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Abstract
Laboratory-scale heater experiments are proposed to observe thermohydrologic processes in
tuffaceous rock using existing equipment and x-ray imaging techniques. The purpose of the
experiments is to gain understanding of the near-field behavior and thermodynamic environment
surrounding a heat source. As a prelude to these experiments, numerical simulations are
performed to determine design-related parameters such as optimal heating power and heating
duration. In addition, the simulations aid in identifying and understanding thermal processes and
mechanisms that may occur under a variety of experimental conditions. Results of the simulations
show that convection may play an important role in the heat transfer and thermodynamic
environment of the heater if the Rayleigh-Darcy number exceeds a critical value (=10 for the
laboratory experiments) depending on the type of backfill material within the annulus (or drift).
DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED
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Chapter

ONE
Introduction

1.1 Background
Studies of thermo-hydrologic flow processes have become increasingly important for
assessing the performance of the potential high-level nuclear waste repository at Yucca Mountain.
Emplacement of heat-generating wastes in the variably welded tuffs at Yucca Mountain may
significantly impact the hydrologic behavior surrounding the repository. Previous studies have
shown the possibility of buoyancy-driven convective cells (Tsang and Pruess, 1987), heat-pipe
formation with counter-current liquid and vapor flow (Ho and Eaton, 1994; Pruess et al., 1990;
Manteufel and Green, 1993), formation of condensation caps and refluxing (Pruess and Tsang,
1994; Buscheck and Nitao, 1993), and extended dry-out zones (Buscheck and Nitao, 1993)
following the emplacement of heat-generating wastes at Yucca Mountain. These and other
fhermohydrologic processes may act favorably or unfavorably toward the isolation of waste from
water and/or containment of radionuclides that leach from the waste packages. In addition, these
processes will impact the environment in the drifts, which in turn will influence the containment
performance of the waste packages. Studies by McNeish et al. (1995) and Gansemer and Lamont
(1995) have stated that high temperatures (> 100°C) and low relative humidities (< 70%) are
conducive to delaying the corrosion of the waste packages.

1.2 Problem Statement
Several experiments and field tests have been performed to investigate the thermohydrologic
processes discussed above. Heater tests in G-Tunnel at Ranier Mesa were performed by several
investigators including Johnstone et al. (1985) and Ramirez et al. (1990). In at least one of those
tests, thermally induced water movement was evidenced by water accumulation in the heater holes.
1-1

However, definitive processes governing the water movement were inconclusive (Ho and Eaton,
1994). Laboratory-scale heater tests have also been performed by several investigators (Chen et
al., 1995; Ho et al., 1994; Izzeldin et al., 1994; Manteufel and Green, 1993). Thermohydrologic
processes such as heat-pipe (Manteufel and Green, 1993) and convective cells (Ho and Eaton,
1994) were observed in some laboratory experiments, but only unconsolidated materials were
used. Similar experiments in tuffaceous rocks have yet to be performed. In Chen et al. (1995),
temperature and relative humidity measurements were made in the annulus surrounding a heater
element, but the measurements were made during a transient infiltration pulse through glass beads,
which is not representative of the geologic media at Yucca Mountain. Capillary forces were very
small relative to the gravity forces in that experiment as a result of the coarseness of the porous
material that was used. In general, very few of the previous experiments and field tests have
provided conclusive evidence or understanding of thermohydrologic flow processes and
mechanisms that may occur at Yucca Mountain.

1.3 Overview and Purpose of the Report
This report proposes laboratory-scale heater experiments in actual tuff to address several of
the issues described above. Proven capabilities developed in the Geohydrology Department at
Sandia National Laboratories will allow the measurement of saturations in the tuff surrounding a
heating element via x-ray imaging (Chapter 2). In addition, the temperature and relative humidity
near the heater can be measured with and without an annulus. Different backfill materials can be
used in the experiments within an annulus to determine the relative effects of convection,
conduction, and radiation in the backfill. Numerical simulations are also presented in this report to
determine important parameters relevant to the proposed experiments such as heater power, heating
duration, and cool-down duration. These simulations are also performed to aid in understanding
the thermohydrologic processes that will occur in the experiments. Chapter 3 presents the
numerical approach, including a description of the code, the model domain, and parameters used in
the simulations. Chapter 4 presents the results of the numerical simulations. Temperature and
relative humidity values are presented as a function of heating duration and permeability of the
annulus. Correlations between the Nusselt number and modified Rayleigh number are also
presented to provide a general criterion for the significance of convection in various backfill
materials.
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Chapter

