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ABSTACT

Water movement within three unsaturated welded tuff cores was

studied in response to imposed thermal gradients of approximately

5 °C/cm. Bulk density and initial, transient and final water content

distributions were determined each 1-cm along the cores with gamma

attenuation methods. Temperatures within the cores were measured by

thermocouples embedded 1.5 cm into the rock cores. Liquid return flow

toward the heat source was shown by the initial and final distributions

of iodide. These experiments indicated that a countercurrent of water

vapor driven away from a heat source and subsequent liquid return flow

can be established when a thermal gradient is present within sealed

porous rock cores. A field heating experiment was also performed in a

densely-welded tuff formation. At a position 0.89 meters from a 1500W

heat source, the temperature increased 11.1 °C and the potential

decreased approximately 9 bars after heating for 94 hours.



CHAPTER 1

INTRODUCTION

The nuclear industry produces extensive amounts of high-level

nuclear waste (HLNW) annually. This waste is currently in temporary

storage. Burial in an underground repository is being considered as a

method for permanent disposal of this waste. One site being considered

for a permanent HLNW repository is Yucca Mountain, which is located near

the boundary of the Nevada Test Site, in southern Nevada. This site is

in a layered, welded tuff. It is also well above the regional water

table and, hence, in the unsaturated zone. HLNW produces large amounts

of heat. After emplacement, the limited ability of the geologic medium

to conduct heat will cause high temperatures to develop near the

repository (Wang et al., 1981).

The large amounts of heat produced could give rise to a

liquid-vapor countercurrent flow system within the repository geologic

medium. A countercurrent consists of water vapor flow away from a heat

source, with a liquid return flow. In a nonisothermal porous medium, a

• water vapor gradient can be produced because the saturated vapor

pressure increases with temperature. This vapor gradient can allow

water to be transported, as vapor, away from the heat source. The water

loss to this region could create a dry zone near the heat source. A

potential gradient between the dried area and the zone in which the

1
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water vapor condenses would then be present. With this potential

gradient, liquid water can flow back toward the heat source. Eventually

the liquid and vapor flow may become equal creating wet and dry zones

around the repository. The dimensions of these zones will be dependent

upon the amount of heat added to the system, the initial water content,

and the porosity and pore-size distribution of the geologic medium. The

repository setting would be an open system that could experience net

gains or losses of water.

Previous investigations using soil (including Gurr, Marshall and

Hutton, 1952), have shown the countercurrent phenomenon in closed

systems. A liquid return flow was monitored using a salt solution. It

was assumed that soluble ion movement occurred in the liquid phase only.

Measurements of the electrical conductivity of the soil water indicated

that liquid return flow occurred. This effect could be beneficial in a

nuclear repository setting because soluble radionuclides escaping from

the repository might be contained by this system. Most previous work in

this area has been performed using soil material. Matthews (1986)

attempted to show this effect in sealed rock cores with mixed results.

His work did indicate that a countercurrent could occur in a repository

setting.

The experiments reported here were conducted to show that a

liquid-vapor countercurrent can indeed be established in the laboratory

on sealed tuff cores. Two types of volcanic tuff with similar chemical

compositions, but different hydrologic properties, were heated to

establish a steady-state thermal gradient along the length of the
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cylindrical cores. Changes in water content within the core were

measured and the liquid component of the countercurrent flow was

monitored with soluble ions.

A small-scale, exploratory field heating experiment was also

conducted in the tuff formation from which the laboratory cores were

obtained. The objectives of this experiment were to monitor the

thermally induced water movement, to determine the amount of heat

required to cause measureable water movement and to monitor the recovery

of water in the rock body after heating.



CHAPTER 2

LITERATURE REVIEW

A literature review and a derivation of nonisothermal water

movement equations will be presented in this chapter. In a porous

medium, water movement can occur in both the liquid and vapor phases.

If a thermal gradient is present, the vapor flux can be significant.

Drying can occur due to vapor movement away from a heat source and the

resulting suction gradient can induce liquid return flow. Most previous

experimental work with nonisothermal porous media has been conducted

using soil material. These experiments have shown water movement when a

thermal gradient is applied to soil columns. The results of a previous

heating experiment, using a sealed sandstone core will also be presented

in this chapter.

Bouyoucos (1915) conducted some of the first laboratory

experiments which showed moisture movement due to a thermal gradient.

He concluded that this movement was due to liquid flow caused by

differences in the surface tension of water with changing temperature.

Smith (1940) suggested that vapor movement could be an important

transfer mechanism. He later abandoned this theory in favor of a liquid

flow mechanism (Smith, 1943). Gurr et al. (1952), in an attempt to

reconcile these differences, performed heating experiments in which they

monitored liquid flow with soluble tracers. They assumed that the

4
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tracers would only move as the result of liquid flow. Results showed

that vapor flow occurred away from the heat, while liquid water flowed

back toward the hot end of the soil column. Further experiments using

soil were conducted by Taylor and Cavazza (1954), Rollins, Spangler and

Kirkham (1954), Cassel, Nielsen and Biggar (1969) and Trombel (1973).

These investigations showed that the largest mass transfers occurred

when the soils were at intermediate saturation levels.

