SS) 137.5 - 

Aluminum 57.9 - 
 

Borated SS is treated as SS 316 L. To estimate the rate of oxygen consumption by SS 316 

L corrosion, we assumed the alloy shown in Table 4.2.  The alloy composition includes only the 

primary elements (weight % ≥ 2) as set by DOE.  Borated SS does not include molybdenum in 

its alloy composition and 1.1 to 1.2 percent of its weight is boron, for our calculation purposes, 

this will not significantly affect the number of oxygen moles required for corrosion of one kg of 

SS [1].   
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Table 4.2 Primary elements that compose SS 316 L and number of O2 moles required for 
corrosion of one mole of each element. 

Element Gram/Mole 
Density 
(kg/m3) 

Assumed percentage in 
SS 316 (7934 kg/m3) 

No. of Moles in 
1 kg of SS 316 

No. of O2 Moles required for 
corrosion of 1 Mole of element 

Fe 55.85 7874 68 % 12.2 4Fe + 3O2 � 2 
Fe2O3 

3/4 

Cr 52 7140 16 % 3.08 2Cr + 3/2 O2 � 
Cr2O3 

3/4 

Ni 58.69 8908 11 % 1.87 Ni + ½ O2 � NiO 1/2 
Mo 95.94 10280 3 % 0.31 Mo + O2 � MoO2 1 
Mn 54.94 7470 2 % 0.36 Mn + O2 � MnO2 1 

 

Table 4.3 shows the parameters we used to calculate oxygen consumption due to the 

corrosion of SS 316 L.  The rate of corrosion of SS 316 L (0.267 µm/yr) is converted to the units 

of (kg/m2/yr) [10]. 

Table 4.3 Parameters used to calculate rate of oxygen consumption by SS 316 L corrosion. 

No. of O2 Moles required for corrosion of 1 kg of SS 316 
 

13.1 
 

Degradation rate for SS 316 (kg/m2/yr) 
 

2.12x10-3 
 

Surface area of SS 316 inside the pooled water (m2) 
 

219.4 

 

Number of oxygen moles required for corrosion of one kg of SS is calculated from Table 

4.2. The surface area inside the pooled water includes the borated SS surface area.  The TAD 

canister shell surface area represents the internal surface area of a simple cylinder (the surface 

area of other shell components is not included).  All areas are divided by two, since the canister 

is half filled with water.   

Using the information in Table 4.3, the rate of oxygen consumption due to SS corrosion 

equals (R): 

p �  F.�FX�m"�X��.�X�FX�m"�XF�l.[
��qXF[X�mX�m � 6.2 X 10(l Un/o   (Eq. 4) 
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Here 32x10-3 is number of kilograms of oxygen per mole.  R represents a sink to the oxygen 

inside water.   

4.4 DISCUSSION 

Comparing Eq. 3 with Eq. 4 we find that oxygen input (by diffusion) into water is less 

than oxygen consumption by corrosion.  It is worthwhile to note that our calculations did not 

include the corrosion of the other components inside the TAD canister including the spent 

nuclear fuel, which has higher rate of corrosion than SS.  In addition, in these calculations the 

oxygen input into water is overestimated, since we assumed that oxygen concentration becomes 

zero after one cm beneath the water surface.  However, SS corrosion may continue under 

anaerobic conditions. 

At steady state, the continuity equation of oxygen in the pooled water (our control 

volume) is given by [10]: 

Input = Sink             

� 	j
	�  2 � p    (Eq. 5) 

In this case the corrosion rate of materials inside the TAD canister may slow to reach the mass 

balance of oxygen in the pooled water. 

4.5 CONCLUSIONS 

The rate of oxygen input into the pooled water is less than the rate of oxygen 

consumption caused by the corrosion of different components of the waste package in air.  As a 

result, the rate of oxidation of spent fuel and other waste package components inside the pooled 

water is likely to slow until it reaches equilibrium with oxygen input rate.  In this case, the 



 53 

estimated life for all waste package components will become longer and radionuclide release will 

be delayed.  We are currently evaluating the likely impact of pooled water upon spent fuel 

oxidation. 
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Effect of Water Pooled in a Failed Nuclear Waste Package on Radionuclide 

Release 

The material of this chapter is under review for publication in the Environmental 

and Engineering Geoscience journal with a manuscript number: EEG-1229  
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ABSTRACT 

In the long term, nuclear waste packages stored in an unsaturated zone geological 

repository such as the proposed repository at Yucca Mountain, are expected to fail gradually due 

to general and localized corrosion and water will have access to the nuclear waste.  In this case 

radionuclides will make their way to the accessible environment by groundwater transport.  One 

possible scenario for the waste packages failure is the bathtub model, where the waste container 

is penetrated from the top only causing water to pool inside it.  In this paper we consider a 

partially failed waste container from the bathtub category. We shed some light on chemical and 

physical processes that take place in the pooled water and their effects on radionuclide release. 