Two

Laboratory Experiments

The proposed laboratory-scale experiments are based on existing experiments being
performed in the Geohydrology Department at Sandia National Laboratories. X-ray imaging
studies of liquid imbibition into slabs of tuff are currently being performed to investigate fracturematrix interactions (Glass et al., 1994; Tidwell and Glass, 1992). The proposed experiments in
this report will introduce a heater into the slab of tuff as shown in Figure 2.1. Transient
saturations in the tuff can be recorded during heating and cool-down using the existing x-ray
imaging technique and equipment. Temperatures and relative humidities can be recorded in the
annulus using thermocouples and capacitance sensors as described in Chen et al. (1995). The
annulus can be filled with different materials such as air, sand, or crushed rock, or the heater can
be bored directly into the tuff with no annulus at all. Glass or Lexan panels are placed against the
front and back of the tuff slab and secured to prevent evaporation and heat transfer across the face
of the tuff slab. Temperature sensitive liquid crystals can be applied to one of the glass or Lexan
panels to measure approximate temperatures throughout the tuff slab (Basel and Udell, 1991).
Fractures can be simulated by breaking a tuff slab and then reassembling the pieces between
the glass or Lexan plates (Figure 2.2). Thermohydrologic processes in the presence of fractures
can then be observed. However, the pre-test simulations presented in this report only consider a
homogeneous tuff slab.
Several uncertainties exist with regards to the proposed experiments. First, significant heat
loss may occur from the faces of the tuff slabs as experienced in previous non-isothermal
experiments in a two-dimensional sand-filled apparatus (Ho et al., 1994). If additional insulation
is applied to the Lexan or glass panels, they may need to be removed during the imaging of the
saturations to prevent excessive exposure times. In addition, the ends of the tuff slab will probably
be exposed to the atmosphere to prevent excessive pressure buildup. This allows vapor to escape
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Figure 2.1. Sketch of the proposed laboratory-scale heater experiments
with homogeneous tuff slab.
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Figure 2.2. Sketch of the proposed laboratory-scale heater experiments
with man-made fractures in the tuff slab.
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with no convenient way to monitor the mass of water that is lost. Preferential pathways may also
exist along the contact between the tuff slab and the panels through which vapor can escape. One
solution might be to epoxy the panels onto the tuff slabs, but that would preclude the ease and
repeatability of the experiments. The initial conditions will also be difficult to establish in the tuff
slabs. The simulations in this report assume a constant saturation of 0.7 in the tuff slabs, but
achieving a uniform saturation throughout the slabs may be difficult. Finally, the water used in the
experiments must be doped (e.g. a potassium iodide solution) for use with the x-ray imaging.
However, it is uncertain whether or not this solution will precipitate during heating. Previous
experiments were performed under isothermal conditions and precipitation was not a problem.

2-4
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THREE
Numerical Approach

3.1 Numerical Model
The numerical code TOUGH2 (Pruess, 1991; Pruess, 1987) is a multiphase, nonisothermal,
multidimensional numerical code that simulates the transport of air, water, and heat through porous
media in both the gas and aqueous phases. TOUGH2 (SNL v. 3.2) is used to perform the pre-test
simulations of the heater experiments to determine design-related parameters such as heater output
power, heating duration, and cool-down duration. The simulations also aid in understanding
thermohydrologic processes that may occur in the experiments.
The domain that is modeled with TOUGH2 is 25 cm wide x 50 cm high x 2.54 cm thick.
The two-dimensional grid consists of 15 elements in the horizontal direction and 21 elements in the
vertical direction (one element thick) with finer discretization in the middle (Figure 3.1). The
element in the center represents the heater and is maintained at either a constant temperature or a
constant wattage. The 5x5 grid of elements surrounding the heater element is used to represent the
annulus*, and the remaining elements represent the tuff slab. The entire outer edge of the tuff slab
is bordered by elements that represent air at constant temperature (20°C), pressure (lxlO Pa), and
air mass fraction (1.0). Table 3.1 summarizes the properties and parameters used in the model
along with the references.
5

The initial conditions for all the simulations assume a uniform temperature of 20°C. The
liquid saturation in the tuff slab is assumed to be 0.7 while the saturation in the annulus (if one
exists) is zero. The annulus is assumed to act as a capillary barrier; therefore, the liquid relative
permeability is set to zero and the gas relative permeability is set to one in the elements comprising
the annulus. Van Genuchten characteristic curves (1980) are used for the tuff slab, and the
parameters are shown in Table 3.1
f In simulations with no annulus, the 5x5 grid assumes the same properties as the tuff slab.
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Figure 3.1. TOUGH2 mesh used in pre-test numerical simulations of
laboratory-scale heater experiments.
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Table 3.1. Model parameters used in TOUGH2 simulations.
Tuff Slab

Heater
air

Annulus Materials
sand

crushed tuff

2480 (1)

8000(4)

calculated in
TOUGH2

2650 (6)

2600 (6)

0.2 (2)

0.0

1.0

0.41

0.45 (6)

4.9x10-15 (2)

0.0

varies

varies

2.0x10-7 (6)

wet thermal conductivity
(W/m-K) [1]

2.34(1)

15.0 (4)

—

—

—

dry thermal conductivity
(W/m-K)

1.9(1)

15.0 (4)

0.4(5)

0.4 (6)

0.6 (6)

specific heat (J/kg-K)

840 (1)

475 (4)

calculated in
TOUGH2

717(6)

840 (6)

5.0x10-5 (2)

—

—

—-

—

van Genuchten p

1.4

—

—

—

—

residual saturation

0.0453 (3)

—

—

—

.—

density (kg/m )
3

porosity
permeability (m )
2

van Genuchten a (1/Pa)

comments

held at constant
temperature (200 or
400°C) or constant
power (5W)

The annulus materials maintained zero capillary pressure, a
liquid relative permeability of zero, and a gas relative
permeability of one. The initial air mass fraction was
calculated to give a relative humidity of one (7).

