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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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A Similarity Solution for Two-Phase Fluid and Heat Flow
near High-Level Nuclear Waste Packages

Emplaced in Porous Media

Christine Doughty and Karsten Pruess

Abstract

The emplacement of a heat source, such as a high-level nuclear waste package, into
a geologic medium gives rise to strongly coupled thermal and hydrologic behavior.
Under certain conditions, a heat pipe may develop, with significant impact on conditions
at the heat source. In an infinite homogenéous permeable medium with a constant-
strength line:;r heat source, the partia] differential equations governing fluid and heat
flows in a radial geometry can be converted to ordinary differential equations through
the use of a similarity variable, p=r /vt . These equations are numerically integrated
using an iterative ‘‘shooting” method to provide a description of temperature, pressure,
saturation, heat flow, gas flow, and liquid flow conditions around a heat sourée such as a
nuclear waste package. The similarity solution is verified by numerical finite-difference
simulations. [llustrative solutions are given for a range of hydrologic and thermal
parameters. and the likelihood of heat-pipe development for conditions at several pro-

posed repository sites 1s discussed.
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energy accumulation term (J/m°)

mass accumulation terms (kg/m°)

rock specific heat (J/kg K)

volumetric heat capacity (J/m® K)

binary diffusion coefficient (m?/s)

discrepancy vector at upper limit of integration
enthalpy (J/kg) .
Mobility (kg/s m Pa) (K&- =kk.;p;/n;, 7=1.9)
intrinsic permeability (m*)

relative permeability

pressure (Pa)

capillary pressure (Pa) (F, =F -F,)

heat flow rate (W/m)

mass flow rates (kg/s m) (@, =Q,"+Q,", m =w ,a)
normalized heat flow rate (W/m) (é, =Q, /27)

. normalized mass flow rates (kg/s m) ( @, =Q,, /27, m=w ,a)

radial distance (m)

matrix of partial derivatives for Newton-Raphson iteration
saturation

temperature (* C)

time (s)

internal energy (J/kg)

vector of variables unspecified at lower limit of integration
mass {raction ’ .
integration variable (z =Inn)

rock expansivity (K™') (o, =(1/¢)0¢/8T)

rock compressibility (Pa™!) (3, =(1/4)3¢/3P )

ratio of kinematic viscosity for liquid- and gas-phase water
desired accuracy of endpoints of numerical integration

Jth increment for Newton-Raphson iteration

very small non-zero number

similarity variable (n=r /V7 )

thermal conductivity (W/m K)

parameter in van Genuchten {19] characteristic curves
dvnamic viscosity (Pa s)

~ density (kg/ma)

vapor-liquid interfacial tension (N/m)
porosity

air (also used as a superscript)
capillary, constant value

energy

gas phase

liquid phase

rock, residual, relative

at saturation (vapor-liquid equilibrium)
water {(also used as a superscript)
boundary condition, reference value
lower limit of integration

upper limit of integration



1. Introduction

The Nevada Nuclear Waste Site Investigations (NNWSI) project is investigating the
feasibility of constructing a geologic repository for high-level nuclear waste at Yucca
Mountain, Nevada, in a partially-saturated, highly-fractured volcanic formation. Several
recent mathematical modeling studies [I, 2] have examined the thermohydrologic
behavior surrounding a repository in this geologic setting. Undisturbed conditions are
such that temperature is well below the saturation temperature, so water is primarily in
the liquid phase, and the initial heat transfer from a waste package is mainly conductive.
As temperatures around the repository increase to the saturation temperature, evapora-
tion increases and vapor partial pressure becomes appreciable. Heat-pipe effects may
contribute to or even dominate heat transfer in this regime. With time the heat pipe
moves away from the waste packages, leaving a gas-phase zone in which heat transfer is
. again conduction-dominated. The conditions surrounding a waste pa;:kage at some time

after emplacement are shown schematically in Figure 1.

In the heat pipe region, heat transfer is primarily convective. Near the heat source
liquid water vaporizes, causing pressurization of the gas phase and gas-phase flow away
from the heat source. The water vapor condenses in cooler regions away from the heat
source, depositing its latent heat of vaporization there. This sets up a saturation profile,
with liquid saturation increasing away from the heat source. The saturation gradient
drives the backflow of the liquid phase toward the heat source through capillary forces.
The liquid then vaporizes again and repeats the cycle. This convective heat tranéfer 1S

very effictent compared to conduction, so it occurs under nearly isothermal conditions.

The requirements for heat-pipe development are (1) the presence of a volatile fluid,
which will boil when temperature reaches saturation temperature; and (2) a mechanism
by which gas-phase fluid can flow away from the heat source and liquid-phase fluid
toward it. Gas-phase flow occurs if medium permeability is sufficiently high, and the

far-field pressure is lower than that at the heat source. Thus, heat-pipe behavior is
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unlikely in deep water-saturated formations, where ambient pressure is much higher
than open-hole or backfill pressure at the repository. Liquid flow requires sufficient
mobility and capillary pressure. Mobility depends on liquid saturation as well as

medium permeability, since below a certain residual saturation, liquid is immobile.

The present paper is concerned with an idealized version of the problem of fluid
and heat flow near high-level nuclear waste packages. We study the behavior of an
infinite homogeneous porous medium with uniform initial conditions, in response to the
emplacement of éin infinitely-long linear heat source of constant (time-independent)
strength. Gravity effects are neglected, so that the system has a one-dimensional radial
symmetry. With these simplifications, the coupled partial differential equations govern-
ing fluid and heat flow for radial geometry can be transformed into simpler ordinary
differential equations through the use of a similarity variable, n=r /\/t— This change of
variable is known as the Boltzmann t,ra.nsﬁ.)rmation in heat conduction problems. It has
been applied to the thermohydrologic behavior of geologic media by O'Sullivan (3], who
used it to analyze geothermal well-test data. Other researchers [4, 5] also have used the
similarity concept for this purpose, but limited themselves to simplified thermodynamic

relationships to allow quasi-analytic solutions.

Following O’Sullivan [3], we consider the fully non-linear problem with realistic
leermodynamic relationships, which requires a numerical integration of the coupled
differential equations. The main difference from O’Sullivan’s treatment is that the mass
flux boundary condition at r =0, appropriate for geothermal production or injectioh
wells, is here replaced by a heat flux boundary condition. Furthermore we include capil-
lary pressure and heat conduction effects. These are unimportant for the geothermal
well test problem, but are essential for the heat-driven problem considered here. Our
general mathematical treatment includes two fluid components, water and air, although

the specific solutions presented here are for water only.
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Below, we describe the development of the governing equations and the techniques
used for their integration. Next, the similarity solution is compared to results of numeri-
cal simulations, with excellent agreefnent. Finally, some characteristic features of ther-
mohydrologic behavior in a geologic medium around a heat source are illustrated

through application of the similarity solution.