Finite difference method was used to estimate temperature variance inside a partially failed 
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waste package (the bathtub category).  Our calculations showed that, temperature stratification 

inside the pooled water is expected in the lower half of the waste package, which would limit the 

oxygen availability required for corrosion.  In addition, the rate of oxygen input into the pooled 

water by diffusion was estimated and found to be less than the rate of oxygen consumption by 

the corrosion of nuclear waste package components.  The effect of oxygen deficiency inside the 

pooled water (reducing conditions) on the corrosion of spent nuclear fuel is investigated.  Our 

analysis showed that the reducing conditions are likely to slow down the corrosion to very low 

rates causing a delay in radionuclide release. 

Keywords: Geological repository; Bathtub model; Reducing conditions; Radionuclide release. 

5.1 INTRODUCTION 

As the nuclear energy use is expected to expand in the future, more concerns arise 

regarding the management of resultant nuclear waste.   Safety (for people and the environment) 

and security (prevention of nuclear proliferation) are two key objectives of nuclear waste 

management.  While nuclear waste material continues to accumulate in engineered storage 

facilities above ground or at very shallow depth, disposal in deep underground engineered 

facilities, i.e. geological disposal, is under investigation in most countries with significant 

amounts of nuclear waste (IAEA, 2003).  Indeed, there is international consensus among the 

waste management experts that deep geological disposal is the best option currently available for 

high level and long lived radioactive waste (OECD, 1999). Worldwide, a number of rock types 

are considered for deep geological disposal, such as salt, clay, granite, and tuff.  The Waste 

Isolation Pilot Plant (WIPP), constructed in bedded salt approximately 658 m below the ground 

surface near Carlsbad, New Mexico, in the United States, is currently the only repository in the 

world that receives nuclear waste (Hornberger, 2009). Other repositories are still under 
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discussion, with two countries have made formal Government decisions to go ahead with 

facilities for deep geological disposal (IAEA, 2003).  WIPP is designed to store defense 

transuranic waste, while the proposed repository at Yucca Mountain (YM), Nevada is intended 

to store mainly highly radioactive spent nuclear fuel (SNF). 

Natural and engineered barriers of the proposed repository at YM are anticipated to 

isolate radioactive waste from the human environment for very long periods of time. However, 

water will have access to the nuclear waste, due to localized and general corrosion in the long 

run.  As a result, radionuclides will be transported by groundwater to the accessible environment.  

The physical and chemical disturbances in the environment of the waste packages will expose 

the waste packages to different rates of corrosion, leading to different times of penetration at 

different locations.  Accordingly, two main scenarios are expected for the failure of waste 

packages: the flow-through model, in which penetrations on the top and bottom of the waste 

package will allow water to flow through it, and the bathtub model, where the penetrations are in 

the upper part of the waste package and water will pool inside the waste container.  To be 

conservative, the U.S. Department of Energy (DOE) in their assessment to the performance of 

YM repository excluded the bathtub model.  Their analysis showed that the bathtub model 

introduces a delay in radionuclide release to the engineered barrier system (EBS) but does not 

change the dose rate, therefore the flow-through model is bounding relative to the bathtub model 

(SNL, 2007 a).  However, since the bathtub model is a possible scenario for the failure of waste 

packages, it is worthwhile to shed some light on the effect of pooled water on the corrosion 

process of waste package components.  Given that many radionuclides of the waste inventory are 

redox sensitive (their solubility and mobility depend on their oxidation state), we will check 

oxygen availability inside the pooled water and its effect on radionuclide release, and whether a 
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failure in a bathtub model container from the bottom will cause a peak in the dose rate. To do 

that we need to check the physical and chemical conditions inside the pooled water. 