(1) Pruess and Tsang (1994), (2) Glass et al. (1994), (3) Wilson et al. (1994), (4) Incropera and DeWitt (1985), (5) see section 3.2.3, (6) Ho and Eaton
(1994), (7) see section 3.2.2

3.2 Derivation of Physical Parameters
In this section, several important physical parameters that are used in the TOUGH2 model are
explained and/or derived. These parameters consist of the effective vapor diffusion coefficient, the
relative humidity as a function of air mass fraction, the effective thermal conductivity which
includes radiation, the Nusselt and Rayleigh-Darcy numbers (Nield and Bejan, 1992), and
parameters defining the variation in temperature and relative humidity near the heater.

3.2.1 Effective Vapor Diffusion

Coefficient

The following equation defines the effective diffusion coefficient as used in TOUGH2:

where D is the effective vapor-air diffusion coefficient in porous media, T is the tortuosity
coefficient, § is the total porosity, S is the gas saturation, D° is the vapor-air diffusion
coefficient, P is the pressure, T is the temperature, and 9 is a material parameter. In this study the
vapor diffusion is assumed to be enhanced (Pruess and Tsang, 1993; Jury and Letey, 1979) such
that the product of T § S is equal to a constant value of 1.0. The values of D°
and 6 are
2.14xl0 m /sec and 2.334, respectively (Pruess and Tsang, 1994).
va

g

va

g

-5

va

2

3.2.2 Relative Humidity and Air Mass Fraction
The primary variables that are used in TOUGH2 to account for the transport of air, water,
and heat consist of gas pressure, gas saturation (two-phase) or air mass fraction (single-phase),
and temperature. Since local thermodynamic equilibrium is assumed to exist within each element,
the partial pressure of water will be equal to the saturated vapor pressure at the element temperature
if the liquid saturation is greater than zero. However, if only a single-phase gas exists in an
element, then the air mass fraction is used to specify the relative amounts of air and water in the gas
phase in the element. This section derives a relation between the relative humidity and air mass
fraction, which is used to determine relative humidities presented in Chapter 4.
The definitions of the relative humidity, RH, and air mass fraction, XAIR, are given in
equations (3.2) and (3.3):
P

v

RH = -p—JT\
saM )
r
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(3.2)

^ ^ = m^rnr =-\
v

(3-3)

m

where P is the partial pressure of vapor, P t(T) is the saturation vapor pressure at temperature, T,
m is the mass of a component in the gas phase, and the subscripts a and v denote the air and water
vapor components, respectively. Assuming the gas is ideal, the ideal gas law is used in equation
(3.3) to yield the following expression for the air mass fraction as a function of the partial
pressures of air and vapor:
v

sa

XAIR =

^ a

P

(3.4)
v

R

where R is the gas constant for air (=287.0 J/kg-K) and R is the gas constant for water vapor
(=461.52 J/kg-K). The sum of the partial pressures equals the total gas pressure, so the partial
pressure of air can be expressed as P = P - P . Using this substitution, equation (3.4) can be
rearranged to solve for the partial pressure of water vapor as a function of air mass fraction and
total gas pressure:
a

v

a

P v =

v

(

XAIR )RTT:
[l-XAIR)R

( 3 - 5 )

v

Equation (3.5) can be used in equation (3.2) to determine the relative humidity of any element
as a function of air mass fraction, pressure, and temperature. Conversely, equation (3.4) can be
used with equations (3.2) and (3.5) to determine the air mass fraction when the relative humidity,
pressure, and temperature are known. This is useful for initializing elements in TOUGH2 if the
relative humidity is specified. In the simulations presented in Chapter 4, this procedure was
performed to calculate the initial air mass fraction of the elements in the annulus corresponding to a
relative humidity of one, a pressure of lxlO Pa, and a temperature of 20°C. It should also be
noted that the sum of the air mass fraction, XAIR, and the vapor mass fraction, XVAP, equals
one.
5

3.2.3 Effective Thermal Conductivity with Radiation
Radiation was not explicitly considered in the simulations performed in this report. In
backfill materials such as sand and crushed tuff, radiation is not expected to be significant at the
temperatures of interest. However, radiation may play a dominant role in transporting heat through
an annulus filled with air. Therefore, the effective thermal conductivity of air was enhanced to
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account for radiative effects in the annulus. Assuming the radiation from the heater, q , to the
surrounding tuff behaves as blackbody radiation with no participation from the air, the following
equation describes the heat flow from the heater to the surrounding tuff:
r

q = <5[T£-TJ)

(3.6)

r

where c is the Stefan-Boltzmann constant (=5.67xl0" W/m -K ), Th is the temperature of the
8

2

4

heater, and Td is the average temperature of the annulus wall. Expanding equation (3.6) yields the
following expression in terms of a radiation heat transfer coefficient, h :
r

<lr= r{ h- d)
h

where

T

T

h = a (T + T ) (l# + T})
r

h

d

(3.7)

In TOUGH2, the heat transfer coefficient must be written in terms of an effective thermal
conductivity. Assuming that quasi-steady conditions exist in the air annulus (linear temperature
profile), the effective radiative conductivity of air, X , can be written as follows:
r