Penman (1940) and Rollins et al. (1954) conducted some of the

first studies attempting to predict vapor movement using a modification

of the equation for vapor diffusion. Philip and de Vries (1957)

attempted to reconcile the differences in the amount of water movement

predicted by the vapor diffusion theory with that found in experiments

conducted by Gurr et al. (1952), Taylor and Cavazza (1954) and Rollins

et al. (1954). Taylor and Cary (1960) proposed a theory based on

irreversible thermodynamics to explain soil-water movement. Trombel

(1973) compared the diffusion and the thermodynamic models and found

that neither accurately predicted his experimental results. He did find

that the diffusion model of Philip and de Vries (1957) was more accurate

in predicting the observed vapor flux in a sealed soil column.

Modified Fick's Law For 
Isothermal Vapor Transport 

The equation of vapor diffusion, modified to apply in porous

media (Penman, 1940; van Bavel, 1952; Rollins et al., 1954) may be

written

[2. 1 ]	 qv = -D a [PAP-paaa vpv
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where q v (gm/cm 2 sec) is the vapor flux, D a (cm 2/sec) is the molecular

diffusivity of water vapor in air, P (mm Hg) is the total air pressure,

p (mm Hg) is the partial pressure of water vapor, a (Cm/cm) is the

tortuosity, a (cm3 /cm 3) is the volumetric air content and pv (9m/cm 4 )

is the vapor density gradient.

The molecular diffusivity of water vapor, Da, is a function of

temperature. Kimball et al. (1976) describe the molecular diffusivity

with the equation

[2.2]	 Da = 0.229 (1 + T/273) 175

where T is the temperature ( °C). Tortuosity describes the additional

path length that water, vapor or liquid, has to travel around the

individual grains of the solid matrix. For a review of the various

tortuosity equations see Weeks, Earp and Thompson (1982).

Non-isothermal Vapor Flux 
in a Homogeneous Medium 

When a local equilibrium exists between the liquid and vapor

phases, the free energies of each phase are equal and the vapor density

is given by (Edlefson and Anderson, 1943)

[2.3]
	

Pv = poh = po exp(gw/RT)

where po (gm/cm 3) is the saturated vapor density, h is the relative

humidity, g (cm/sec 2 ) is the acceleration of gravity, R (= 4.615*10 5

erg/gm °C) is the gas constant of water vapor and w (cm) is the matric

potential. The matric potential is a negative term and is dependent
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upon the water content, the amount of dissolved salts in the solution

and the temperature of the porous medium. Neglecting the effect of

soluble salts on h and w, the vapor density gradient will be (Philip and

de Vries, 1957)

[2.4]
	

Pv = h Vpo + po vh

The saturated vapor density is a function of T only, and h is a

function of the water content, e, only (Philip and de Vries, 1957).

Therefore Eq. [2.4] becomes

[2.5] Pv = h 4:b VT +p0 dh ye
-UT	 Or

Using the Chain Rule, the partial derivative of relative humidity with

respect to the water content is

[2.6] bh . oh ow
be 	7:43. b0

From Eq. [2.3] we see that

[2.7]	 h = exp(gwVRT)

The partial derivative of relative humidity with respect to the matric

potential is

[2.8] bh . 2. exp(gw/RT)
obit)

RT

Substituting Eq. [2.8] into Eq. [2.6] and putting this result into

Eq. [2.5] gives
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[2.9] 	VP,, = h dPo vi + v ow Vel
	dT 	 RT be

Putting Eq. [2.9] into Eq. [2.1] gives the non-isothermal vapor flux in

a homogeneous medium

[2.10]
	

q v = -Docca(h b vT + gz\,/ move)
dT	 RT OO

where a is the 'mass flow factor' = P/(P-p) (Philip and de Vries, 1957).

The 'mass flow factor' is dependent upon the boundary conditions of the

system studied and is assumed to have a value close to 1 for normal soil

temperatures.

Non-isothermal Vapor Flux 
in a Heterogeneous Medium 

In a heterogeneous medium, vapor flow is dependent upon the

matric potential gradient and not directly dependent upon the water

content gradient. Equation [2.9] may be rewritten as (Milly, 1982)

[2.11] 
vPv = h dRo VT + gPv vw

	di 	RT

Philip and de Vries (1957) erroneously ignored the dependence of h on

temperature (Nakano and Miyazaki, 1979). With this dependence, the

gradient of vapor pressure becomes

[2.12]	 vPv = (h dPo + po dh ) vT + goy vw

di	 di 	RT

Using Eq. [2.7], the derivative of relative humidity with respect to

temperature becomes
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	[2.13]	 dh = _ wg exp(gwyRT)
dT	 RT2

Substituting this result into Eq. [2.12] yields

	[2.14]
	

vPv ' (h 4'0 _ Pywg ) vi + g3v vw
dT	 RT2
	

RT

This gives the nonisothermal vapor flux in a heterogeneous medium as

	

[2.15]	 qv = -Do cz aah 4,b _ Pvwg ) VT + 9r\f vw j

dT	 R T 2	RT

This equation attempts to predict the vapor movement, in an unsaturated

porous medium, due to a thermal gradient. It has only been compared

with data from heating experiments using soil as the porous medium.

Enhancement of the Vapor Flux 

Philip and de Vries (1957) found that Eq. [2.10] underpredicted

earlier experimental results (Gurr et al., 1952; Taylor and Cavazza,

1954; and Rollins et al., 1954). They suggested that the vapor flux is

not confined to the air filled pores but that net vapor movement can

also occur through "liquid islands". In a fairly dry medium these

"islands" will form in small pores and between soil grains. When there

is a vapor pressure gradient due to a temperature gradient within the

pore, vapor will condense on the warm side of the liquid filled pore and

evaporate on the other cooler side resulting in a net moisture transfer.

