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INTRODUCTION 
The ultimate objective of the Ci

vilian Radioactive Waste Management Sys
tem (CRWMS) Program is to safely emplace 
and isolate the nations' spent nuclear 
fuel (SNF) and radioactive wastes in a 
geologic repository. Radioactive waste 
emplaced in a geologic repository will 
generate heat, increasing the temperature 
in the repository. The magnitude of this 
temperature increase depends upon (1) the 
heat source, i.e. the thermal loading of 
the repository, and (2) the geologic and 
engineered heat transport characteristics 
of the repository. 

Several aspects of thermal loading, 
including density, age, burnup, and en
richment of the heat-producing nuclear 
waste have been under extensive investi
gation. These studies assumed simplified 
geologic heat transport characteristics: 
some used pure heat conduction in the 
rock {1-6}, while others applied large-
scale hydrothermal models [7-12]. 

Only a few studies have addressed 
the thermal effects of the engineered 
heat transport characteristics of a con
ceptual repository. However, these char
acteristics can be designed to provide 
better repository performance using ther
mal management techniques. Analyses of 
ventilation affecting engineered charac
teristics have been conducted to explore 
the potential of maximum temperature 
reduction without reducing the heat 
source, i;e., the thermal loading of the 
repository [13-16]. Other studies ana
lyzed passive cooling enhancement tech
niques, such as heat pipes or thermal 
rock bolts, in order to reduce the tem
perature increase produced by the thermal 

loading [17-19]. The combination of 
thermal enhancement and ventilation was 
also analyzed [20,21]. These techniques 
could affect waste containment and isola
tion and the ability to operate and moni
tor the repository. Therefore, thermal 
loading and the heat transport character
istics of the repository, are both criti
cal elements affecting the thermal and 
overall performance of the repository 
system. 

Thermal management techniques cur
rently under investigation include venti
lation of the emplacement drifts during 
the preclosure period which could last as 
long as 100 years. Understanding the 
amount of heat and moisture removed from 
the emplacement drifts and near-field 
rock by ventilation, are important in 
determining performance of the engineered 
barrier system (EBS), as well as the 
corrosive environment of the waste pack
ages, and the interaction of the EBS with 
the near-field host rock. Two important 
issues are (1) the history of the rock 
(or drift wall) temperatures, and (2) the 
history of the relative humidity of the 
air in the emplacement rooms. 

Temperature and humidity calcula
tions were presented [23] based on VTOUGH 
(vectorized transport of unsaturated 
groundwater and heat) simulations [24] 
assuming no ventilation or air infiltra
tion in the repository. Consequently, 
only water redistribution in the rock was 
considered along with no permanent rock 
drying taking place towards the air in 
the drift. Therefore, the results did 
not take into consideration the potential 
benefits that may result due to (1) per
manent rock drying, and (2) dilution of 
vapor concentration caused by natural or 
forced ventilation during pre-closure. 

*This work was performed under the auspices of the U.S. Department of Energy 
by Lawrence Livermore National Laboratory under contract No. W-7405-Eng-48. 
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Temperature and moisture transport 
calculations were presented based on the 
MTECS (Mackay Thermal Enhancement and 
Climate Simulation) model [14,15,17,26] 
assuming various ventilation scenarios in 
the repository. It was assumed that the 
wetness on the drift surface remained 
constant during the pre-closure period 
for the simplified climate model applied 
to drift emplacement. The results showed 
that a significant amount of water, e.g. 
0.72 metric tons per linear meter per 
year, can be removed by the air. This 
prediction was found feasible by an inde
pendent hydrothermal calculation [8], 
applying a simplified cavity model using 
TOUGH [25]. However, due to the assump
tion that the wetness is constant instead 
of decreasing, the amount of evaporation 
during extended drying is overestimated. 
Consequently, none of the models in their 
present form can predict a realistic 
psychometric environment for the waste 
packages. 

Since radionuclide releases and 
repository system performance are signif
icantly affected by the corrosion rate 
related to the psychometric environment, 
it is necessary to predict the amount of 
heat and moisture that are removed from 
the repository horizon using a realistic 
model for a wide range of thermal load
ing. This can be realized by coupling 
the hydrothermal model of the rock mass 
to a ventilation/climate model which 
includes the heat and moisture transport 
on the rock-air interface and the dilu
tion of water vapor in the drift. 