5.2 CONDITIONS INSIDE THE POOLED WATER OF BATHTUB MODEL 

A main difference between the bathtub model and flow-through model is that in the 

bathtub model part of the nuclear waste will be submerged in the pooled water.  As a chemical 

compound, water could affect the oxidation process and produce hydrated oxidation products, 

such as UO3-H20 compounds.  As a reaction medium, water allows oxidation to proceed by 

dissolution-precipitation mechanisms and may enhance oxygen diffusion along grain boundaries 

in sintered UO2 pellets. In the case of SNF water is a potential source of radiolytic oxidation 

products, which may affect the kinetics and the products of oxidation (McEachern and Taylor, 

1998).  In addition, the chemistry of water, such as the pH and carbonate concentration, affects 

the corrosion rate of nuclear waste (UO2 oxidative – dissolution rate) (BSC, 2004 a).  Finally, 

water as a reaction medium limits oxygen availability.  This effect is significant, since oxygen is 

a principal factor in redox reactions, the main cause of materials corrosion. As well, some 

radionuclides, such as uranium and plutonium are less soluble under reducing conditions 

(Szecsody et al., 1998), (Runde et al., 2002).  Oxygen availability is influenced by oxygen 

solubility in water, as well as by physical conditions inside the pooled water, whether there is 

temperature stratification or mixing.  

5.2.1 Temperature stratification versus mixing inside pooled water 

Our calculations considered pressurized water reactor (21 PWR) type, since it has the 

greatest number of waste packages to be stored in YM repository (SNL, 2008) and has the 

highest rate of energy release (Danko and Bahrami, 2004).  To examine the physical status of the 
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pooled water in the bathtub model, we calculated temperature variance inside a failed waste 

package by discretization (finite difference method) using Excel. In our calculations we used a 

simple model, in which the interior of the waste package is divided into square cells.  The 

calculations are two dimensional because the waste packages will be placed in the repository in a 

line-load configuration with a waste package-to- waste package spacing of approximately 10 cm 

(SNL, 2008), and the length of the waste package is 5.69 m while its diameter is 1.88 m (SNL, 

2007 b); consequently we assumed temperature symmetry in the direction of the line-load. The 

corroded materials are modeled as soil with 50 percent porosity and given thermal conductivity 

(k) that depends on volumetric water content (θ) (Jury et al., 1991), while the nuclear fuel is 

given the thermal conductivity of  the internal cylinder of the waste  package (SNL, 2007 c).  

The intact SNF is distributed randomly inside the waste package.  Heat transfer inside the waste 

package is by conduction only. Heat loss from the waste package is by convection, with the 

background temperature for bottom cells set 0.1 °C lower than adjacent cells to account for the 

conduction loss through the emplacement pallet (made of Alloy22 and Stainless Steel (SS) 316); 

the radiation loss is neglected since our calculations are in a late period (20,000 years after 

closure) and the differences in temperature between waste package, drip shield and drift wall are 

small (less than 1 °C) (SNL, 2007 c).   Table 5.1 shows some of the parametric values used in the 

temperature variance model. 
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Table 5.1 Parametric values used in the temperature variance model calculations. 

Heat generation rate of 

the waste package (E) 

Convection heat-transfer 

coefficient for air (hc) 
∆X for square cells k for lumped shell 

7.57 W/m3 
a 8.7 W/m2-K b 0.05 m 1.1 W/m-K c 

 

a  For 21 PWR package at time 20,000 years after closure. 

b
 The value of convection heat coefficient of air is 10 W/m2-K and is multiplied by 0.87 (5.9, 

waste package perimeter, divided by 6.8, perimeter of convection surface in the model) to correct 

for the larger length of perimeter due to sheet configuration.  

c The lumped shell contains: Alloy 22 (2.5 cm thickness, k= 8.5 W/m-K (Special Metals 

Corporation, 2006)), SS 316 (7.5 cm thickness, k= 13.7 W/m-K (Karditsas & Baptiste, 1995)), 

the gap to accommodate corrosion products  (2 cm thickness, k = 0.4 W/m-K (SNL, 2007 b) ).  

The values of k are estimated at 37 °C.  k effective of the lumped shell is 2.1 and is multiplied by 

0.42 to correct for the real thickness (5cm represents 12cm) and by 1.24 (6.6, the length in the 

model, divided by 5.34, the perimeter of model circle) to correct for the larger length of 

perimeter due to sheet configuration 

 

Figure 5.1 shows a schematic diagram for the model used to calculate temperature 

variance along with the thermal conductivities used for the materials inside the waste package. 
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Figure 5.1 Schematic diagram illustrates the model used to calculate temperature variance inside 
a partially failed waste package. 