X = h,Ax = a (T + T ) {Tl + Tj) Ax
r

h

d

(3.8)

where Ax is the distance between the heater and the annulus wall (= 2 cm). Since most of the
simulations presented in Chapter 4 use a constant heater temperature of 200°C (473 K), two
extreme radiative conductivities are calculated with equation (3.8) using annulus wall temperatures
of 20°C and 200°C to yield 0.25 W/m-K and 0.48 W/m-K, respectively. These conductivities are
then averaged to yield an effective radiative conductivity of 0.37 W/m-K. The radiative
conductivity is added to the normal thermal conductivity of air at 350K (= 0.03 W/m-K (Incropera
and DeWitt, 1985)) to yield an effective thermal conductivity of 0.4 W/m-K for air as shown in
Table 3.1. Several major assumptions have been made in this derivation, most notably the
invariance of the thermal conductivity with temperature, and should be viewed as limitations.

3.2.4 Nusselt and Rayleigh-Darcy Numbers
A primary objective of the pre-test simulations is to identify processes that may play an
important role in the thermohydrologic behavior of the experiments. Natural convection in the
annulus is suspected to be a potential mechanism to enhance heat transfer and cause variations in
temperature and relative humidity around the heater. This may have implications for the
containment performance of heat-generating waste packages in a drift. In order to characterize the
relative effect of natural convection in porous media, the Nusselt, Nu, and Rayleigh-Darcy, Ra*,
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numbers are often used (Nield and Bejan, 1992). The Nusselt number is a measure of the amount
of convective heat transfer relative to conductive heat transfer. The Rayleigh-Darcy number is a
ratio of the buoyancy forces to viscous forces in a porous medium. Both numbers are defined as
follows:
Nu =

hL

(3.9)

c

[T -T ]
h

X

d

8$ [Th-Td)kLc

Ra*

v«

(3.10)

ffl

where q" is the heat flux from the heater to the annulus wall, L is a characteristic length (= height
of the annulus = 0.05 m), X is the effective thermal conductivity of the annulus material (and
fluid), g is the magnitude of the gravity vector, P is the volumetric thermal expansion coefficient (=
1/r for ideal gas), k is the permeability of the annulus, v is the kinematic viscosity of the fluid in
the annulus, and a is defined below:
c

m

a

=r
( P)f
A

WI

T

p

(3-11)

c

where (p c )f is the heat capacity of the fluid in the annulus. In quasi-steady systems in which the
temperatures are not changing rapidly, the time-dependent terms in the energy equation, which
contain the heat capacity of the solid phase, are dropped. Thus, the thermal diffusivity given in
equation (3.11) is a function of the fluid heat capacity, which is retained in the convective
components in the energy equation.
p

All of the material properties in equations (3.9)-(3.11) are evaluated at a mean of the heater
and annulus wall temperatures. The annulus wall temperature is taken to be an average of the
temperatures of the elements surrounding the annulus. Figure 3.2 shows a worksheet that is used
to calculate these parameters for a sample simulation. These parameters are presented in Chapter 4
for all of the numerical simulations.
One last note should be made regarding the simulation of an air annulus. Rigorously
speaking, Darcy's law cannot be used to determine the velocity distribution caused by natural
convection in an open air annulus. Inertial terms in the full Navier-Stokes equation are neglected in
Darcy's law and may play an important role in the velocity distribution. However, in this study,
these effects are lumped into Darcy's law using an effective permeability (several orders of
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Figure 3.2. Sample worksheet to calculate Rayleigh-Darcy number, Ra*, Nusselt
number, Nu, variation in temperature, T*, and variation in relative humidity, RH*.
The temperatures of the annulus wall, the heater temperature, and the heat fluxes
were output from TOUGH2 after 1 day for a simulation using an "air" annulus with a
permeability of 2 x l 0 m and effective thermal conductivity of 0.4 W/m-K.
6

2
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magnitude higher than other porous materials) for the air annulus^. Under these conditions, the air
is essentially being modeled as a porous material. The results in Chapter 4 will show that since the
effective thermal conductivities of the air and sand are equal (Table 3.1), the Nusselt and RayleighDarcy numbers are the same for simulations using the same heater temperature but different
annulus materials (either air or sand) under quasi-steady conditions (recall that the heat capacity of
the solid does not play a role in the energy equation under quasi-steady conditions).

3.2.5 Variations in Temperature and Relative Humidity Near the
Heater
In addition to the Nusselt and Rayleigh-Darcy numbers, the variation in temperatures and
relative humidities near the heater are indicators of the effects of convection. The system being
modeled can establish counter-rotating convective cells (Ho and Eaton, 1994) that cause the
temperature just above the heater to be higher than the temperature just below the heater if
convection is significant. Subsequently, the relative humidity just above the heater will be lower
than the relative humidity just below the heater. In order to quantify these variations, the following
expressions are given for the variation in temperature, T*, and the variation in relative humidity,
RH*:
T* _

above~ •* below _ *above~ below

BJJ* _ ^"above

(3

12)

[ above below)