This will occur only when the moisture content is below an amount where

liquid continuity occurs. Below the value of liquid continuity, the

area available for vapor flow is greater than the air-filled porosity
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alone. They also take into account the fact that the thermal

conductivity of the solid matrix is greater than the conductivities of

air or liquid water. This results in a larger temperature gradient

within a pore, either air or water filled, than in the medium as a

whole. To enlarge the area available for vapor flux a correction factor

is suggested for Eq. [2.10] where the product of the terms for air

filled porosity and tortuosity, a and a, become

[2.16]	 a + ef(a) (vT) a 
vi

where (vT)a is the average thermal gradient within the pore space, VT is

the overall thermal gradient, f(a) is a function of the air content such

that

f(a) = 1 for a > ak

= a/ak for a < ak

where ak is the value of air filled pore space below which liquid

continuity begins.

Jury and Letey (1979) suggested that the liquid gap shortens the

equivalent vapor path because the thermal conductivity of liquid water,

Ax , is greater than the effective vapor thermal conductivity, X v. A

correction to Eq. 2.16 was proposed to account for a larger effective

area for vapor transport. Putting this correction into the vapor flux

equation gives
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	[2.17]
	

% = -Da f3Ea	 ef(a )] vPv

where

	[2.18]
	

- 
a + f(a) 	2

a+ eXv

2 f(a)

Neither of these studies (Jury and Letey, 1979; Philip and de

Vries, 1957) take into account the dependence of humidity on temperature

as shown by Nakano and Miyazaki (1979). The effects of soluble salts

are also not accounted for in these equations. Dissolved salts will

retard vaporization. At high concentrations this effect may be

significant.

Liquid Flux 

The flow of liquid water in an unsaturated porous medium may be

described using a variation of Darcy's law (Richards, 1931)

	

[2.19]
	

= -K vH

where ci t is the volume of water crossing a unit area perpendicular to

the flow per unit time, K is the unsaturated hydraulic conductivity, and

H is the total head, which is the sum of the matric potential, w, and a

gravity component

	[2.20]	 H = Iv+ z

where z is the vertical ordinate, positive upwards. The unsaturated

hydraulic conductivity is a function of both temperature and the matric
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potential. In a homogeneous medium, the matric potential is related to

the water content and the liquid flux equation can be written (Philip

and de Vries, 1957)

	[ 2.21]
	

q 	-K OW vT - K 0 1V ye - Kz

oT	 be

where -Kz is the vertical flow component due to gravity. In a porous

medium the water potential, w, is not solely dependent upon the water

content, e. It is also dependent upon other factors including the

wetting history and the heterogeneity of the pore size distribution

(Milly, 1982). Equation [2.21] can then be rewritten

	[2.22]
	

qt = -K obW vT - Kvw- K z
OT

The term Kvuois highly dependent upon hysteresis (Miller and Miller,

1956).

The temperature dependence of Eq. [2.21] results from the change

in surface tension, 0 , with temperature. As the temperature drops, the

surface tension increases. This relationship will cause liquid water to

flow away from a heat source. Miller and Miller (1956) give a model of

this dependence, at a fixed water content, as follows:

[2.23] _ 10W .	 d0 _ 1 ck
(bT le	

G dT	 dT

where 7 is the temperature coefficient of surface tension against air

and pz is the density of liquid water. Rearranging Eq. [2.23] and

inserting it into the flow equation gives
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[2.24]
	

q = -rïwaT - Kvw- K z

A calculation using Eq. [2.23] by Milly and Eagleson (1980) at 20 ° C

yielded 7 = -1.7*10 -3 / 0C. Peck (1960) presents a model showing that

entrapped air increases the value by several times. Milly (1984b) used

the value 7 = -6.8*10-3 / 0 C, which is three times higher than predicted

by equation [2.23]. Nimmo and Miller (1986) show that 7 is dependent

upon the water content and the type of soil used. They believe that the

amount of dissolved organic acids in the pore solution, which is

temperature dependent, is also an important factor in determining the

surface tension coefficient. There is still considerable uncertainty

about the value of 7. Matric potential increases as temperature

increases because of changes in surface tension. This relation can be

accounted for with the equation (Milly, 1984b)

	

[2.25]
	

LP	 4,0 exp[	 - Ton

where 4/0 is the matric potential at a reference temperature, T o .

Osmotic potential is not accounted for in these liquid flow equations.

As water is vaporized by heat, the remaining solution becomes enriched

with soluble ions. The osmotic potential of this solution could

increase the liquid flow back toward the heat source.

Total Mass Flux 

Combining equations [2.15] and [2.24] to obtain the total mass

flux within a porous medium subjected to a thermal gradient yields the

following:
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[2.26] qm = -D v[(h dPo _ Pvwg ) vi + gPVVW] - K7wvT - Kvw- K z

dl 	RT2
	

RT

where qm is the total mass flux, D v combines the terms Docia and any

applicable enhancement factors. This equation can be broken into

components for flow away from the heat source and flow toward the heat

source. The components of flow away from the heat source are

[2.27a]	 -Dv h 4--b vT
dT

[2.27b]
	

D v Riwg vT
Ri 2

[2.27c]	 -K7wvT

while the flow components toward the heat source are

[Z.28a]	 -K vw

[2.28b]	 -D
v 

gpvviv

RT

The direction of liquid flow due to gravity will depend upon the

orientation of the heat source. It is assumed that the flow factors in

equations [2.27a] and [2.28a] will dominate in the heating experiments

performed in this study. Only the net mass movement was measured in

these heating experiments. Soluble ions were used to determine if

liquid return flow occurred.
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Results of Previous Experiments 
Using Rock Cores 

Most previous experimental work, including those previously

described in this chapter, were conducted using soil material. A heat

generating nuclear waste repository may be located in a large, volcanic

rock formation. A porous rock medium may or may not act in a similar

manner as a soil medium. Matthews (1986) began this study to determine

if a countercurrent could be established in a porous rock medium. He

designed and built the experimental apparatus used to establish thermal

gradients within rock cores and conducted three heating experiments.