 
Heat balance for the boundary cells is:  

rs  t  ru  �  r)  t  rv  t  rjwGN.                            (1) 

where rs is rate of heat transfer by conduction from the southern cell (J/s), W stands for west, N 

for north, and E for east; rjwGN. is rate of heat transfer by convection (J/s).    

The rate of heat transfer by conduction is given by: 

r � xU2 ∆�
∆�                             (2)  

Waste 
package 

Intact SNF Corroded material 
50% porosity 

g qW 

qN 

qE 

qS 

qE qW 

qS 

qconv. 

Water 

θ = 1, k = 

k = 2.1 W/m-K 

θ = 0.2, k = 
1.5 

qN 
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where U is thermal conductivity of the medium (W/m-K), A is surface area through which the 

heat flows (m2), ∆x is the distance of heat flow (m), and ∆T is temperature difference between 

distance ends (K). 

The rate of heat transfer by convection is given by: 

rjwGN � zj  2 �{i
|}~j� x {�$                   (3) 

where zj is convection heat-transfer coefficient of the fluid (W/m2-K). 

Substituting Equation 2 and Equation 3 into Equation 1 to solve for the temperature, we 

have the following equations: 

For cells with two convection boundaries: 

{ � ��������������������F�����∆�
��� ������ ���F��∆�            (4) 

For cells with one convection boundary: 

{ � ������������������������∆�
��� ������ �����∆�                  (5) 

For cells with no convection boundaries: 

{ � �������������������
��� ������ ��                                      (6) 

Here k� is the effective thermal conductivity of the cell where temperature is being calculated 

and the neighbor cell to the west. The same analog applies fork�, k�, and k�. 

Heat balance for the interior cells is:   

rT t ri t 1b � r) t rv        (7) 

  1b � 1�             (8) 
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where 1b is rate of heat generation by nuclear waste (J/s), E heat generation per unit volume (J/s-

m3), and V is volume (m3). 

Substituting Equation 2, Equation 3, and Equation 8 into Equation 7 to solve for the 

temperature, we have: 

{ � ��������������������)∆��
�����������                         (9) 

Equation 4, Equation5, Equation 6, and Equation 9 are per unit length in the direction of the line-

load. 

A finite difference method, with successive relaxation, was applied to different levels of 

water inside the failed waste package: half filled, three quarters filled and fully filled with water.  

The results showed the same pattern of temperature variance for all levels of water.  Figure 5.2 

shows the temperature variance for a waste package fully filled with water. 

   Figure 5.2 indicates that a mixing process is expected in the upper half of the waste 

package since cold water is above hot water. Consequently oxygen concentration in this region 

will be approximately homogenous and controlled by the rate of oxygen input at the water-air 

interface and its rate of consumption by corrosion within pooled water. On the other hand, there 

will be temperature stratification in the lower half of the pooled water, which means that oxygen 

depleted by corrosion will be replenished only by diffusion from the upper layers. Figure 5.2 

shows also horizontal temperature variance between the cells, which leads to horizontal mixing.  

To account for horizontal mixing and examine its effect on temperature stratification, 

temperature variance was recalculated after the thermal conductivities in the horizontal direction 

were multiplied by the factor 10 and then by the factor 100.  The results continued to show 

temperature stratification in the lower half of the waste package.  
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Figure 5.2 Temperature variance inside a 21 PWR waste package fully filled with water, after 
20,000 years of permanent closure of the repository. The calculations are made by 
Excel using finite difference method. Red color represents the hottest region. 

 
   It is worthwhile to mention that the greater the heat loss from the lower parts compared 

to the upper parts, the more the stratification region expands, and the opposite is true, where the 

mixing region will expand downward if the heat loss is greater in the upper parts.  However, the 

stratified region is likely to be larger due to the conduction loss through the emplacement pallet 

beneath the waste package. Given that oxygen solubility in water is very low, its diffusion is very 

slow, and it is consumed continuously by corrosion, it is expected that depleted oxygen cannot 

be replenished by diffusion, and conditions inside the pooled water turn into anaerobic, with 

more sever situation in the stratified regions. 