T a v e

T

^"below

+T

_ ""above

(™

R H a v e

above

""below

+
2

f'l i o \

RH )
below

where the subscripts above and below refer to the elements just above and below the heater, and
the subscript ave refers to the average value of those two elements. The variations in temperature
and relative humidity are plotted as a function of the Rayleigh-Darcy number in Chapter 4.

t In this particular problem, an upper bound for the permeability can be calculated by assuming Poiseuille flow
through parallel planes separated by a distance, b. If b is set equal to the thickness of the tuff slab, then the upper
bound on the permeability can be estimated to be 5x10"^ m (=b /12).
2
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Chapter

FOUR
Numerical Results

4.1 Overview of Numerical Simulations
The TOUGH2 model described in the previous chapter is used to simulate the laboratoryscale heater experiments under a variety of conditions. Various materials are simulated as backfill
for the annulus including air, sand, and crushed tuff. The temperature of the heater is varied
between simulations, and in some of the simulations the heater is maintained at a constant wattage
instead of temperature. Table 4.1 summarizes the simulations that are performed and reported in
this chapter. The heating and cool-down durations that are listed are sometimes dictated by the
maximum number of time steps allotted for each simulation (4000). It should also be noted that the
cool-down periods for simulations with a constant temperature heater were simulated by physically
removing the heater. In the cool-down periods for a constant wattage heater, the cool-down was
simulated by turning the heater power off but leaving the element in place. The purpose of
performing such a wide variety of simulations is to bound the thermohydrologic processes that
may occur in the actual laboratory experiments. Extensions to field-scale behavior and processes
can also be made by compiling the wide range of data into meaningful non-dimensional parameters
that are independent of scale (section 4.4).

4.2 Visualization of Thermohydrologic Processes
In this section, two simulations (1 & 3B) are analyzed for the purpose of visualizing
thermohydrologic processes that may occur under a variety of conditions in the laboratory heater
experiments. The first simulation yields results when the heater is placed directly into the tuff slab
with no annulus. The second simulation presents results when a sand-filled annulus surrounds the
heater as shown in Figure 3.1.
4-1

Table 4.1. Summary of T0UGH2 numerical simulations.
Simulation

Heat Load Type

Annulus
Material

Annulus
Permeability

Heating
Duration

Cool-Down
Duration

1

T =200°C

no annulus*

—

1 day

3 days"!"

2A •

T =200°C

air

lxlO- m

2

17 hours

—

2B

T =200°C

air

5xlO- m

2

1 day

—

2C

T =200°C

air

2xl0- m

2

1 day

—

2D

T =200°C

air

lxlO-

6

2E

q = 5 Watts

air

lxlO-

6

2F

T =400°C

air

lxlO-

6

2G

T =200°C

2H

h

h

h

h

5

6

6

m

2

1 day

1.2 dayst

m

2

1 day

1.6 daystt

m

2

1 day

—

air

lxlO- m

1 day

—

T =200°C

air

7.3xl0- m

1 day

—

3A

T =200°C

sand

1x10-5 2

6 hours

—

3B

T =200°C

sand

7.3xl0" m

2

1 day

3 dayst

3C

T =400°C

sand

7.3xl0" m

2

1 day

—

3D

q = 5 Watts

sand

7.3xl0- 0 2

1 day

3 daystt

4

T =200°C

crushed tuff

2xl0- m

1 day

—

h

h

h

h

h

h

h

h

7

2

10

2

m

10

10

1

m

7

2

^The cool-down period was simulated by physcially removing the heater element from the model.
ttThe cool-down period was simulated by turning the heater power off, but leaving the element in place.
*The heater was placed directly into the tuff.
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4.2.1 Visualization of Simulation 1 with No Annulus
Figure 4.1 shows the liquid- and gas-phase velocities superposed on top of the liquid
saturations in a region around the heater after 6 hours of heating with a constant heater temperature
of 200°C and no annulus (simulation 1). The region that is shown corresponds to the 9 x 9
uniform elements surrounding the heater as shown in Figure 3.1. An evaporation front coincident
with the perimeter of a dry region grows outward from the heater. The liquid velocities outside of
this dry region are directed toward the heater as a result of capillary suction towards the lower
saturations. The gas velocities are directed outwards from the heater and are greatest near the
evaporation front approximately 3 cm outside of the heater. The evaporation of the liquid water
increases the pressure in that region, creating pressure gradients that advectively drive the water
vapor and air away from the heater. Although not shown, the water vapor mass fraction is greatest
near this evaporation front and decreases away from the front in either direction. This implies that
vapor diffusion is directed both towards and away from the heater near the evaporation front.
However, the gradient in the vapor mass fraction is largest in the direction away from the heater.
Figure 4.2 shows the temperature and relative humidity contours superposed on top of the
liquid saturations at 6 hours for simulation 1. The temperatures decrease from 200°C at the heater
to around 100°C at the evaporation front. Since vapor pressure lowering is neglected in this study,
the boiling point of water in situ corresponds closely to 100°C at the system pressure. Thus, the
evaporation (or drying) front is located near where boiling of the liquid occurs. The relative
humidity is one near the evaporating surface and wherever water is present. The relative humidity
decreases towards the heater as a result of the higher temperatures that increase the saturated vapor
pressure of water above the existing partial vapor pressures (see equation 3.2).