Some of the results of his experiments will be presented here.

A heating experiment, using a sandstone core, was performed to

show water movement caused by a thermal gradient. The sandstone core

was heated for 16 days with an average thermal gradient of 2.2 °C/cm.

The water content profile reached a steady state after 12 days of

heating. The initial and final water contents are shown in Figure 2.1.

A fluorescein tracer was used to monitor liquid flow. The final

fluorescein concentrations are shown in Figure 2.2. The initial

concentration of the dye was 6.0 ppm and the recovery of the dye was

incomplete.

The results of this experiment indicate that countercurrent flow

had probably occurred. Figure 2.2 indicates that the soluble

flourescein dye moved toward the heated end of the sandstone core.

These results also indicate that further experimental work was necessary

to show conclusively that a countercurrent can occur within rock cores.
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SANDSTONE CORE HEATING EXPERIMENT

INITIAL WATER CONTENT
AVERAGE STEADY STATE

WATER CONTENT

*---
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•

1

0	 2	 4	 6	 8	 10
	

12
DISTANCE FROM COLD FACE ( cm)

Figure 2.1	 Comparison of initial and final steady-state water content
in a heated sandstone core (Matthews, 1986).
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SANDSTONE CORE INITIAL WATER CONTENT
AND FINAL DYE DISTRIBUTION
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It appeared as though heterogeneities within the sandstone core had

blocked liquid return flow approximately 8 cm from the cold end of the

core. Figure 2.1 indicates a low initial water content within the core

at this point. This could indicate a zone of low hydraulic

conductivity. Rock cores used in laboratory heating experiments

probably cannot represent a large geologic medium because small scale

heterogeneities may not affect the mass flow in the same manner.

Laboratory experiments may show that a countercurrent flow system can

occur because of the heat added to a geologic medium by a HLNW

repository.



CHAPTER 3

MATERIALS AND METHODS OF LABORATORY
COUNTERCURRENT EXPERIMENTS

Three laboratory countercurrent heating experiments have been

performed using tuffaceous rock cores. The cores were subjected to a

uniform thermal gradient for 32 days. During this period, the water

content was monitored to detect water movement caused by the heating.

After this heating, the cores were dissected into sections, crushed and

analyzed for a soluble tracer to detect ion movement.

Rock Characteristics 

Rock cores used in this study were from a dacitic ash-flow

formation located east of Superior, Arizona. The Superior study area is

located near the extreme western edge of the Pinal mountains. The

mineralogical composition of this formation is a quartz latite.

Although classified as a quartz latite, the unit is often referred to as

a dacite. Dacite is a more descriptive term because the tuff units

consist of large phenocrysts embedded in an aphanitic groundmass. The

cores used in this experiment will be hereafter referred to as 'tuff'.

Peterson (1968) described the unit as being formed by a series of

eruptions close enough together in time that they cooled as a single

unit. The upper and lower portions of the unit are nonwelded. The

degree of welding increases gradationally toward the center of the

19
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formation, which is densely-welded (Fig. 3.1). In most areas of the

unit, separate layering of the ash flows is not apparent. The exposed

thickness of the unit ranges up to 600 meters near Superior. Using

radioactive decay methods, Damon and Bikerman (1964) obtained an

approximate age of 19.9 million years for the formation.

The Apache Leap field site has been developed on the top of the

ash flow sheet near Oak Flat, east of Superior (Fig 3.2). Three

inclined boreholes were drilled with a method that allowed a 6.4 cm core

to be recovered. All core recovered was from the upper nonwelded zone.

Two core samples, nearly 13 cm in length, from a depth of approximately

20 meters were used in the first two laboratory experiments. A second

field site, located in the abandoned Queen Creek road tunnel (Fig. 3.2),

is in the densely-welded zone. A large bulk sample was cored in the

laboratory, using a diamond drill bit which produced a core 9.5 cm in

diameter and 12.20 cm in length. This core was used in the third

experiment.

Core Preparation 

The cores obtained were measured and heated at 110 °C to drive

off all the residual water within the core. Heating continued until the

core weight was constant. The bulk density of the entire core was

obtained from the volume and the dry weight of the core. The bulk

density of discrete portions of the core was attained using the gamma

attenuation method described in the next section. Next, thermocouple

ports (Fig. 3.3) were drilled into the core using 1.5 mm diamond coated

drill bits to a depth of 1.5 cm. Thermocouple wires were epoxied into
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Figure 3.1	 The physical characteristics of the dacitic ash-flow sheet

located east of Superior, Arizona (Peterson, 1968).
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Figure 3.3	 A diagram of the apparatus used to heat rock cores in the
laboratory.
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the drill holes. Four equally spaced thermocouples were used in the

first experiment. For the second and third experiments, 5 thermocouples

were installed.