Mixing 
process 

Temperature 
stratification 
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5.2.2 Oxygen availability inside the pooled water  

Anaerobic conditions inside the pooled water will slow down the corrosion of nuclear 

waste and hence radionuclide release. To evaluate the role of water in limiting oxygen 

availability, we need to compare the rate of oxygen input into the pooled water by diffusion with 

the rate of oxygen consumption by corrosion of the waste package components.  To increase the 

area of water-air interface (through which oxygen diffuses) and at the same time include only the 

stratified region of pooled water, our calculations consider a failed waste package half filled with 

water.  Figure 5.3 shows a schematic diagram for the steady state balance of oxygen in the 

pooled water. 

 

 

Figure 5.3 Schematic diagram illustrating steady state balance of oxygen in water pooled inside a 
partially failed waste container half filled with water.  

 

Diffusion of oxygen from air into water is controlled by Henry’s law: 

 �T �  UVM                                      (10) 

O2 diffusion into water 

Sink of O2 by corrosion (R) 

Input = Sink 
D(dc/dx)A = R 

 
Wate

TAD canister 

Fuel basket  
Nuclear fuel 
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where Cw is oxygen concentration in water (mol/L), P is oxygen vapor pressure in air (atm), and 

UV is Henry’s law constant (L. atm /mol). 

Given that oxygen vapor pressure in air is 0.2 atm, and Henry’s law constant for oxygen 

water/air partitioning at 37 °C is 1.07µ10-3 mol/L-atm (Sander, 1999), the concentration of 

oxygen at the surface of pooled water will be: 

�T � 1.07 X 10(� X 0.2 � 2.14 X 10([\]^/R � 6.85 X 10(� �b
c�         

With the pooled water inside the failed waste package being the control volume, oxygen 

mass balance at steady state is given by (Walton, 2008): 

Input = Sink  

� 	

	� 2 � �                            (11) 

where D is diffusion coefficient of oxygen in water (m2/s), 
	

	� is oxygen concentration gradient in 

water (kg/m4), A is the surface area of water in contact with air (m2), and S is rate of oxygen 

consumption by corrosion (kg/s). 

The diffusion coefficient of oxygen in water at 37 °C is 3.2µ10-9 m2/s (Landolt-

Bornstein, 2007).  Assuming that 1 cm beneath the water surface oxygen concentration is zero 

(this will over estimate oxygen flux), and oxygen flux occurs through 20 percent of the area 

(with the rest filled with solids) that equals to the diameter of transportation, aging and disposal 

(TAD) canister multiplied by its length (A = 8.7 m2) (SNL, 2007 b), the rate of oxygen input will 

be: 

defgh � 3.2 X 10(l  �.�qX�m"�
m.m� X �8.7 X 0.2$ � 3.8 X 10(l Un/o         

Oxygen is consumed by corrosion of TAD canister and its components including SNF.  

TAD canister and part of its components are made of SS 316; other parts are made of SS 304B4 
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(borated SS) and aluminum (SNL, 2007 b).  In a previous paper we estimated the rate of oxygen 

consumption due to the corrosion of only main SS components (SSS), our calculations showed 

that SSS = 6.2µ10-9 kg/s compared to oxygen input = 3.8µ10-9 kg/s (Hamdan et al. 2010).  With 

this rate of oxygen consumption, not to mention oxygen consumption by SNF and aluminum 

corrosion, conditions inside the pooled water will likely turn anaerobic (reducing conditions).  

Under reducing conditions steel continues to corrode, producing hydrogen gas and partially 

oxidized corrosion products (e.g., Fe(OH)2, Cr OH)2). Subsequent to complete corrosion of the 

metal, oxidation of the corrosion products will consume oxygen dissolved entering the pooled 

water. When this occurs the anaerobic period will be the longer of a) the corrosion time or b) the 

time for diffusion of oxygen in the solution to oxidize remaining corrosion products.  As a result 

of the reducing conditions the corrosion rate of SNF and other components is likely to slow 

down until the pooled water returns to oxidizing.  

To estimate for how long the reducing conditions inside the pooled water will prevail, we 

calculated the lifetime range and median lifetime for different components of the waste package 

using their rate of corrosion and their thickness.  Table 5.2 shows the lifetime of main 

components of the waste package excluding the SNF.  The corrosion rates presented in Table 5.2 

are based on short-term experiments (few weeks to sixteen years) (BSC, 2004 b).  Since general 

corrosion rates of metal and alloys tend to decrease over time as corrosion products build up on 

the surface and inhibit water and oxygen diffusion to the metal surface, the corrosion rates in the 

long term will be lower (SNL, 2007 d).  Lower corrosion rates lead to lower rate of oxygen 

consumption. However our calculations for the rate of oxygen consumption did not include the 

corrosion of all waste package components, at the same time they overestimated oxygen input.   
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Table 5.2 Estimated lifetimes of the waste package components calculated from their thickness.  