4.2.2 Visualization of Simulation 3B with a Sand Annulus
Simulation 3B is analyzed after 6 hours of heating with a constant heater temperature of
200°C. A sand-filled annulus exists around the heater as shown in Figure 3.1. The liquid
velocities are directed toward the annulus in the surrounding tuff slab as shown in Figure 4.3, but
no liquid enters the annulus as a result of the imposed zero liquid relative permeability of the
annulus (section 3.1). These velocities are small compared to the liquid velocities in the previous
simulation with no annulus. In this case, the saturation (and hence capillary pressure) gradients
around the annulus are small, which cause the capillary-driven liquid velocities to be small as well.
The gas-phase velocities are seen to be greatest within the sand-filled annulus (Figure 4.3) and take
the form of buoyancy induced counter-rotating convective cells. However, the magnitudes of
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Figure 4.1. Liquid- and gas-phase velocities superposed on top of the liquid
saturations after 6 hours of heating with a constant temperature of 200°C in a
region surrounding the heater (9x9 uniform elements). No annulus is used in
this simulation (run 1).

4-4

-0.22

-0.24

Temperature (°

N

-0.26

-0.28

0.100

0.125
x(m)

0.150

t$7-

0.0

0.1

0.2

0.3
0.4
0.5
Liquid Saturation

0.6

0.7

-0.22

-0.24
Relative
Humidity

N

-0.26
-0.28

0.100

0.125
x(m)

0.150

Figure 4.2. Temperature and relative humidity contours superposed on top of
the liquid saturations after 6 hours of heating with a constant temperature of
200°C in a region surrounding the heater (9x9 uniform elements). No annulus is
used in this simulation (run 1).
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Figure 4.3. Liquid- and gas-phase velocities after 6 hours of heating with a
constant temperature of 200°C in a region surrounding the heater (9x9 uniform
elements) with a sand-filled annulus (simulation 3B). The liquid saturations are
also shown with the gas velocities.
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these gas velocities are quite small (17.5 cm/hour) and are not expected to affect the
thermohydrologic parameters of the system.
The temperature and relative humidity contours are superposed on top of the liquid
saturations in Figure 4.4 for simulation 3B. Note that the temperatures and relative humidities are
uniformly distributed around the heater, confirming that convection does not play a significant role
in this case. The temperatures are generally less than the previous case with no annulus, and the
relative humidities are also less near the heater.

4.2.3 Visualization of Simulation 2A with an Air Annulus
Simulation 2A is similar to simulation 3B except that the permeability specified for the airfilled annulus is over four orders of magnitude higher than the sand-filled annulus. Figure 4.5
shows the liquid- and gas-phase velocities after 6 hours of heating with a constant temperature of
200°C. The gas velocities are seen to be several orders of magnitude higher in the annulus than in
the previous case. As a result, the nature of the upward flow of hot air in the center of the annulus
tends to dry out the top part of the annulus more quickly than other locations as shown in Figure
4.5. This dry-out region near the top wall of the annulus subsequently creates capillary pressure
gradients that cause liquid to flow towards the drier regions along the top wall of the annulus. The
magnitudes of the liquid velocities are on the same order as the liquid velocities in simulation 1
with no annulus.
Figure 4.6 shows that the resulting temperature and relative humidity contours are nonuniform about the heater. The high permeability of the annulus in this simulation allows the
convection to significantly alter the temperatures and relative humidities. In general, the
temperatures above the heater are higher as a result of the upward flow of heated air near the center
of the annulus. The shape of the relative humidity contours are nearly opposite the shape of the
temperature contours as a result of the inverse relationship between relative humidity and
temperature (equation (3.2)).
To quantify the saturation distribution in Figures 4.5 and 4.6, the saturations along a vertical
transect through the center of the domain are plotted in Figure 4.7. For comparison, the
saturations in the previous two simulations are shown as well. The saturations near the bottom of
the domain with the air annulus exceed the initial saturation of 0.7, indicating a condensation rate
that exceeds the evaporation in that location. This behavior appears to be accentuated by the
convection within the annulus. It is hypothesized that the counter-rotating convective cells act to
volatilize more water near the top of the annulus where the temperatures are higher. This moisture-
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Figure 4.4. Temperature and relative humidity contours superposed on top of
liquid saturations after 6 hours of heating with a constant temperature of 200°C
in a region surrounding the heater (9x9 uniform elements) with a sand-filled
annulus (simulation 3B).
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Figure 4.5. Liquid- and gas-phase velocities after 6 hours of heating with a
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elements) with an air-filled annulus (simulation 2A). The liquid saturations are
also shown with the gas velocities.
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laden gas then flows downward along the outside of the annulus where it cools, thereby
condensing the liquid toward the bottom of the annulus. Therefore, at early times, convection may
act to redistribute moisture from the top of the annulus (or drift wall) to the bottom of the annulus
(or drift wall).

4.3 Temperatures, Relative Humidities, and Vapor
Mass Fractions Near the Heater
In this section, the temperature, relative humidity, and vapor mass fraction directly above and
below the heater are plotted as a function of time during heating and cool-down for several
simulations. The purpose is to gain insight into the temporal and spatial variation in these
parameters under different heating conditions (constant heater temperature vs. constant heater
output power) and environments (no annulus vs. annulus).