The next step was to wet the cores with an iodide solution.

This was accomplished with the aid of a vacuum pump. A core was

subjected to a partial vacuum of approximately -85 centibars to remove

pore air. An iodide solution was introduced while the core was still

under reduced air pressure to facilitate the wetting. A valve between

the solution and the vacuum chamber was slowly opened allowing the

solution to be forced into the chamber while retaining a partial vacuum

on the core. Iodide was used as a tracer in these experiments because

of its solubility in water, the small amount of degradation in

laboratory experiments and the ease of analysis with high performance

liquid chromatography methods (Bowman, 1984).

After wetting, the core was weighed and analyzed with gamma

attenuation to find the bulk and discrete water contents within the

core. Previous studies using soil (see Chapter 2) indicated that an

intermediate level of saturation produced the best results for

countercurrent flow. Since the nonwelded tuff was near saturation after

wetting, some water had to be removed. This was accomplished using a

pressure plate apparatus. A bentonite clay was spread on the bottom

surface of the core and the core was placed on the plate. The clay was

used to improve the hydraulic contact between the pressure plate and the

rock core. The core was subjected to pressures up to 3 bars.

Intermediate measurements of the bulk and discrete water contents were



25

taken during this procedure. While these measurements were being taken

some water was also lost to evaporation. Very little evaporation

occurred when the core was in the pressure chamber. The results of

these measurements indicated that at pressures higher than 1.5 bars, the

clay dried disrupting the hydraulic contact between the core and the

pressure plate. Additional desaturation was required for the core to

reach the desired water content. This desaturation was accomplished by

evaporation. The welded tuff core did not wet as easily as the

nonwelded tuff. When the welded tuff core reached an intermediate level

of saturation, determined gravimetrically, discrete water contents were

measured. The pressure plate was not used.

When a core reached an intermediate wetness it was sealed and

attached to the heating apparatus (Fig. 3.3). The heating apparatus

consisted of two reservoirs for circulating heated and cooled water.

These reservoirs were attached to a carriage that could be rolled along

a track through a gamma beam to measure the water content within the

core. To seal the core, a spray-on compound, Plasti-dip spray, was

first applied to retain the core water. Four coats were used to seal

the core. After the Plasti-dip dried, the core was coated with epoxy to

strengthen the plastic seal. The core was then epoxied to the aluminum

endplates of the two fluid reservoirs.

Gamma Attenuation Method 

Gamma attenuation methods were employed in these countercurrent

experiments as a nondestructive way to measure the dry bulk density and
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the water content at discrete intervals along the tuff cores. The gamma

detection equipment used in this experiment originally was built to

measure water content in vertical soil columns (Thames and Evans, 1968).

This equipment was modified for these experiments by Matthews (1986).

Theory

A beam of gamma-ray photons is produced when a gamma source is

collimated at both the source and the detector. When a rock core is put

into the path of this beam, some of the photons are deflected with a

loss of energy. The intensity of the beam passing through the core, I,

is related to the intensity of the beam passing through air, 1 0 , with

the equation (Reginato and van Bavel, 1964):

[3.1]	 I = To exp(-xpr pr - xpw epw )

where x is the thickness of the core, pr and pw are the mass attenuation

coefficients for the core material and water, respectively, p r is the

dry bulk density of the core, pw is the density of water and e is the

volumetric water content within the core.

It has been observed (Fritton,,1969; Mansell, Hammond and

McCurdy, 1973) that the intensity counts I and 1 0 are an underestimation

of the true count rate and must be corrected. When a photon strikes the

detection crystal, the crystal is insensitive for a fraction of a second

to other photons. If two photons strike the detector within a time

period smaller than this "deadtime", only one will be counted. Mansell

et al. (1973) give the Eq. 3.2 to correct the count rate
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[3.2] -1I
t --	 (1 - cos (sin	 [4d 1]1/2))

2d

where It is the corrected count rate, d is the deadtime and I is the

observed count rate. This correction was used in all gamma attenuation

measurements taken in this study.

Measurement of Gamma Attenuation Coefficients and Deadtime

The attenuation coefficient for water, pw, and the deadtime were

determined by Matthews (1986). He used a sum of squares error method

for data with intensities corrected for successively increasing

deadtime. He found a minimum sum of the squares error corresponded to a

deadtime, d=0.5 microseconds with pw = .084 cm 2/gm. These values were

used in all subsequent calculations.

In these experiments the dry bulk density was measured on the

oven dried cores and this was assumed to remain constant throughout the

wetting and heating of the cores. The dry bulk density for the entire

core was calculated gravimetrically. Several series of gamma

measurements were then taken along the dry core at 1-cm intervals. All

count rates were corrected for deadtime error. Assuming that no water

is present in the core, equation [3.1] simplifies to

[3.3] p
r = -ln (I40)

xp r

Starting with a gamma attenuation coefficient, pr = .077 cm 2/gm,

reported by Matthews (1986), the dry bulk density for each of these

measurements was calculated. An average of all measurements was
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determined. By changing the gamma attenuation coefficient and

iterating, it was found that with the value p r = .076 cm 2/gm the

calculated average bulk density agreed with the gravimetric data. This

value was used in subsequent calculations. This value compares

favorably with 'values for soil obtained by other investigators.

Reginato and van Bavel (1964) found 0.0775 cm 2 /gm and Gardner, Campbell

and Calissendorff (1972) found values ranging from 0.0755 to

0.076 cm2 /gm.