 

Component 

 

Material 

Nominal 

thickness (cm) 

(SNL, 2007 b) 

Range and median 

of corrosion rate 

(µm/yr)  

(BSC, 2004 b) 

Lifetime range 

(kilo-year) 

Median 

lifetime 

(kilo-year) 

TAD shell 

SS 316 

2.54 

0.001-0.048a 

0.003a 

25,400-530 8,467 

TAD shell bottom 8.89 88,900-1,852 29,633 

Shield plug 38.1 381,000-7,938 127,000 

Basket guide assembly 0.95 9,500-198 3,167 

Basket tubes 0.79 7,900-165 2,633 

Inner vessel 5.08 50,800-1,058 16,933 

Borated SS assembly 
SS 

304B4b 
1.11 

161.54-252.98c 

211.84c 
0.069-0.044 0.052 

Aluminum basket 

assembly 
Al alloy 0.79 

0.40-36.93d 

9.50d 
19.75-0.22 0.83 

 
a Freshwater (29.5°C) 

b Boron content of 1.1-1.2 wt percent  

c 1.5 percent B, (ambient–boiling freshwater) 

d Freshwater 
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5.3 EFFECT OF REDUCING CONDITIONS ON SNF CORROSION 

Generally, SNF consists of UO2 matrix that contains actinides in their low oxidation 

state. Many important radionuclides in the SNF are redox sensitive. For example, uranium in its 

oxidation state IV is insoluble and immobile, but it can be remobilized by oxidation to soluble U 

(VI) (Szecsody et al., 1998), (Bots & Behrends, 2008).  Plutonium, ranked second in terms of 

weight in the radionuclide inventories per waste package, has higher solubility and mobility in its 

higher oxidation states V and VI (Runde et al., 2002). As well, the long-lived radionuclides 

technetium and neptunium are abundant in nuclear waste and very soluble and mobile in their 

high oxidation states: Tc (VII) and Np (V)) (Zachara et al, 2007), (Smellie & Karlsson, 1999), 

(Silin & Kareta, 1998).  Consequently, under oxidizing conditions these radionuclides are 

oxidized to their soluble high oxidation states and released by oxidative-dissolution process.  On 

the other hand, reducing conditions will cause reduction/precipitation mechanism and keep the 

radionuclides in their low oxidation states with low solubilities and mobilities, leading to delay 

in radionuclide release.  

As we showed before, oxygen availability will be very limited in the pooled water since 

the rate of oxygen consumption by corrosion is greater than the rate of oxygen input by 

diffusion.  As a result, conditions inside the pooled water are likely to be reducing and limit the 

oxidative-dissolution process, by which radionuclides are released.  To give a quantitative 

perception for the effect of reducing conditions inside the pooled water on radionuclide release, 

we first need to estimate the rate of oxygen consumption by the corrosion of SNF under 

oxidizing conditions. The dissolution rate of commercial SNF (CSNF) depends on the physical 

and chemical prosperities of the pooled water such as: temperature, dissolved oxygen fugacity, 
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aqueous pH, and total carbonate concentration.  Equation 12 gives the rate of CSNF dissolution 

as a function of these variables (BSC, 2004 a): 

^]n�m��$ � ^]n�m�2$ t  �m t �� X d{ t �F X f��� t �� X f�F t �[ X f�           (12) 

where: 

F = fractional dissolution rate of the CSNF (day-1) 

IT = inverse temperature of the waste package (K-1) 

pCO3 = negative base 10 log of total carbonate concentration (molar) 

pO2 = negative base 10 log of the oxygen partial pressure (atm) 

 pH = in-package pH 

A = the fuel specific surface area (m2/mg) 

�m, ��,  �F, ��, and �[ are model parameters determined from experimental data 

Oxygen fugacity is used in this equation instead of dissolved oxygen fugacity because dissolved 

oxygen concentration varies with temperature at constant oxygen fugacity.  Under alkaline 

conditions (pH ≥ 6.8) Equation 12 becomes (BSC, 2004 a): 

^]n�m��$ � x6.7 t  4.705 x 1093.826 X d{ x 0.102 X f��� x 0.338 X f�F     (13) 

For temperature = 310 K (37 °C), pCO3 = 2.7 and oxygen partial pressure = 0.2 atm, the 

fractional dissolution rate (F) for CSNF given by Equation 13 equals to 9.2µ10-7 /d.  The rate of 

radionuclide release (Ri) can be found using the following equation (BSC, 2004 a): 

p� � d� X �                       (14) 

Here I i is the matrix inventory of the radionuclide (i) in the waste package. 