4.3.1 No Annulus (Simulation 1)
The temperatures, relative humidities, liquid saturations, and vapor mass fractions are
uniformly distributed about the heater in this simulation (1) as a function of time, so the values at
only one element (directly above the heater) are plotted as a function of time (Figure 4.8). The
temperature of the element above the heater increases with time during heating as shown in Figure
4.8a. Subsequently, water is evaporated and the liquid saturation decreases as the vapor mass
fraction increases. The water vapor moves outwards towards the constant temperature boundaries
via concentration and pressure gradients. At around 2000 seconds, the liquid saturation goes to
zero and the relative humidity and vapor mass fraction begin to decrease since no more water is
being added to the gas phase in the element by evaporation. At this time, the temperature increases
sharply as a result of less energy being used to evaporate the liquid water in that element. The
relative humidity continues to decrease as the temperature increases.
Figure 4.8b shows the same variables plotted as a function of time during the cool-down
period following 1 day of heating. To simulate the cool-down period, the heating element was
physically removed from the model domain. The temperature gradually decreases until it reaches
the ambient temperature near 20°C. The relative humidity increases at the same rate until it reaches
a value of one. The vapor mass fraction decreases after 100 seconds of cool-down as air diffuses
back towards the center of the tuff slab from the surrounding areas. Liquid water eventually
returns to the element at the end of the cool-down period as evidenced by the increase in liquid
saturation.
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Figure 4.8. Temperature, relative humidity, vapor mass fraction, and liquid
saturation as a function of time during (a) heating and (b) cool-down for the
element directly above the heater in simulation 1 with no annulus and a
constant heater temperature of 200°C.
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4.3.2 Sand Annulus (Simulation 3B and 3D)
The temperature, relative humidity, and vapor mass fraction are plotted as a function of time
during heating for simulations 3B (constant heater temperature = 200°C) and 3D (constant heater
power = 5W) in with a sand-filled annulus (Figure 4.9a&b). The permeability of the sand-filled
annulus is low enough such that convection does not play a significant role in the
thermohydrologic behavior of the system as noted in Figure 4.4. Thus, the variables above and
below the heater are nearly identical during the entire heating period. The relative humidity
decreases in the constant heater temperature case (3B) at first, but then rises to a steady value near
0,03 after 10 seconds (Figure 4.9a). The constant heater power simulation shows a steady
decrease in the relative humidity to near the same value of 0.03 after 10 seconds with no
significant increase. Perhaps the more rapid increase in temperature in the constant heater
temperature case caused the sharp drop in the relative humidities. As the rate of temperature rise
decreased, the relative humidity began to slowly increase as vapor diffused towards the heater from
the surrounding wet tuff slab. The vapor mass fraction behaves similarly in both simulations,
rising gradually to a steady value as vapor diffuses towards the heater. After 10 seconds, the
simulations show a quasi-steady condition in which the variables are relatively constant with time.
It should be noted that the constant heater temperature simulation (3B) produces a heater output that
is slightly higher than 5 W during the quasi-steady condition, so the quasi-steady temperatures are
expected to be higher.
4

4

4

Figure 4.10 shows the cool-down behavior of these systems is very similar following one
day of heating. The temperatures and vapor mass fractions gradually decrease with a subsequent
rise in the relative humidity. Ambient conditions are reached after 10 seconds of cool-down.
4

4.3.3 Air Annulus (Simulation 2C and 2D)
The heating behavior of a system with a simulated air annulus is quite different between
simulations using a constant heater temperature of 200°C (2C) and a constant heater power of 5 W
(2D). Figure 4.1 la shows that because of the small heat capacity of the air in the annulus, a
constant heater temperature immediately increases the temperature of the air near the heater. On the
other hand, a constant heater power requires a longer time to heat the air elements next to the
heater. In both cases, the higher permeability of the air elements in these simulations allows a
significant amount of convection to occur in the annulus. As a result, the temperatures and relative
humidities are noticeably different between the elements above and below the heater. Figure 4.1 la
shows that the relative humidity again decreases rapidly in the constant heater temperature
simulation and gradually rises to a steady-value as vapor diffuses towards the heater from the
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surrounding wet tuff slab. Quasi-steady conditions are again reached after approximately 10
seconds of heating. An interesting point to note in this plot is that although the temperatures (and
hence relative humidities) vary between the elements just above and below the heater, the vapor
mass fractions are the same.
4

Figure 4.12a shows that as soon as the heater element is removed from the system after one
day of constant temperature heating, the temperature drops rapidly while the relative humidity
increases at the same rate. This is in contrast to the cool-down behavior following one-day of
constant power heating (Figure 4.12b). The temperature takes a longer time to begin cooling down
in the presence of the heater, which is still present but turned off. Recall that in the constant
temperature heating simulations, cool-down was simulated by removing the heater. In the constant
power heating simulations, cool-down was simulated by simply turning the power off but leaving
the heater element in place. In the previous sections (4.2.1 and 4.2.2), the method of cooling did
not affect the cool-down behavior significantly because the material of the elements next to the
heater had similar heat capacities to that of the heater. Thus, even though the heater was removed
in those previous simulations, the elements next to the heater remained hot. In this simulation,
however, the air elements next to the heater quickly dissipate their energy once the heater is
removed from the system. Nevertheless, both simulations reach ambient conditions after 10
seconds of cooling.
4