Experimental Setup

The gamma source used in these attenuation measurements was a

130 millicurie, Cs-137 source, enclosed in a 5-cm thick, lead

collimator. A scintillation detector, using a sodium iodide crystal,

was also mounted behind a lead collimating shield. This provided a

monoenergetic gamma radiation beam approximately 1-cm in diameter. The

source and detector were mounted in a steel frame separated by a 25-cm

gap, through which the core, attached to the heating apparatus, could be

inserted (Fig. 3.4). The associated electronics by Harshaw Electric are

also shown in Figure 3.4. They are an automatic gain control amplifier,

a discriminator unit, a timer and a six digit counter. The

discriminator was operated in the integral mode, which counted all gamma

photons with energies above approximately 0.60 Mev.

Water Content Measurements

As described earlier, water content measurements were taken

before the core was sealed. The water content was also monitored
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mounted.
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throughout the heating of the core. Knowing the dry bulk density and

the gamma attenuation coefficients, and assuming that the density of

water is equal to its density at the average temperature within the

core, equation [ 3.1] becomes

[3.4]	
= 

-ln (I/Io) - xpr pr

XPW Pw

Water Movement During Heating 

Each sealed tuff core was heated continuously for 32 days. The

temperatures of the two fluid reservoirs were approximately 4 ° and 69 ° C.

During the heating, nearly daily water content measurements were taken.

Initially only one or two series of measurements were performed on the

core. Seven minute air counts were taken before and after each series

of core readings. The core readings were taken at 1-cm intervals and

were three minute counts. This procedure was changed midway through the

first heating experiment to reduce the error associated with the

electronic drift of the detection equipment. More measurement series,

together with shorter measurement time periods, reduced the electronic

drift between the air measurements taken before and after each series of

core readings. The average of five or more series of measurements, with

two minute air counts and one minute counts at each 1-cm interval along

the core, were used thereafter. The water content for each series of

measurements was calculated and averaged at each interval.

Analysis of Iodide Tracer 

After heating, the core was pried from the heating apparatus and

the sealant was stripped off. The core was then sliced into sections
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with an oil cooled diamond saw. These sections were heated to evaporate

both the core water and the oil coolant. Heating continued until the

weight of the sections became constant. Using this weight and the bulk

density calculated earlier with gamma attenuation, the pore volume for

each of the sections was calculated. Each slice was crushed into

particles ranging in size from a fine powder to flakes approximately 5

mm in the longest dimension. Distilled water was then added in

proportion to the pore volume calculated. The amount of distilled water

added was ten times the pore volume. The solution was allowed to

equilibrate with the crushed rock for a least 3 weeks. After that time,

the liquid was filtered and analyzed for the iodide tracer using high

performance liquid chromatography. Knowing the initial concentration of

iodide in the solution added to the dried core and the initial water

content prior to heating, the amount of ion movement can be determined.

Two reporting methods were used in this analysis. The first shows the

amount of iodide movement within the core. This was calculated using

the initial water content and concentration of the solution, and the

amount of iodide in each of the core sections analyzed. It is assumed

that all ion movement was caused by liquid flow. The second method

shows the change in iodide concentration within the pore fluid. The

initial water content and iodide concentration were known. With the

final amount of iodide in each section, and the final water content, the

concentration of iodide in the pore fluid can be calculated.



CHAPTER 4

RESULTS OF LABORATORY COUNTERCURRENT EXPERIMENTS

Three laboratory heating experiments are analyzed in this

section. The first two were performed on nonwelded tuff. The third

experiment used a densely-welded tuff of similar chemical composition.

The first core was heated in a vertical position. The second and third

cores were orientated horizontally. Each core was heated for 32 days.

Data will be presented showing the initial and steady-state water

content distributions, the thermal gradients within the cores during

heating, and the initial and final concentrations of a soluble tracer

within the cores.

Nonwelded Tuff in a Vertical Position 

In this experiment, a nonwelded tuff core, 12.72 cm in length

and 6.4 cm in diameter, was heated under a constant thermal gradient.

The dry bulk density of the core, found gravimetrically, was 2.12

gm/cm3 . Assuming a particle density of 2.65 gm/cm 3, the porosity was

0.20. The discrete bulk densities for twelve 1-cm intervals are given

in Figure 4.1. These values were the result of three series of gamma

measurements performed on the oven dried core. The average of these 12

measurements was 2.118 gm/cm 3 with a range between 2.074 and 2.158

gm/cm3 .
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Figure 4.1	 The dry bulk densities at twelve 1-cm intervals along the
nonwelded tuff core used in the vertical heating
experiment.
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The core was wetted with a 1000 ppm solution of potassium iodide

under a negative air pressure of approximately -85 centibars. The

initial water content of the wetted core is shown in Figure 4.2. The

core was put into a pressure chamber and allowed to equilibrate at

different pressures to desaturate the core. The results of the

desaturation are also shown in Figure 4.2. Gravimetric measurements

indicated that less water loss occurred when the pressure in the chamber

exceeded 1 bar. Evaporation during water content measurements also

contributed to the water loss in the core. Data for Figure 4.2 are

given in Table 4.1 along with gravimetric readings when taken.

After the core was brought to an intermediate level of

saturation, approximately 41% saturation, it was sealed and attached to

the heating apparatus. The sealant was not completely uniform and

altered the gamma attenuation. Gamma measurements were retaken along

the core and compared with the final water content readings taken before

the core was sealed. The difference between the readings was found at

each interval. This difference became an added term to equation [3.1]

to account for the sealant attenuation. The assumption that no water

movement occurred during the sealing process is made here.