Substituting for the uranium inventory per waste package divided by two (to account only for the 

inventory in the pooled water) we have (SNL, 2008):  

 p�  � 4001775 X 9.2 X 10(� � 3.68 n/< � 4.26 X 10(qn/o � 1.79 X 10(�\]^/o 
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The CSNF (UO2) is expected to undergo the following reactions upon contact with air 

saturated water (BSC, 2004 a): 

��F�o$ t 1 2� �F��r$ t 0.8�F��^$ � ���. 0.8�F��o$ 

��F�o$ t 1 2� �F��r$ t 2�F��^$ � ���. 2�F��o$ 

 

Consequently, the rate of oxygen consumption due to CSNF corrosion is: 

�
sv� � �.�lX�m"�
F  � 8.95 X 10(� cw�

i � 2.86 X 10(�n/o � 2.9 X 10(l Un/o  

The rate of oxygen consumption due to CSNF corrosion is of the same order as the rate 

of oxygen input into the pooled water (3.8µ10-9 kg/s). Given that there is also oxygen 

consumption due to the corrosion of SS (6.2µ10-9 kg/s) and Aluminum, the corrosion rate of the 

TAD components inside the pooled water is likely to slow down until it comes in equilibrium 

with oxygen rate input (a steady state).  

Equation 13 applies for a range of oxygen partial pressure from 0.002 to 0.2 atm, which 

means a range of dissolved oxygen concentration from 6.85 X 10(� to 6.85 X 10(q �b
c� (using 

Equation 10).  Although oxygen concentration in the pooled water is expected to be below this 

range, Equation 13 can be used to examine the effect of oxygen deficiency on the corrosion rate 

of CSNF.  Figure 5.4 shows the corrosion rate of uranium (i.e. UO2 matrix) as a function of 

oxygen partial pressure, using half of the uranium inventory per waste package. Figure 5.4 

indicates that the corrosion rate of uranium increases as oxygen partial pressure and 

consequently dissolved oxygen concentration increases.  This means that the oxygen deficiency 

inside the pooled water, which is enhanced by temperature stratification and competition on 

oxygen molecules, will lead to very low rates of corrosion for the materials submerged in the 

pooled water.   



 

 

Figure 5.4  The corrosion rate of uranium as a function of oxygen partial pressure
from Equation 13 at a temperature of 

 

Equation 13 is also used to estimate the time required for a complete corrosion of CSNF 

as a function of oxygen partial pressure. The results are shown in Figure 

of 310 K (37 °C), and pCO3 = 2.7 (molar).  Figure 

complete corrosion of CSNF increases as the oxygen partial pressure and consequently dissolved 

oxygen concentration decreases. 

CSNF increases approximately five times as t

0.002 atm.  It is expected from the graph trend in Figure 

greater for oxygen concentrations below the range of Equation 13 (

) and increases more rapidly as oxygen concentration decreases. Consequently, the risk 

73 

The corrosion rate of uranium as a function of oxygen partial pressure
from Equation 13 at a temperature of 310 k and pCO3 = 2.7 

Equation 13 is also used to estimate the time required for a complete corrosion of CSNF 

as a function of oxygen partial pressure. The results are shown in Figure 5.5, using a temperature 

= 2.7 (molar).  Figure 5.5 indicates that the time required for a 

complete corrosion of CSNF increases as the oxygen partial pressure and consequently dissolved 

oxygen concentration decreases.   For example, the required time for a complete corrosion of 

CSNF increases approximately five times as the oxygen partial pressure decreases from 0.2 to 

0.002 atm.  It is expected from the graph trend in Figure 5.5 that the life time of CSNF to be 

greater for oxygen concentrations below the range of Equation 13 (

) and increases more rapidly as oxygen concentration decreases. Consequently, the risk 

 

The corrosion rate of uranium as a function of oxygen partial pressure, calculated 

Equation 13 is also used to estimate the time required for a complete corrosion of CSNF 