This paper deals with the develop
ment of the coupled model concept, and 
determination of the boundary conditions 
for the calculations. 
MODEL CONCEPT 

The focus of this work is the de
velopment of a near-field hydrothermal -
ventilation/psychometric coupled model 
based on coupling VTOUGH with MTECS for 
the analysis of waste package environment 
and near-field rock drying in a few se
lected cases. 

The VTOUGH hydrothermal code is a 
Lawrence Livermore National Laboratory's 
enhanced version of the TOUGH code devel
oped by Lawrence Berkeley Laboratory 
[24]. This code is an effective continu
um model capable of simulating the cou
pled transport of water, vapor, air, and 
heat in fractured porous media. The 
model includes boiling and condensation 
effects, the convection of latent and 
sensible heat, and thermal radiation. 

The MTECS [26] thermal model is developed 
for the calculation of air temperature 
and humidity in the emplacement drifts of 
a nuclear waste repository. A drift is 
heated partly by waste containers that 
are emplaced within the drift being simu
lated, and partly by those emplaced in 
the neighboring drifts. The specific 
layout of the waste containers is taken 
into account using the rock mantle tem
perature model, MTM. Ventilating air 
temperature and humidity are simulated 
using the drift climate model, MCM. The 
coupled solution of MTM and MCM is pro
vided by the algorithm of the MTECS mod
el. 

The MTM model-element [25] is de
veloped to calculate the time-dependent 
near- and far-field, 3-D temperature 
distribution in a high-level nuclear 
waste repository. The method is a finite 
element scheme with respect to the time 
division, and a boundary element scheme 
in the space domain. The heat conduction 
in the rock is calculated by matrix-vec
tor multiplications in which the transfer 
matrices represent the 3-D, time-depen
dent heat conductance, and the vectors 
represent variable heat sources. Convec-
tive or latent heat transport forms, 
caused by ventilation, cooling enhance
ment devices, or a temperature and time-
dependent moisture evaporation, can be 
included using a set of matrix equations. 
The method requires the spacial meshing 
of the boundary surfaces where heat con
duction is interfaced with other forms of 
heat transport. However, spatial divi
sion of the rock mass in pure heat con
duction areas is not needed, therefore, 
eliminating the need for using an ext
remely large number of meshes and elabo
rate boundary condition definitions, 
which would be needed if a conventional, 
finite difference or element code were 
applied. 

The MCM model-element [26] is based 
on an iterative, numerical solution of a 
set of differential equations governing 
the heat and moisture transfer processes. 
The model accounts for radial heat con

duction in the rock around the drift, and 
heat convection, as well as radiation on 
the drift wall. The model also provides 
a basis for an estimate of the moisture 
and latent heat removal from the drift 
wall due to ventilation. The method uses 
stepwise approximations of the continuous 
variations of temperatures and heat flux
es at each tunnel cross section. This 
time division transforms the time-vari
ables into vectors, and the functional 
relationships of these variables into 
matrices, to provide compatibility with 
the MTM. 



In the MTECS algorithm, the MCM is 
interfaced to the MTM through a time- and 
space-variable rock mantle temperature 
function. An adjustable drift surface 
wetness factor is included, in order to 
accommodate hydrothermal simulation for 
predicting rock mantle drying. In turn, 
the MTM, using variable heat sources and 
sinks as well as constant matrices, al
lows the efficient re-calculation of the 
space-variable vector of the rock mantle 
temperature function. This is needed if 
a repository-scale ventilation, or rock 
drying in the mantle, significantly modi
fies the original heat source distribu
tion. 

The coupling of VTOUGH with MTECS is 
realized iteratively: 
Step 1. 

Air temperature and partial vapor 
pressure distributions are calcu
lated longitudinally along a repre
sentative emplacement drift in a 3-
D panel using MTECS and assuming an 
initial wetness factor distribution 
on the drift wall. 

Step 2. 
Using the wall temperature and 
partial vapor pressure results from 
the MTECS calculation for a short 
longitudinal drift segment as boun
dary conditions, the hydrothermal 
transport in the rock wall is cal
culated using VTOUGH assuming a 2-
D drift array. In this way, the 
total wall heat and moisture/va
por flux is calculated from the 
VTOUGH hydrothermal model for the 
drift segment. The calculation is 
repeated for all or only a reduced 
number of representative drift sec
tions. 