The core was wrapped in foam insulation and subjected to a

thermal gradient for 32 days. The hot and cold plate temperatures were

approximately 69°C and 4°C, respectively, for an average thermal

gradient of 5.1°C/cm (Fig. 4.3). The near steady-state thermal gradient

was reached within 12 hours and remained nearly constant throughout the

experiment except during the time when water content readings were taken
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Figure 4.2	 The initial, intermediate and final water content
distributions within the nonwelded tuff core, used in the
first heating experiment, being desaturated with a pressure
plate. The time represents the amount of time the core was
in the pressure plate at that particular pressure.
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Cm from cold
face

porosity wetted
core

46 hr

1 bar
188 hr

1 bar
260 hr
1 bar

332 hr

1 bar
96 hr .
2 bar

48 hr

3 bar
120 hr

3 bar

1.00 19.36 17.90 14.34 12.88 14.16 10.75 10.01 9.65 8.60
2.00 19.47 17.62 14.81 12.72 11.16 10.64 9.65 9.02 8.32
3.00 19.55 16.47 15.31 12.45 11.13 10.31 9.61 8.90 8.31
4.00 18.57 17.03 15.07 13.38 11.86 11.34 9.74 9.74 8.24
5.00 21.51 19.53 17.55 14.71 13.26 11.55 10.48 9.48 8.31
6.00 18.79 16.47 14.74 13.33 12.49 11.05 10.80 10.64 9.45
7.00 19.85 18.96 16.83 14.02 13.13 11.40 10.80 10.48 9.41
8.00 19.66 18.47 16.99 15.46 13.72 12.12 11.17 11.15 9.62
9.00 20.49 17.27 15.14 13.14 12.48 10.91 8.62 8.20 7.43
10.00 21.02 16.81 15.42 14.06 12.40 11.27 8.69 8.39 7.49
11.00 21.74 17.21 15.62 14.48 13.33 12.05 10.39 10.43 9.20
12.00 20.87 15.71 13.94 12.96 11.85 11.43 9.76 9.86 8.47

Average 20.07 17.45 15.48 13.63 12.58 11.23 9.98 9.66 8.57
Gravimetric
before gamma 19.20 NT 13.67 12.68 11.70 9.96 9.31 8.49
after gamma NT NT NT NT 11.31 9.81 9.26 8.24

NT = measurement not taken

Table 4.1	 The data used in Figure 4.2 describing the desaturation of
the nonwelded tuff core used in the first heatin experiment.
The water content distributions were found with gamma
attenuation are also averaged and compared to the
gravimetric water content when that measurement was taken.
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Figure 4.3 The temperature distribution within the nonwelded tuff core
as it was heated in a vertical position.
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and the insulation was removed. This deviation was slight and the

temperature gradient recovered within 1 hour after replacing the foam.

For the first 36 hours, the core was in a horizontal position. The core

was then turned so that the cold face was down. The core remained in

this position for 17 days except when gamma measurements were taken. At

this time, it appeared that the water content profile had reached a

steady state. The core was then reoriented so that the hot face was

down. The position of the core was reversed to determine the effect of

gravity on the liquid return flow. The core remained in this position

for 13 days with no appreciable change in the water content profile

(Fig. 4.4). The hot end of the core developed a crack in the epoxy 2

days before the end of heating and some water loss was observed at that

end of the core. These results are not included in Figure 4.4. Table

4.2 shows the change in water content, within the core, during heating.

After heating, the core was sawed into 8 pieces with an oil

cooled diamond saw. The amount of iodide in each section was determined

using high performance liquid chromatography. The results of this

analysis are reported in two ways: (1) The change in the amount of

iodide in each core section, and (2) The change in the concentration of

the solution inside each of the core sections. These data are given in

Table 4.3 and Figures 4.5 and 4.6. These results clearly show iodide

movement toward the heat source.

Nonwelded Tuff in a Horizontal Position 

This experiment was similar to the first experiment except that

the core was heated in a horizontal position. The core was taken from
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Figure 4.4	 The initial, intermediate and final water content
distributions within the nonwelded tuff core heated
vertically. The core position was reversed after the
19th day of heating.
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Table 4.2	 Periodic water content measurements of the nonwelded tuff
core during heating in a vertical position.
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Core section cm
from cold side	 0-1.74 1.74-3.3 3.3-4.8 4.8-6.16 6.16-7.9 7.9-9.65 9.65-11.1 11.1-12.79

Conc.	 1-	 (ppm)
before heat 1000 1000 1000 1000 1000 1000 1000 1000
after heat 81 100 152 259 323 4746 5389 3830

Amount 1- (mg/cm core)
before heat 2.09 1.91 2 2.3 2.21 2 2.01 2.05
after heat .23 .24 .38 .66 .67 5.28 5.64 3.37

Table 4.3	 The results of the iodide analysis for the nonwelded tuff
core heated vertically.
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Figure 4.5	 The change in concentration of iodide in the pore solution

within the nonwelded tuff core heated vertically.
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the same tuff zone and was approximately the same size as the tuff core

used in the previous experiment. The temperatures in the hot and cold

water reservoirs were similar to the first experiment, as was the amount

of time the core was subjected to a thermal gradient. The core was

12.99 cm in length and 6.4 cm in diameter. The gravimetric bulk density

was 2.15 gm/cm3 giving a porosity of 0.19. This porosity is slightly

lower than in the first experiment.