2. Basic Equations

The governing equations for fluid and heat flow for a single-component system in
radial geometry as given by O’Sullivan [3] consist of a mass balance for water and an

energy balance

oM, 1 9@y

= ' 1

at + 27r Or 0 _ (1)
oM, 1 9@, : : :

= 0. 2

ot * 2rr Or (2)

If air is present in the system, a mass balance for air is also needed

oM, 1 9@,
= 0. 3
at + 27rr Or (3)

The subscripts w, a, and e refer to water, air, and energy, respectively. To simplify

the notation, we introduce normalized flux terms, given by @Q/QW. ‘With the rock

and fluid assumed to be in local thermal equilibrium at all times, the accumulation terms

are giveh by
My, = ¢S p X"+ S, p, X;") form=w,a (4)
A/[e = (1 - ¢)pr Cr T+ ¢(SI P Yy + Sg Py ug)' (5)

where ¢ is porosity, S is saturation, p is density, X is mass fraction, ¢ is specific heat,
T is temperature, and u is internal energy. The subscripts [, ¢, and r refer to liquid
phase, gas phase, and rock, respectively. The mass flow rate for each component, the
sum of liquid and gas flow rates, is given by D..arcy’s Law, modified for two-phase flow.

In the gas phase there is also a flow component due to binary diffusion

va Pg T

Gy =" 3" = [_A kk, p; X"r OP,
] or

L kk,, p, X;"r OF, ~ X,
Iy ar
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rj 1s the relative permeability of phase j, p is

where k is intrinsic permeability, &
dynamic viscosity, P is pressure, and D,, is the diffusion coefficient for vapor-air mix-
tures. Liquid and gas pressures are related by the capillary pressure through

B = B, + P,. If no air is present X¥ =1, X * =0, and the m =a case of equations (4)

and (6) is identically zero. The heat flow rate contains convective and conductive terms

Q= Y hjméjm_'”?—T (7)
=l or
m=w,a

where £ is enthalpy and « is thermal conductivity.

Equations (1), (2), (3), (6), and (7) make up a set of six coupled first-order partial
differential equations for six unknowns (or primary variables). In single-phase regions S,
is constant, so éw, é,,, C},, F,, X/, and T may be taken as the primary variables. In
two-phase regions T depends on F, and X through the saturation curve, so @w, @a,
@e, F,, X}, and S; become the primary variables. All other thermophysical p'roperties
can be expressed as functions of the primary variables, as described in Appendix A.

Note that by substituting equations (6) and (7) into equations (1), (2), and (3) we
could obtain a set of three second-order differential equations for three unknowns: F,
X, and T in single-phase regions, and F,, X/, and S; in two-phase regions. While this
set of equations may seem simpler than a set of six first-order equations, for numerical

integration purposes it is preferable to treat first-order equations.

The uniform initial conditions are given by Q,=Q, =@, =0, F,= R, X=X,

and S, = S5, for all r. The boundary conditions as r — 0 are no mass flow (C}w: 0,
é,,zO) and constant heat flow (Cz= Qeo/Qﬂ'EéeO, where ), is the heat source
strength per unit length). The boundary conditions as r — oo are unchanged from the

initial values: F, = R, X;'= X, and §;, = S,

Following O’Sullivan [3] we introduce a similarity variable n="r /V¢ and rewrite

the governing equations as



_’7?2(1]:[”'" .+ d(?;;" =0 form=w,a | - (8)

M. 4l | o)
2 dp dn

éf" = |- K, X,mnidi- } + |- K, Xg’"nid%— ~Dypym dj’g’" for m =w ,a (10)

Q= ¥ hrQ kil (11)

where liquid and gas phase mobilities have been defined as K; = kk, p;/p; and
K, = kk,;p, /p, . Together the initial and boundary conditions become boundary con- |
ditions given by
éw——_o éazo @‘e#‘égo ~asn—0 . ) (12)
P=R X=X, S,=35, as 7 — oo. | | (13)

Further simplification is achieved by substituting 2 =In7, and replacing F; with P, +F,

1 dM, L, dQ,
ST + e7? I =0 form=uw,a (14) .
dM, .. dQ,
e = o)
~ " dP, (P, dx,”
Qn =- (Kl X"+ K, X)) =~ - KK X"—— - D, p, —— form=w,a (16)
dz. dz dz
~ -m mr- yvm dF, ‘ mys mdPC m aX;"
Q, = - _g (h"K X" + K, X, )—d—:— + WK X, —— + h D,, p, —9—
_nif. - (17)
The boundary conditions become
Qw:’O Qa“—'“o Qe=Qeo as 7 — -0 ) (18)



3. Solution of Equations

Equations (14-17) represent a set of six coupled ﬁrst-orcier ordinary differential
equations (ODE’s). Solution of the system is straightforward in principle, by numerically
integrating from z =-oc0c to z =00, but in practice two complications arise that require
special numerical techniques. One difficulty is posed by the “mixed” boundary condi-
tions, equations (18) and (19), which specify flux terms éw, C}a, and @e at z=-00,
while the thermodynamic functions F,, X, and S; satisfy boundary conditions at
z=-+00. Thus no complete set of starting values is available for integration, and an
iterative approach known as the shooting method [6] must be used (see below). Further
difficulties arise from the non-linear dependence of the coeflicients in equations (14-17)
upon the thermodynamic parameters, especially in connection with multiphase flow

effects (relative permeability, etc.) and phase change behavior.