Step 3. 
The wall temperature, vapor pres
sure, heat, and moisture/vapor flux 
values are used to calculate an 
equivalent wetness factor for each 
drift segment; this result is com
pared with the initial or previous 
wetness value, and steps 1-3 are 
repeated until convergence is 
reached for each longitudinal drift 
section. ^„ 

Using the equivalent wetness factor 
as the controlled parameter between 
VTOUGH and MTECS, a fast-converging iter
ation procedure can be achieved. Since 
the equivalent wetness factor is modified 
according to the VTOUGH simulation, the 
heat and moisture flux will satisfy the 
VTOUGH hydrothermal simulation in each 

longitudinal drift section which has been 
selected. The heat and moisture flux 
will also satisfy the MTECS air tempera
ture and humidity simulation. 
The roles that VTOUGH and MTECS play in 
the coupled simulation can be summarized 
as follows: 
VTOUGH: 

It provides wall heat and moisture 
flux for pre-selected drift sec
tions, based on a 2-D simulation, 
in the x-z domain. 

MTECS: 
(1) It provides coupled boundary 
conditions (balanced drift surface 
temperature and vapor pressure from 
incoming air parameters and local 
convection, radiation, and latent 
heat transport in each section) for 
VTOUGH, and (2) it provides contin
uous air climate and rock surface 
temperature calculations between 
representative segments, where bal
anced, coupled simulations are 
performed. This calculation is 
based on using nonlinear interpola
tion of the equivalent wetness 
factor between pre-selected segment 
locations, in order to reduce the 
number of longitudinal sections and 
corresponding VTOUGH iterations 
which is needed for coupled simula
tions. 

REPOSITORY SYSTEM STUDIED 
The repository system for the pres

ent analysis consists of a single em
placement panel whose area is approximat
ed by a rectangular domain of 1060 m by 
2550 m, shown in Figure 1. The emplace
ment drifts, all 5 m in diameter, run 
along the shorter length of the panel. 
The containers, all equalized to be 5 m 
long and 1.2 m in diameter, are laid down 
on the floor of the drifts in cradles 
shown in Figure 2, which also depicts the 
thermal interactions between the contain
ers, the drift wall, and the ventilating 
air. The most critical drift situated in 
the center of the panel is selected for 
the analysis. Eight cases summarized in 
Table 1 were specified using various 
waste package and drift spacing. Each 
waste package is represented by an equal
ized heat load, characteristic to an 
"older fuel first," 26-years-old fuel 
with an initial heat load of 7.284 kW at 
the time of the emplacement. The eight 
different cases in Table 1 represent 
three different area mass loading scenar
ios, solely determined by the spacing of 
the waste packages and the drifts. 
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Figure 1. The proposed repository sys
tem layout. 
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BOUNDARY CONDITIONS FOR THE COUPLED MODEL 
It is imperative to determine the 

longitudinal variation of drift surface 
temperatures around the waste packages at 
zero air flow, in order to select ade
quate discretization along the drift 
length for the MTECS model. Cases A-O in 
Table 1 include relatively large ratios 
between the waste package center distanc
es and the container length, ranging from . 
3.2 to 10.6. These conditions warrant a 
detailed analysis of the variations of 
temperatures. 

Since thermal radiation dominates 
when no ventilation is provided, a sim
plifying assumption was made. According 
to this simplification, the longitudinal 
distribution of the overall (convective 
plus radiative) heat transfer between the 
containers and the drift wall equals that 
of the radiation. The longitudinal dis
tribution of heat radiation over 16 sec
tions of a waste package interval in the 
middle of the drift was calculated numer
ically based on the summation of the 
radiation view angles of all the 1-m long 
container segments radiating heat to each 
of the 16 segments. The normalized 
weight distribution of the container heat 
load over the 16 segments are shown in 
Figure 3 for Cases A-I. This percentage 
weight distribution is used to spread the 
container heat dissipation over each 
section for longitudinal temperature 
calculation with the MTM model-element of 
the MTECS. 

Table 1. Areal mass load, waste package 
and drift spacing. 