4.4 Quantification of the Significance of Convection on
Thermohydrologic Parameters
The significance of convection evidenced in several of the simulations presented earlier can
be quantified by determining several non-dimensional parameters defined in section 3.2.4 and
3.2.5. The Nusselt number is plotted against the Rayleigh-Darcy number in Figure 4.13 for all the
simulations listed in Table 4.1 with an annulus to show the effects of convection. As the RayleighDarcy number increases beyond a value of 10, the Nusselt number begins to increase according to
the power law expression given in the bottom plot in Figure 4.13. The Rayleigh-Darcy number
gives a measure of the buoyancy to viscous forces in the annulus and depends strongly on the
permeability of the annulus as defined in equation (3.10). As the permeability of the annulus
increases, the convection becomes more significant and the heat transfer by convection is enhanced
as evidenced by the increasing Nusselt numbers. It should be noted that the Nusselt and RayleighDarcy numbers were calculated at quasi-steady conditions of heating (t=8.64xl0 seconds).
Therefore, the correlation shown in Figure 4.13 is independent of the backfill material since the
heat capacity of the solid phase drops out of the energy equation under steady conditions.
4
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Figure 4.12. Temperature, relative humidity, and vapor mass fraction plotted
as a function of time during cool-down following (a) constant temperature
heating and (b) constant power heating for the elements directly above and
below the heater in simulations 2D and 2E with an air annulus.
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Another indicator of the significance of convection is the variation in temperature and relative
humidity near the heater. If convection is significant, the temperatures above the heater should be
higher than the temperatures below the heater as a result of the convective cells that develop in the
annulus. Hot air rises upward from the heater where it circulates around the outside of the
annulus, cooling towards the bottom. Figure 4.14 plots the variation in the temperature and
relative humidity directly above and below the heater as defined in equations 3.12 and 3.13. As
the Rayleigh-Darcy number increases beyond a value of 10, the variations in both parameters
increase significantly. Although the Rayleigh-Darcy number used in these laboratory-scale
simulations may not correspond to the equivalent Rayleigh-Darcy number in drift-scale simulations
because of the different length scales (L ), similar behavior should occur regardless of scale.
Beyond a critical Rayleigh-Darcy number, the Nusselt number, as well as the variations in
temperature and relative humidity, will increase significantly. These convective altered
environments may impact the containment-performance of the waste packages.
c
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Chapter

FIVE
Conclusions and Recommendations

Laboratory-scale heater tests have been proposed to investigate thermohydrologic processes
in actual tuffaceous rock surrounding a heat source. These experiments are designed to gain
insight and aid in the understanding of thermohydrologic behavior that may exist at the potential
repository at Yucca Mountain, Nevada, once heat-generating wastes are emplaced. Based on
numerical pre-test simulations of these heater experiments, the following conclusions and
recommendations are made:
•

The heat transfer through the annulus (or drift) can be significantly enhanced by
convection when the Rayleigh-Darcy number exceeds a critical value (=10 in the
laboratory experiments). In addition, significant variations in the temperature and
relative humidity can exist near the heater under these conditions.

•

The Rayleigh-Darcy number depends strongly on the permeability within the
annulus (or drift) as well as the effective thermal conductivity. More simulations
should be conducted at the field-scale to determine more precise relationships
between non-dimensional parameters governing convection on the drift scale.

•

Drying occurs preferentially near the top of the annulus (or drift) when convection
is important. Redistribution of the moisture from the top of the annulus (or drift) to
the bottom may result from the following processes at early times: 1) hot air
flowing upward from the heater evaporates liquid from the top of the annulus (or
drift) and 2) subsequent condensation occurs from the cooling air flowing
downward along the outside of the annulus (or drift) to the bottom.

5-1

•

A heater power of 5 Watts is similar to a constant heater temperature of 200°C
under quasi-steady heating conditions in the simulated experiments. If heat loss is
present in the actual experiments, the heater power may need to be increased.

•

Noticeable saturation variations and drying occur in the tuff slab within one day of
simulated heating at a heater temperature of 200°C or a heater power of 5 Watts.
Ambient conditions in the elements directly above and below the heater are reached
within one day of simulated cooling.

•

Radiation should be explicitly modeled to determine its relative contribution to heat
transfer within the annulus (or drift).

•

Laboratory-scale heater experiments should be performed to verify the assertions
and hypotheses presented in this report. Laboratory data can also be used to infer
information about the effective permeability in the annulus and the relative
contribution from radiation.

•

Simulations and future experiments should consider the effects of fractures on the
therrnohydrologic behavior around a heater.
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Information from the Reference Information Base
Used in this Report
This report contains no information from the Reference Information Base.

Candidate Information for the
Reference Information Base
This report contains no candidate information for the Reference Information Base.

Candidate Information for the
Geographic Nodal Information Study and Evaluation System
This report contains no candidate information for the Geographic Nodal Information Study and
Evaluation System.
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