Wg have achieved a computational sélution for a simplified version of the problem
stated by equations (14-17). The ‘main simplification made is omission of the air com-
ponent, which reduces the dimensionality of the problem from six coupled ODE’s to a
more easily tractable set of four ODE’s. A [urther simplification is the restriction of
admissible relative permeability functions to a mathematically well-behaved class of
smooth funptions. It is recognized that at the potential repository horizon at the Yucca
Mountain site, significant flow effects will arise both from the presence of air [2| and
from the extremely non-linear relative permeability relationships characteristic of a
fractured-porous medium [7]. Our main objective in the present work has been to
develop an accumte'an‘d computationally efficient implementation of the similarity so.lu-
tion technique under “mixed’” boundary conditions, and to establish some reference cases
for the behavior of strongly heat-driven flow systems with phase change. Work is under-
way to achieve a more realistic and detailed implementation of the specific conditions

encountered at Yucca Mountain.
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Shooting Method

The first step of the shooting method [6] is to choose trial values for the unspecified
variables at the lower limit of integration z; =-0co0. From the general description of the
thermohydrologic behavior of the system given in Section 1, we know that at z;, =-o0
(long times; close to the heat source) gas-phase conditions prevail, so thev unspecified
variables are P, and T, which can be defined to be the components of a vec_gor V. The
trial values at zL are denoted F, and T, or collectively V, .. The numérical integration
is then carried out from z;, =-00 to zy=00. We use a fourth-order Runge-Kutta
scheme, but other numerical integration algorithms could be used. The value of V at
the upper limit of integration z; is denoted Vi ; it can be viewed as a function of V.
When air is not .included in the analysis, liquid-phase conditions prevail at zy =00 (ini-
tial ﬁime; far from the heat source) so the primary variables are F, and T, and V; has
components P; and Ty . Boundary conditions are specified at z; for each component of
V, so \.ave can define a discrepancy vector F, as the difference between Vi and the
specified boundary conditions at z;. The goal is to find an improved value of V

denoted V', that reduces the absolute value of F below an acceptable limit. We accom-

plish this via Newton-Raphsor; i\ter:—iﬁioﬁn;-tha-t is, we solve the following equation for v,
R(VL'_VL ) = -F ’ (20)
where R is the Jacobian matrix, with components R;; (¢,7 =1,2) given by

r. — 9 (21)

The components of the matrix R are obtained by numerical differentiation. This
requires two additional numerical integrations each using a modified value for one com-
ponent of V , denoted V;;+6V,;. The partial derivatives of equation (21) are then

approximated by

IF, Fi(Vi, - - Vi 46V oo )= Fo(Viy, - Vi, o)

o~

~ . (22)

)




-11-

In general, because the equations are non-linear, a numerical integration initialized with
V" will not yield a zero value for F, so the procedure must be repeated. Iteration con-
tinues until | F; | <v| Vy |, and | Vi *=-Vi | <v| Vi; | for i=1,2, where ~
represents the desired accuracy for V; and V.

In a numerical procedure, using truly infinite integration limits is impossible;
infinity must be approximated by suitably large finite values. (As will be seen later, due
to the nature of the present problem the solution is insensitive to the values of the

integration limits if they are beyond a certain range.)

To use the shooting method, we need to express the governing equations in terms of
derivatives of the p.rimary variables with respect to the similarity variable. This is done
through use of the c'ha.in rule fox; partial derivatives. Recall that different sets of primary
variables are applicable for single- and two-phase conditions.

When air is not included in the analysis only the m =w terms of equations (14-17)
are needed, since X* and (50 are equal to zero for all 2. In the .following, the super-
script w is omitted when no ambiguity results.

ODE’s for Single-phase Region;

The distinction between P, and P is not meaningful when only one phase exists, so
7 ! g y p
the pressure is referred to simply as P in single-phase regions, and the chain rule takes

the form

d _dP 9 _ dT 8

= = 23
dz dz 9P * dz OT (23)
and equations (14-17) become
¢ ' Y-y
1| OM, 4P IM, dT 0, dQ,

- —_ —_ - =0 24
2| "oP = T ar 4|t : (24)
1 (oM, 4p M, 4T . 4G,

- = -* =20 25
5| 9P 4= T or &= | T & ' (25)




Qv =-Kj e (26)
~ dP dT ' '
Q=-hKig o | | (27)

The subscript j is g for the gas phase and ! for the liquid phase, labeled zones 1 and 4,
respectively, in Figure 1. Capillary pressure P, is constant in single-phase regions, so

dP, /dz=0. The accumulation terms simplify to

M, = ¢p; | | | (28)
M, = (1-¢)p, ¢, T+ ¢p; u;j. (29)
We would like to reax;range equations (24-27) to isolate the z-derivative terms on the

left-hand-side. Equation (26) can be trivially solved for dF/dz, which can then be substi-

tuted into (27) to yield an expression for dT/dz. Equations (24) and (25) can be easily

solved for déw /dz and dé, /dz, respectively, in terms of dP/dz and dT/dz. Altogether

we obtain the following set of equations to integrate for zones 1 and 4

dP Qu

= - 30
dz K; - ( . )
~¢ i
d_{‘ —_ Q J Qw (31)
Pt K
e
dQ, 22 (OM, oM,
Q _ ¢ dP + 2 d_T (32)
dz 2 P d: oT d:
dQ, ¢ (M, 4p . M, 4T (33)
dz 2 | 9P dz AT dz | .
ODE'’s for Two-phase Regions
For two-phase regions the chain rule takes the form
4 _ 45 9 a5, 9 (34)

Uz dz 9P, d: @
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and equations (14-17) become

1(8M, dF,  OM, dS, L, 40,
_1 =0 35
2|3 & @S, & | ¢ i (35)
( ~
1 (M, dP,  aM, dS, L, 40,
_1 : —0 36
2| 2B d- T35, 4 | ° & (36)
G, — i[85 ) sk 4, ok 145 (37)
Q== 3P, P 1Td: | 1S, | dz
~ oF, dT | dF, OF, |dS,
— - K |1 h, K ) acLE : 38

Here we have neglected vapor pressure lowering effects, so that in equation (38) there is
no T/3S, term, and the dT/9F, term is replaced by dT/dF;. This reflects the simple
dependence of temperature on pressure through the saturation curve. Note from equa-
tions (4) and (5) that the accumulation terms M, and M, contain terms p;, p,, u, u,,
and ¢ that depend on pressure both explicitly, and implicitly through temperature, since
I= Z;aL(Pg )

As in the single-phase region, we would like to rearrange (35-38) to explicitly obtain

dF, /dz and dS;/dz from equations (37) and (38), so that the remaining unknowns

d(:)'w /dz and d(}; /dz can be found by simple substitution into (35) and (36). To accom-
plish this it is necessary to divide by K, which is proportional to the liquid relative per-
meability, k,. By definition, k; >0 when §; >S5, , where S, is the residual liquid
saturation. In-the present work, to avoid the complications arising from K;= 0 for
S5, <S5, , we only consider cases where S, = 0, so k,; >0 throughout the two-phase zone,
and there is never a problem dividing by K;. A two-phase region with a mobile liquid
phase is shown as zone 3 in Figure 1. In future work we plan to address the situation
where S, >0 and a two-phase zone with an immobile liquid phase develops (zone 2 in