Figure 2. Container emplacement with 
the thermal interactions. 
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Figure 3. Weight distributions in Cases 
A-0. 
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Figure 4 Temperature histories over 16 sections in the middle part 
of the center drift for cases A - O 



In the MTECS model, each container 
was represented by its heat source at its 
exact position in the emplacement panel. 
The container sections were subdivided 
into 16 sections in the center drift. 
The temperature histories over these 
sections in the middle of this- drift is 
shown in Figure 4 for Cases A-I. In 
addition to modeling uneven heat load 
distribution, the drift wall temperature 
histories were also calculated assuming 
a longitudinally smeared heat source, 
modeled by an even source weight distri
bution. A summary evaluation of these 
cases is provided in Table 2. 

The drift wall temperatures for all 
cases, as shown in Figure 4 and Table 2, 
vary significantly over the length of the 
drift section analyzed. This variation 
implies that a smeared heat source along 
the drift length cannot be used for ana
lyzing the thermal effects of low and 
moderate ventilation, in which heat radi
ation is a significant transport compo
nent. Therefore, 16 division^ of the 
waste package spacing along the drift 
length will be required in the MCM simu
lations. The large number of divisions 
on the air-rock boundary underscores the 
importance of applying interpolation 
principles described in the model con
cept . 

Only Case G represents borderline 
boiling conditions. The drift wall tem
perature difference of 46 °C is quite 
high, being close to 50 % of the maximum 
temperature. Ventilation may not be 
necessary for temperature reduction, but 
it can be advantageous in reducing the 
temperature difference. 

Cases E and K represent persistent 
above-boiling conditions over the entire 
drift section for over 1000 years. Both 
cases can be used to study the effect of 
rock drying when adequate ventilation is 
provided. 

Cases A and C represent above-boil
ing conditions for 50-90 years along 50-
75 percent of the drift section analyzed. 
These cases provide the best examples for 
analyzing the benefit that can be 
achieved by applying ventilation for 50-
100 years. It is anticipated that below-
boiling conditions can be provided for 
these cases using ventilation. 

Cases I, M, and O also represent 
above-boiling conditions for 15-80 years 
along 12-25 percent of the drift section 
analyzed. In these cases a longitudinal 
smearing of the heat load can reduce the 
maximum drift wall temperatures below the 

boiling point of water, as shown in . 
last column of Table 2. The distribution 
of heat along the length can be achieved 
using passive cooling enhancement devic
es, e.g. heat pipes that are laid between 
the waste packages. The maximum temper
atures can also be reduced to below-boil
ing conditions using moderate ventila
tion. 

CONCLUSIONS 
The enhanced computational capabil

ity being developed through coupling of 
a thermohydrologic and ventilation code 
will be of substantial benefit in assess
ing some of the thermal management issues 
that the program needs to address. Fur
ther effort will be done to evaluate a 
range of thermal loading cases to address 
whether or not ventilation can be used to 
enhance performance by removal of heat 
and moisture; mitigate localized high 
temperatures resulting from waste package 
spacing and fuel variability; and/or 
allow for easier retrieval of the con
tainers. These results will be of bene
fit to the program in evaluations of 
options which are required by the Program 
Thermal Loading Strategy. 

The repository system with eight 
specific cases that has been selected for 
ventilation studies represent a meaning
ful test data set to study the thermal/-
psychometric climate parameters that can 
be significantly affected by ventilation 
in the emplacement drifts during the pre-
closure time period of 25-100 years. 

/The drift wall temperatures for all 
cases analyzed vary significantly over 
the jtength of t n e drift section. There
fore,^large number of divisions along the 
drift length will be required in the MCM 
simulations, underscoring the importance 
of applying interpolation principles 
described in the model concept. 
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Table 2. Summary of temperature calculations - no air flow 

Case Maximum 
Drift Wall 
Temperature 

[°C] 

Maximum 
Drift Wall 
Temperature 
Difference 

[°C] 

Duration of 
Above Boiling 
Conditions 

[Years] 

Percent of 
Length Above 
Boiling 

[*] 

Drift Wall 
Peak Temp. 
With Even 
Source Weight 

[°C] 

A 115 28 50 50 102 
C 120 28 90 75 107 
E 172 28 >1000 100 160 
G 100 46 1 6 71 
I 112 42 80 25 88 
K 172 30 >1000 100 161 
M 104 50 15 12 67 

° 115 46 80 20 85 
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