5, using a temperature 

the time required for a 

complete corrosion of CSNF increases as the oxygen partial pressure and consequently dissolved 

For example, the required time for a complete corrosion of 

he oxygen partial pressure decreases from 0.2 to 

5 that the life time of CSNF to be 

 to

) and increases more rapidly as oxygen concentration decreases. Consequently, the risk 



 

of a peak in the dose rate once the pooled water started to leak as the waste package fails from 

the bottom is attenuated by the very low rate of corrosio

 

Figure 5.5  Time required for a complete co
pressure, calculated 

 
Finally, it is worthwhile to mention another possible effect of

conditions inside the pooled water, namely, the corrosion of steel under reducing conditions.  

The anaerobic corrosion of iron in the waste canister will produce H

the dissolution of UO2 according to som

some cases, the mechanism for the inhibition of UO
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once the pooled water started to leak as the waste package fails from 

the bottom is attenuated by the very low rate of corrosion caused by oxygen deficienc

Time required for a complete corrosion of uranium as a function of oxygen partial 
calculated from Equation 13 at a temperature of 310 k and 

Finally, it is worthwhile to mention another possible effect of the expected reducing 

conditions inside the pooled water, namely, the corrosion of steel under reducing conditions.  

The anaerobic corrosion of iron in the waste canister will produce H2, which is thought to inhibit 

according to some studies.  Although efficient inhibition is observed in 

some cases, the mechanism for the inhibition of UO2 dissolution by H2 is still unclear, 

once the pooled water started to leak as the waste package fails from 

gen deficiency. 

 

rrosion of uranium as a function of oxygen partial 
and pCO3 = 2.7 

the expected reducing 

conditions inside the pooled water, namely, the corrosion of steel under reducing conditions.  

which is thought to inhibit 

e studies.  Although efficient inhibition is observed in 

is still unclear,  (Nilsson 
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& Jonsson, 2008) .  However, as a result of this effect the radionuclide release from the waste 

package is expected to be more delayed. 

5.4 CONCLUSIONS 

Chemical and physical conditions inside the water pooled in a partially failed nuclear 

waste container are likely to limit the oxygen availability inside the pooled water.  As a result, 

the rate of oxidative/dissolution process of the SNF and the corrosion rate of other TAD canister 

are likely to slow until the oxygen consumption by corrosion reaches equilibrium with oxygen 

input by diffusion.  Under these conditions, the estimated life for all waste package components 

will be longer and consequently radionuclide release will be delayed.   
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Chapter 6 

6. General Conclusions 

Heat release characteristics of the nuclear waste stored in an unsaturated zone 

geological repository contribute to the safety of the repository.  The effect of the residual heat 

release of the nuclear waste on radionuclide release was tested for the two main scenarios of the 

nuclear waste packages failure: the flow-through model and the bathtub model.  In the flow-

through model, heat release from the nuclear waste leads to bidirectional transport in the 

sheltered areas: advective transport toward the warmest regions and diffusive transport in the 

opposite direction.  As a result, heat-generating waste stored in a partially saturated environment 

tends to sequester radionuclides in the sheltered areas and prevent their release.  The 

radionuclide sequestration model showed that the sequestration process is more effective at 

higher rates of heat generation and lower moisture conditions.  In addition, the minimum size of 

sheltered areas needed to prevent radionuclide release increases over time as the amount of heat 

generated from the waste package decreases. On the other hand, the size of sheltered areas 

decreases over time due to general corrosion.  A convolution of these two processes suggests that 

radionuclide release is likely to be gradual and long delayed, even in the case of early penetration 

by localized corrosion.   

In the bathtub model, heat release from the nuclear waste creates temperature 

stratification inside the water pooled in the lower half of the waste package.  This will limit 

oxygen availability inside the pooled water, since the diffusion coefficient of oxygen in water is 

very small. As a result, the rate of oxygen input into the pooled water will be less than the rate of 

oxygen consumption caused by the corrosion of different components of the waste package and 
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the conditions will turn anaerobic.  In this case, the rate of oxidative/dissolution process of the 

spent nuclear fuel (SNF) and the corrosion rate of other waste package components are likely to 

slow until the oxygen consumption by corrosion reaches equilibrium with oxygen input by 

diffusion.  Under these conditions, the estimated life for all waste package components including 

SNF will be longer and consequently radionuclide release will be delayed.   
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