Figure 1).
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With the condition K; >0, equations (37) and (38) can be solved for dF, /dz and

dS, /dz. Equations (35) and (36) can be solved for dQ, /dz and 0, /dz , respectively,
" in terms of dP, /dz and dS; /dz. Altogether we obtain the following set of equations to

integrate for zone 3

d(fg — _ Qe - h'l Qw 7 (39)
z
(hg —h[ )I(y + IC—(E-
5 1k (1028 Yok, |- 6, 1ai [1025 Y on, &, 10 9T
———— — — 'C—
ng Qe { a[)g g Qw (A a])g g fryg dPg (10
¢z h,-h K, + dT K oF 0
g a5,

dQ, _ e? [ oM, dF, N oM, dS, (41)
dz 2 BPg dz aSg dz
dQ, _ e? [ OM, dF, N oM, dS, - (42)
dz 2 oF, dz 0S5, dz

Transitions Between Zones

In order to make the transition in primary variables required at phase changes, at
each step in the numerical integration the current phase conditions are checked. For the
gas-phase (zone 1), as equations (30-33) are being integrated, the temperature 7' is com-
pared to the saturation temperature for the pressure, T, (P). If T > T, +¢, where
e~107%, the gas-phase/two-phase transition has not been reached yet. The integration
step 1s accepted, and the integration proceeds, still in zone 1. If T < T, ~¢, the integra-
tion has gone beyond the phase change point. The step is then rejected and attempted
again using a smaller step size. If T,,~e<<T < T, +¢, the phase change point has been
reached, and the transition to two-phase conditions (zone 3) is made, with gas-phase
saturation S, replacing T as the primary variable, and equations (39-42) replacing (30-

33) in the integration. At the zone 1/zone 3 transition, S, is initialized as 1-S; min
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where S,mi“ is the minimum liquid saturation for which liquid relative permeability

k, >e. The value of S;™" depends on the form of the relative permeability function.

At each step in zone 3, as equations (39-42) are being integrated, T is set to
T.(F,) and S, is compared to zero. If S, >¢, the two-phase/liquid transition has not
been reached yet; the step is accepted, and the integration proceeds, still in zone 3. If .
S, <-¢, the phase change point has been passed. The step is then rejected and repeated
using a smaller steio size. If <5, <e, the phase change point has been reached, and
the transition to zone 4 is made, with T becoming the primary variable, and equations
(30-33) replacing (39-42) in the integration.

The parameter ¢ is chosen to be very small compared to the numbers it is added to
or multiplied by, but large enough to be treated accurately by a finite-precision com-
puter. We take e=10"", where n is half the'number of significant figures the computer
uses to express real numbers. The present wo;'k was done on a Cray X-MP at the
National Magnetic Fusion Energy Computer Center, Lawrence Livermore National
Laboratory, which expresses real numbers with approximately 16 signiﬁc:m.b figures, so
e=107%,

Step-size Control

At each step in the numerical integration, the results are compared with results
obtained by splitting the step into two half-steps. If the results agree within a specified
criterion, the step is accepted and step size is increased for the next step; if they do not,

the step is rejected and repeated using a smaller step size.
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4. Computational Procedure

As an example of the application of the similarity solution, we consider a heat
source of strength @,,=—200 W/m emplaced in a porous medium with material properties
and characteristic curves given in Table 1, with initial conditions [3=0.1013 MPa and
To=26°C. For the most part the properties and functions described in Table 1 are
rep.resentative of a laboratory sand pack used to study steady-state heat-pipe behavior
[8). The intrinsic permeability & has been decreased by a factor of 10, and the rock
compressibility 3, =(1/¢)0¢/3P increased by a factor of 10 to create a more computa-
tionally efficient example. Neither change is necessary for the method to work in gen-

eral; the effects of the changes are described later in this section.

The first step when applying the similarity solution is to choose z; and zy, the
limits of integration, and Frial values for T and P at z; , which are denoted T (z; )=1T1
and P(zy )=PF,. Some clues are provided by examining the much simpler problem of a
heat source emplaced in a medium in which all heat transfer is conductive. For constant
thermal conductivity x, and heat capacity C, this problem has an analytical solution

given in terms of the exponential integral [14]

Q -C,n*
Q. = 5 2exp| 2 (13
Qe oo1 -C, 7’ Q -C.n*
T =T, —e) . |dn = T, - ——EI| ———|. '
0¥ 27k, {ne\(p 4K, " 0 47K, E 4K, (44)

[ligure 2 shows the temperature and heat-flow profiles for thermal properties correspond-
ing to liquid water (k, =1.13 W/m°C, C, =2.9 MJ/m®° C) and water vapor (x, =0.582
W/m°C, C,=1.3 MJ/m®°C) saturating a medium with thermal properties given in
Table 1. Appropriate limits of integration for this problem would be z; <-11 and
zy >-5, beyond the region of changing heat low. Anticipating variations in fluid flow
as well as heat low, we arbitrarily extend the limits in both direction to obtain z;, =-15

and zy =-3 as tentative limits for the similarity-solution integration. For a vanishingly
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short heat pipe, that is, a direct transition from gas to liquid phase, T; would fall
between the T (z;) values for the liquid and gaé curves shown in Figure 2, 252° C and
468° C. Thus, we take T; =(252+468)/2=360°C as an initial guess for the. tempera-
ture boundary condition. If the heat-pipe region turns out to be substantial, this value
of T; will be too high. The conduction solution does not provide any information on

pressure so we take F;, =FR=0.1013 MPa.

The numerical integration from z; =-15 to 2y =-3 results in T, =45.6" C and
P, =0.0509 MPa (Table 2). For this “first shot”, Ty; and F are not very close to Tj or
R, which is not surprising in view of the simplistic initial guesses used. The Newton-
Raphson iteration requires that the integration be repeated twice for each shot, using a
modified value of F,, PL +6F, , in one case, and a modified value of T, T} +67T, , in the
other. The values chosen for 6F, and 67; must be small enough to yield an accurate
approximation for the partial derivatives given in equation (22), but large compared to
the errors gex;erated in the numerical integration. By comparing P;-R and Ty -T, for
the three integrations, improved values of F;, and T, are obtained for the second shot.
After three shots the solution converges, as shown in Table 2. Figure 3 shows the tem-
perature and pressure profiles for each shot. (In all figures, pressure shown in the two-

phase region is F, .) Each integration takes about 420 steps; the whole procedure uses 20

seconds of CPU time on a Cray X-MP computer.

Sometimes an initial guess may be too poor to allow the numerical integration to be
completed. For example, if T} is too small, temperatures drop below 0° C and the equa-
tions of state for liquid water and vapor are not applicable. Without values of T, and
F,;, the Newton-Raphson iteration cannot be done. Other times the integration can be
completed, but the T, and F, values are so far from T; and R that the Newton-
Raphson iteration diverges. In practice, the usual procedure is to perform a numerical
intégration with an initial guess for T, and F,, plot the resulting T and P profiles, and

choose improved values of T; and P, based on general features of the profiles. After
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one or two repetitions of this procedure, the profiles should be close enough to the true

solution to allow efficient use of Newton-Raphson iteration.

Figure 4a shows the pressure, temperature, and saturation profiles for the con-
verged solution, while the solid lines in Figure 4b show the liquid, gas, water (liquid plus
gas), and heat flow-rate profiles. The lower limit of integration, z; , is beyond the region
where fluid or heat flow vary, but at zy =-3, @, is still changing, so the integration
should be continued. Both T and P are nearly constant around z =-3, so extending
the integration will not require additional Newton-Raphson iterations. The dashed line
shows @, &, , and @, values obtained by continuing the integration from z;, =-3 to
zy =-1.4. This part of tﬁe integration requires 6780 steps, significantly more than the
420 required to integrate between z; =-15 and zy =-3. The form of équations (32) and
(33) dictates that as z increases, step size decreas.es. This decrease becomes significant

for z >-5, and overwhelming' for z >-1.

Note from the deﬁnitio.n of the similarity variable that Figure 4 represents both a
spatial distribution at a given time, with distance from the heat source increasing from
left to right, and a time sequence at a given point in space, with time increasing from
right to left. The signature of the heat pipe is the large liquid-vapor counterflow shown
in Figure 4b, with net water flow nearly zero, and the corresponding nearly isothermal
zone shown in Figure 4a. The larger temperature gradient and constant pressure within
the vapor zone (z <-11.8 ) indicate that conduction is the dominant heat-transfer
mechanism there. In the liquid 2one (z >-9.6) there are two domains.- Just beyond the
two-phase zone there is a region with a linear temperature gradient and small mass flow,
indicating a conductive regime. Beyond the leading edge of the heat flow front ( z =-7),
there is a liquid flow away from the heat source, with attendant smﬁll sensible heat tran-
sport, that arises because the water vapor forming at the heat pipe is much less dense

than the liquid water it replaces.
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5. Comparison with Numerical Simulations

The numerical model TOUGH [15] has been used to verify the similarity solution.
TOUGH (Transpo‘rt Of Unsaturated Groundwater and Heat) calculates the two-phase
flow of air and water in gaseous and liquid phases together with heat flow using the
‘governing equations shown in Section 2. Material properties vary with pressure,‘tem-
perature, and saturation as described in Appendix A. TOUGH uses an integral finite
difference method that is applicable for one-, two-, or three-dimensional flow problems in
porous or fractured porous media. Thg governing mass- and energy-balance equations

are strongly nonlinear and are solved simultaneously, uéing Newton-Raphson iteration.

A one-dimensional radial calculational mesh with 90 elements is used to calculate
pressure, temperature, and saturation in a porous medium surrounding a heat source of
strength Q,,=200 W/m. Material properties and mesh dimensions are given in Table
3. ‘Initial conditions everywhere are P=0.1013 MPa, T=26°C, and S, = 1. The
innermost element of the mesh includes the heat source; at the outermost element P
and T are held constant. This approximate implementation of the similarity-solution
boundary conditions for z=-00 and z=00 is unavoidable with a numerical model,

which is necessarily of finite extent.

A simulation for 10,000 years takes 475 time steps and requires 8.6 minutes of CPU
time on a Cray X-MP. Figure 5, which shows temperature, pressure, and saturation (5a)
and heat, mass, liquid, and gas flows (5b) versus radial distance for -a series of times,
llustrates the development of the heat pipe and its migration away from the heat
with

¥

source. Figure 6 shows the same variables plotted as a function of z =In(r /Vt )
profiles for 21 different times displayed. The clo.se agreement between the profiles for
different times verifies the use of the sirﬁilarity concept for this problem. The small
spread between the profiles can be understood from the observation by Schroeder et al.
{16], that for a numerical solution calculated on a finite-difference grid, there is only an

approximate invariance with respect to the similarity variable, due to the finite grid



-920-

spacing. Data from the innermost and outermost mesh elements are not included in Fig-
ure 6 because grid effects are most pronounced where boundary conditions are imple-
mented. The greater spread between the profiles at the inner limit of the heat pipe
results from early-time profiles, when the heat source is close to the heat pipe. Later-
time profiles, when the heat pipe has moved further from the heat source, are more accu-
rate. At still later times, the liquid flow away from the heat source reaches the
constant-pressure boundary at the outer limit of the mesh, so the mesh no longer
represents an infinite medium properly, causing the liquid flow profiles to diverge. Fig-
ure 7 compares an intermediate-time profile, for which mesh effects are minimal, and the

similarity solution. The match is excellent.
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6. Illustrative Examples

In this section we examine significant features of the response of a porous medium
to emplacement of a strong heat source in one-dimensional radial geometry. In particu-
lar, the dependence of system behavior upon major thermal and hydrologic parameters is

illustrated by way of calculated examples.
Relative Permeability Functions

Five different relative permeability functions are described in Table 4, and plotted
in Figure 8a as a function of liquid saturation S;. The linear, cubic [11, 12], and Corey
(17] functions are commonly encountered in the petroleum literature, the Verma et al.
(18] function was developed from laboratory experiments on liquid-vapor water flow, and
the van Genuchten {19] liquid relative permeability function comes from the soil sciences.
As Is traditional in the soil-science approach to fluid flow, no gas-phase relativ‘e permea-
bility function is presentea in the van Genuchten work [19], so we take kyy, =1-k,. For
the parameter A we use 0.45 [20]. Figure 8b shows the temperature, pressure, and
saturation profiles calculated with the different relative permeability functions, using the
other values from Table 1. A large variation in heat-pipe length is seen. The cubic and
Corey curves (Figure 8a) are quite similar, and yield similar profiles (Figure 8b), with
relatively short heat pipes. The linear and Verma curves (Figure 8a) are similar for £, ,
but quite different for k,;. The corresponding saturation profiles (Figure 8b) are similar
for large values of S;, but very different for 5; <0.25, resulting in very different length
heat pipes. The van Genuchten k,, curve is quite different from all the others, and the
resulting saturation profile is also distinct, but the heat-pipe length is similar to that for
the linear curves. Note that the linear and van Genuchten curves share the property

that k, +k,,==1 (for the other cases k,+k, <1) and that the heat-pipe length is

significantly greater for these cases.

The effect of the relative permeability function can be predicted qualitatively by

examining equation (40) for dS, /dz. To facilitate comparison with the figures, which
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show S; rather than S, we replace dS; /dz with -dS; /dz

5 1k (1225 Yok 1260 |n i [1025 ) on & +0dT
R G Rl il i AT R (49
dz T 1. P
h, -h) K — 1K
[(g I) y+'€df; '650

When heat-pipe effects are significant, as in the examples shown in Figures 4a, 4b, and
8b, equation (45) can be simplified. Figure 4b shows that in the two-phase region net
water flow @, is zero and heat flow @, is constant. Furthermore, 9F, /0F, is generally
small, and kdT/dF, is small compared to (h, -h; )K, if conduction is small compared to
convection, that is, if the heat-pipe region is nearly isothermal. Thus an approximate

version of equation (45) may be written

P
<

OP,

[

ds, Q. K +K, | Q.
OP, o
( as,

h o) K, K,
g

1 1 ‘
1 - (46
K, +K, } (46)

as, hy =hi)

where K, =kk,, p,/pn, and K,=kk,p,/p,. Under the nearly constant'-temperature
cons-t;ant-preséure conditions of the heat-pipe region, p,, p;, p,, and p; are approxi-
mately constant, and can be combined into a parameter 3, defined as the ratio of the

kinematic viscosities of the liquid and gas.

M /P . (47)
K /Py
For F, ~ 0.1 MPa and T ~100°C, 8~0.01. Equation (416) may then be written
1S o) . |
PO < LB | (48)
dz (h, —h )BPC kp, | ky Ky
~hy
g 95, ny

Thus dS; /dz is controlled by the smaller of k,, and k, /8. For large values of S;, k,, is
the controlling factor. Figure 8a shows that the value of k,, for the van Genuchten

function is far larger than the rest, while the cubic and Corey lunctions are similar and



very small, and the linear and Verma functions are similar and of intermediate magni-
tude. This variation is reflected in the upper portion of the saturation profiles in Figure
8b, where the van Genuchten S; profile has the smallest slope, the cubic and Corey
profiles are steepest, and the linear and Verma profiles are in between. For small values
of 5;, k,; is the controlling factor. Figure 8a shows that the values of &, for the linear
and Verma functions are very different, leading to the diverging saturation profiles seen
in Figure 8b. The &, curves for the cubic and Corey functions are similar, so the
saturation profiles remain close together. The Verma and cubic functions use the same
k,; curve, as evidenced by the parallel saturation profiles for small values of S;. All the
k,; curves except the linear one become vanishingly small as S,v approaches zero, leading
to the sharp downturn in saturation profile characteristic of all cases except the linear

one.
Intrinsic Permeability

Figure 9 shows the temperature, pressure, and saturation (Figure 9a), and the
liquid, gas, water, and heat flow (Figure 9b) profiles calculated for three rather large
values of intrinsic permeability, £ =102 107'3, and 107" m®, using the Verma et al. (18]
relative permeability functions (Table 4), and the other values from Table 1. The most
striking feature of Figure 9a is the large decrease in heat-pipe length with decreasing
permeability. Additionally, both heat-pipe temperature and temperature gradient
increase with decreasing permeability, because a larger pressure gradient is needed to
drive fluid flow, and temperature depends on pressure through T, (F,). Conduction
increases in the heat-pipe region as it becomes less isothermal. Figure 10 shows the same
profiles for lower values of intrinsic permeability, £ =107!> and 10" m? again using the
Verma relative permeability functions and the other values from Table 1. In the heat-
pipe region, conduction becomes increasingly important relative to convection as permea-
bility decreases, until for £ =10""7m? there is virtually no heat-pipe effect seen in Figure

10a. Because the saturation profile is quite sharp, the temperature profile for this case is
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very similar to the conduction-only profiles shown in Figure 2; fhe liquid T profile is fol-
lowed while S; >0, and a transition is made to the gas T profile at 5;=0. In Figﬁrés 9b
and 10b, the Qg and @, profiles illustrate the decrease in heat-pipe counterflow for
decreasing permeability. When permeability is large (Figure 9b, £ =107'? and 1071® m?),
the counterflow is large enough to transfer all heat convectively and an extended region
of constant @, and @, develops, corresponding to the isothermal zone seen in Figure 9a.
For k =10"'* m?, this region disappears. For smaller values of permeability (Figure 10b),
there is no region of constant @, and @, and the peak flow decreases in magnitude and
shifts to more negative values of z. Despite the very different fluid flow patterns seen in

Figurés 9b and 10b, the heat flow profile remains unchanged.

Heat Source Strength

Figure 11 shoWs temperature and pressure (Figure 11a), liquid, gas, and water flow
(Figure 11b), and heat flow (Figure 1lc) profiles calculated for heat source strength
values of @, =100, 200, 500, and 1000 W/m using the Verma relative permeability
functions and the other values from Table 1. Figure 11a shows that larger values of @,
yield a shorter heat pipe, and steeper conduction gradients, which shift the heat pipe to
larger values of z. The overall pressure increase does not change very much with varia-

tions in Q,,, so the heat-pipe temperature remains nearly constant.

Figures 11b and 11c show that the magnitude of the liquid-vapor counterflow is
directly proportional to @, , demonstrating that heat transfer is convection-dominated.
In the liquid region beyond the heat pipe, liquid flow away from the heat source
increases in magnitude with increasing @Q,,. Recall from the definition of z that a shift
in heat-pipe location to larger values of z represents a heat pipe moving away from the
heat source more rapidly, indicating more vapor formation, thus requiring larger flow of

liquid away from the heat source.
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For low values of @,, (100 and 200 W/m) the heat-pipe region (with liquid flow
toward the heat source) and outer liquid-flow region (with liquid flow away from the
héat source) are well separated, but as @, increases and the conduction gradients
become steeper, these two zones begin to overlap, resulting in a net decrease in the mag-
nitude of liquid flow. Since vapor flow does not similarly decrease, there results a non-

zero water (liquid plus vapor) flow in the heat-pipe region, and a corresponding increase

in heat flow, as shown in Figure 11c. Further, for higher values of @,,, the heat pipe

€0
occurs at such large values of z, that the @, profile has already begun to decrease when

the heat pipe begins, leading to an oscillation in @, .
Capillary Pressure Function

As is the case with relative permeability functions, a variety of capillary pressure
functions have been used to describe fluid flow through porous media. Unlike relative
permeabilities, which always vary between zero and one, the magnitude of the capillary
pressure depends on other physical properties of the system, making it difficult to isolate
the influence of capillary pressure function. Equation (48) shows that saturation-profile
slope is inversely proportional to J0F, /3S,. However, we have seen that >this slope is
controlled by the liquid relative permeability function when S; is small. Hence capillary
pressure functions that vary over the entire range of S;, rather than primarily near S, ,
tend to produce longer heat pipes.

Rock Compressibility.

The value of rock compressibility, 8, =107 Pa™!, used in the above examples is an
order of magnitude greater than typical values found in nature. A calculation for the
problem described in Table 1, using a more realistic value of 3, =107® Pa! yields identi-
cal results to those shown in Figure 4, except that the outer liquid flow extends to larger
values of z. As noted previously, small integration steps are'necessa.ry for large values
of z, so extending the limits of integration to large z requires increased computational

effort. As long as the rock compressibility used is small relative to gas-phase and two-
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phase water compressibilities it will only affect the solution in the liquid zone.
Initial Conditions

Initial temperatufe, Ty, and pressure, R, greatly influence the fluid and heat flows
that occur in response to a heat source. For a heat pipe to develop the fluid must be
volatile, that is, near its saturation temperature, which is determined by F. For par-
tially saturated media, 7T increases with depth while R and therefore saturation tem-
perature remain essentially constant. Thus the transition from zone 4 to zo;le 3 (see Fig-
ure 1), which happens when T =T, occurs at larger values of n (earlier times) for
deeper heat sources. For'fully saturated media, both T, and F, increase as depth
increases, with T,,(R) growing faster than Tj. Thus the zone 4/zone 3 transition occurs
at smaller values of n (later times) for deeper heat sources. Equation (44) for the
condﬁction-only temperature distribution may be used to determine 7g,, the largest
value of n for which T =T,,,. For a given radial distance, %, determines the earliest
time after waste emplacement when saturation temperature is reached, denoted ¢g,,.
Table 5 shows ¢, for various heat-source depths, calculated using equation (44), and a
value of r =0.25 m. It is apparent that R plays the dominant role in controlling ¢,,.
Allowing for the heat-source strength decline with time characteristic of nuclear waste
repositories, it is unlikely that saturation temperature will ever be reached for the fully

saturated cases in Table 5.

Table 6 shows ¢, for some proposed reposi‘tory conditions. As expected, ¢, is
smallest for the partially saturated Yucca Mountain site. The value of ¢, is also quite -
small for the Stripa site, despite the large value of R, due to the high heat flow rate,
Q,.,=1385 W/m. Similarly, the large value of ¢, for the Mol-Dessel site is largely due

to the low heat flow rate Q,, =300 W/m.

The Ry values in Table 6 assume that the initial repository pressure is equal to the

ambient pressure. For repositories in fully saturated media, this Is not a good
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assumption if the repository is ventilated with atmospheric air, or if backfill pressuré is
less than ambient pressure. In this case, non-uniform initial conditions preclude use of
the similarity transformation and the results presented in this paper are not applicable.
Although two-phase conditions may.evolve, heat-pipe development is not expected under
these circumstances, because a heat pipe requires a driving force for gas-phase flow away
from the heat source, which is absent if the pressure at the heat source is less than the

ambient pressure.
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7. -Summary and Conclusions

The mass and energy transport equations for one-dimensional radial flow in a
homogeneous porous medium depend on time ¢ and distance r only through the similar-
ity variable n=r /\/t— If initial and boundary conditions can be written as functions of
n, then the entire flow problem admits a solution in terms of the similarity variable. A

practically important case where this is possible is for a constant-rate line source at

r =0, and uniform initial conditions.

We have applied the similarity variable concept to solve an idealized version of the
problem of fluid and heat flow near high-level nuclear waste packages emplaced in geolo-
gic media. The cylindrical waste package is approximated by a linear heat source at
r=0. By means of the similarity transformation, the partial differential equations for
fluid and heat flow are converted to a set of ordinary differential equations in 5. These
can be efficiently solved with the iterative ‘“shooting method”. The accuracy and
efficiency of the similarity solution abproach has been demonstrated by comparison \;vith
numerical finite-difference simulationé. Illustrative examples have been presented to
show the dependence of fluid and heat flow patterns and heat pipe conditions on relative

and absolute permeability, and other parameters of interest.

The most important application of the approach developed in this paper is for the
evaluation of thermohydrologic conditions that will develop near high-level nuclear waste
packages emplaced in the partially saturated fractured tuffs at Yucca Mountain. A real
istic appraisal will require solving the full equation system, including air, and making
provisions for dealing with the extremely noan-linear relative permeability relationships
characteristic of a fractured-porous medium ([7]. This appears quite feasible and is
currently under development. A peculiar issue in nuclear waste disposal arises from the
decline of heat output with time. However, the constant-rate solution obtainable from
the similarity méthod will give an acceptable approximation for the early-time- period

(tens of years) when thermal effects in the host rock are strongest. Long-time



predictions from a constant-rate heat source are also useful because they provide conser-
vative limits for thermohydrologic effects. The similarity solution can also serve as a
benchmark for testing the accuracy of complex numerical simulators for multiphase fluid

and heat flow.
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Appendix A: Thermophysical Properties

The constitutive relationships used to define the thermodynamic parameters in
terms of the primary variables are taken from the numerical model TOUGH [15],

described in Section 5.

Steam tables, given by the International Formulation Committee [25], provide

closed-form expressions for p, u , h, p, and o (used in P, ) as functions of P and T.

Relative permeabilities k,; and k,, and capillary pressure P, are functions of liquid
and gas saturation 5, and S,; examples are shown in Table 1 and Table 4. Thermal

conductivity & also varies with liquid saturation, as given by [9, 10]
k=K, +/S(K-x,) (A1)

where k, and «; are the values of thermal conductivity for dry and liquid-saturated

rock, respectively.

Porosity depends on pressure and temperature
6 = boexp [, (P-R) + o, (T-T,) | Y
where 3, and a, are constant rock compressibility and rock expansivity, respectively,
and ¢ is the value of porosity for F, =R and T =T,

Intrinsic permeability &, rock density p,, and rock specific heat ¢, are assumed to
be constants. The relationships needed for two-component systems including air are not

included here, but may be found in the description of TOUGH [15].
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Table 1. Material properties, characteristic curves, and boundary conditions used for the
similarity-solution results shown in Figures 3 and 4.

Material Properties

intrinsic permeability & 1.X107 83 m?
initial porosity ¢ 0.40
rock compressibility £, 1.X107 Pa?
rock expansivity «a, 0K!
rock density  p, 2580 kg/m?
rock specific heat ¢, 840 J/kg K
thermal conductivity {9, 10

liquid-saturated rock  « 1.13 W/m K

gas-saturated rock  «, 0.582 W/m K

Characteristic Curves

relative permeability {11, 12]
liquid k&, 5,3

vapor  k,, S, 3

capillary pressure [13] P, . ~0(T)ﬂf

J =1.4175, - 2.125, + 1.2635,°
" Boundary Conditions

2 —-00 QwO 0
| Q,, 200 W/m
_z=—o0 R 101325 Pa
T, 26°C
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Table 2. Details of the shooting'method for the results shown in Figure 3.

|Shot  Increment P, (MPa) T, (°C) P, (MPa) Ty (°C)
1 - 0.10133 360.00 0.05088 45.62
6R, 0.10033 360.00 0.04982 45.23
6T, 0.10133 354.00 0.05090 42.76
2 - 0.14864 279.86 0.10064 22.11
6F, 0.14764 279.86 0.09960 21.82
6T, 0.14864 273.86 0.10065 19.07
3 - 0.14929 287.19 0.10133 25.99
Converged

Increments: §F, =-0.001 MPa, §7; =-6.0° C (Comparable results are obtained for incre-
ment values in the range 10°< | 6F, | <0.02 and 0.006< | 6T, | <24.)

Accuracy: v==0.01
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Table 3. Material properties, characteristic curves, and mesh spacing used for the
TOUGH simulation. ’

Material Properties

intrinsic permeability & 1.X1071 m?
initial porosity g 0.40
rock compressibility £, 1.x10° Pal
rock expansivity a, 0K! .
rock density  p, 2600 kg/m?®
rock specific heat ¢, , 700 J/kg K
thermal conductivity {9, 10] ‘
liquid-saturated rock Ky 1.13 W/m K
gas-saturated rock &, ~0.582 W/m K

Characteristic Curves

relative permeability

liquid &, | S
vapor k., ' S,

capillary pressure [13] F, -o(T )\/Zl;._f

2 3
J =14175, - 2.125,° + 1.2635,
Mesh Spacing

Element Size Comments

1 Ar,;=0.016 m Contains 200 W/m heat source
2 : Ar,=0.010 m

t, 1 =390 Ar;=a Ar;_, a=1.138

Center of element 90 is 6755 m,
F, and T are held fixed there.
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Table 4. Relative permeability functions shown in Figure 8a.

Function k. kg

Linear s’ 1-S,"

Verma et al. [18] 5 1.259-1.7615S,"+0.5089.5,"
Cubic [11, 12] 5 (1-5,")®

Corey [17] 5" \ (1-8,)%(1-8,"%

van Genuchten [19] \/5’{1-(1—5,”/‘)*] , Ax=0.45 1-k,

Note: S, is reduced liquid saturation, defined in terms of irreducible liquid and gas
saturations in various ways for the different relative permeability functions. For the
present work, we assume all irreducible saturations to be zero, that is, neither liquid nor
gas phase is ever immobile under two-phase conditions, so S,"=5,.
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Table 5. Values of t,,, the earliest time at which T =1T,,, for various initial conditions,
calculated from equation (44). (Q,,=500 W/m, k, =2.2 W/m°C, C, =2.4 MJ/m*®° C,
r =0.25 m)

D'epth R)T 1;)1 . I;at,(f())) tsa.t,
(m) (MPa) (°C) (°C) (years)

Partially 100 0.1013 13 100 0.117
Saturated 300 0.1013 19 100 0.084
600 0.1013 28 100 0.051
Fully 300 3 19 234 137
Saturated 600 6 28 276 846
900 9 37 303 2392
1200 12 46 325 4722

tAtmospheric pressure for partially saturated cases, hydrostatic for fully saturated cases.
1Y T =30°C/km with T=10°C at zero depth.
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Table 6. Values of ¢,,, the earliest time at which T=1,,, for various proposed repository sites, calculated from equation (44) with
r=025m. '

Geologic Setting Repository B B Tu(B) X, C. Age of Q. tem
(Example Site) Depth (MPa) (°C) CC)  (W/m°C) (MJ/m*C) Waste (W/m) (years)
v (m) (years)

Partially saturated tuff {20) 348 0.1013 24 100.0 2.3 24 8 636° 0.029
(Yucca Mountain, USA)

Granite [21, 22) 340 2 10 2124 32 2.1 5 1385 0.21
(Stripa, Sweden) .

Basalt [23] 900 9 33 303.3 23 2.7 10 691 85
(Hanford, USA) _ ‘

Clay [24] ' 220 2.2 16 217.2 1.7 2.8 50 300° 2456
(Mol-Dessel, Belgium)

2 Not given in reference, estimated from information on areal loading, age of waste, and emplacement configuration.
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XBL 8611-127388

Figure 1. Schematic of the conditions achieved at some time after waste emplacement
(not to scale). Water is primarily in the liquid phase in zone 4, because T <T,,; two-
phase conditions prevail in zones 2 and 3, with T=T,,; fluid in zone 1 is in the gas
phase, with T > T,,,.
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Figure 2. Conduction-only temperature and heat-flow profiles for liquid-saturated and
gas-saturated media.
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Figure 3. Temperature and pressure profiles illustrating the shooting method.
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Figure 4. Temperature, pressure, and saturation profiles (4a) and heat, mass, liquid, and

gas flow profiles (4b) for the problem described in Table 1.
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Figure 5. TOUGH simulation for temperature, pressure, and saturation (3a) and heat,
mass, liquid, and gas flows (5b) as a function of radial distance for a series of times.
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Figure 6. TOUGH simulation for temperature, pressure, and saturation (6a) and heat,
mass, liquid, and gas flows (6b) as a function of z=ln(r /Vt ), with profiles from 21
different times inciuded.
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A comparison between the 200-year TOUGH result and the similarity solution
for temperature, pressure, and saturation profiles (7a) and heat, mass, liquid, and gas
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Figure 8. Various relative permeability functions (8a) and the temperature, pressure,

and saturation profiles calculated using them (8b). The relative permeability functions
are described in Table 4. ’
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Figure 9. Temperature, pressure, and saturation profiles (9a) and heat, mass, liquid, and
gas flow profiles (9b) for several intrinsic permeability values.
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Figure 10. Temperature, pressure, and saturation profiles (10a) and heat, mass, liquid,
and gas flow profiles (10b) for low intrinsic permeability values.
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Figure 11. The effect of heat source strength on a) temperature and pressure profiles, b)
mass, liquid, and gas low profiles, and ¢) heat flow profile.
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