The core was initially wetted with a 1000 ppm solution of

potassium iodide. Due to difficulties with the gamma equipment, the

core was dried again and the bulk density measurements were retaken.

The discrete bulk densities for twelve 1-cm intervals are given in

Figure 4.7. These are the average of 5 series of gamma measurements.

The average of these 12 measurements was 2.141 gm/cm 3 with a range

between 2.108 and 2.166 gm/cm3 . Oven drying the core, after wetting

with a potassium iodide solution, left some iodide in the core. When

the core was rewetted, an 800 ppm solution was used. This was done in

an attempt to approximate the original 1000 ppm solution. Analysis at

the end of this experiment indicated that the solution within the core

was approximately 875 ppm. The core was then desaturated and sealed in

a similar manner as in the first experiment. The saturation level was

approximately 48%. This saturation level was higher than the 41%

saturation obtained in the first experiment.

The core was heated in a horizontal position for 32 days.

Figure 4.8 shows the steady-state thermal gradient within the core. The

temperature at the cold end in this figure is the cold fluid
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Figure 4.7	 The dry bulk densities at twelve 1-cm intervals along the
nonwelded tuff core, which was heated vertically.
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Figure 4.8	 The temperature distribution within the nonwelded tuff
core as it was heated in a horizontal position.
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temperature. The temperature at the hot end of the core in this figure

was measured by a thermocouple installed between the hot reservoir

endplate and the core. The temperature between the core and the

endplate was 67.2 °C, while the hot fluid temperature was 69.8 °C. The

changes in water content were measured daily throughout the experiment.

Figure 4.9 shows the initial and final water contents within the core.

Data for the water movement within the core during heating are given in

Table 4.4.

After the heating, the core was dissected into 16 pieces. The

core was cut into 8 slices as in the previous experiment. These

sections were then cut in half along a plane which separated the

sections into upper and lower halves of the heated cylinder. The iodide

analysis could then determine if more liquid return flow occurred along

the bottom of the core than in the upper portion. The results of the

iodide measurements are given in Table 4.5. These results do not

indicate that more liquid water flowed along the bottom of the core.

Figures 4.10 and 4.11 show the iodide movement within the core. An

average of the analysis for the upper and lower portions of each core

slice is used in these figures.

Welded Tuff in a Horizontal Position 

In this experiment a densely-welded tuff core, with a larger

diameter than the cores used in the previous experiments, was heated for

32 days at temperatures similar to the nonwelded tuff experiments. The

dimensions of the core were 12.20 cm in length and 9.5 cm in diameter.

The gravimetric bulk density of the core was 2.42 gm/cm3 and the



WATER CONTENT:-
--1 INITIAL

- - 0 FINAL

0	 2	 4	 6	 8	 10
	

12
CM FROM COLD FACE

Figure 4.9	 The initial and final water content of the nonwelded tuff
core heated horizontally.
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Table 4.4	 Periodic water content measurements of the nonwelded tuff
core heated horizontally.
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Core section cm
from cold side 0-1.57 1.57-3.1 3.1-4.8 4.8-6.57 6.57-8.04 8.04-9.9 9.9-11.3 11.3-12.99

Conc.	 1-	 (ppm)
before heat
after heat
upper half

870

170

870

482

870

261

870

225

870

269

870

1548

870

4911

870

5915
lower half 156 467 401 277 145 655 5357 5610
average 163 474 331 251 207 1101 5131 5762

Amount !-
before heat
after heat
upper half

1.97

.28

1.97

.73

1.95

.37

1.94

.29

2.01

.29

1.96

1.18

1.84

2.61

1.76

2.27
lower half .26 .71 .56 .36 .16 .46 2.84 2.15
total .54 1.44 .93 .65 .45 1.64 5.45 4.42

Table 4.5	 The results of the iodide analysis of 16 core sections.
Sections representing the upper and lower halves of the
nonwelded tuff core heated horizontally were analyzed.
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Figure 4.10	 The change in iodide concentration in the pore solution
within the nonwelded tuff core after heating horizontally.
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Figure 4.11	 The change in the amount of iodide within each section of
the nonwelded tuff core, which was heated horizontally.



53

porosity was 0.09. This porosity is much lower than the porosity of the

nonwelded tuff. The discrete bulk densities at eleven 1-cm intervals

are given in Figure 4.12. These are the average of 5 series of gamma

measurements. The average of these 11 measurements was 2.435 gm/cm 3

with a range between 2.422 and 2.444 gm/cm3 . Thermocouples were

installed between the core and the resevoir endplates.

The wetting of this core with iodide solution was more difficult

than the wetting of the nonwelded tuff cores. After subjecting the core

to negative pressure and adding the iodide solution, the core was

allowed to soak in the solution for a week. The initial water content

(Fig. 4.13) was higher at the ends of the core than in the center. This

trait continued thoughout the heating. The welded tuff core was not

desaturated after wetting. After soaking in the iodide solution, the

water content was measured and the core was immediately sealed and

attached to the heating apparatus. The level of saturation, about 58%

saturation, was higher than the previous experiments.

The core was heated in a horizontal position for 32 days. The

temperatures in the hot and cold reservoirs were 68.9° and 5.9 ° C,

respectively. The temperatures between the aluminum endplates and the

core were 65.7 ° and 8.5 °C. The thermal gradient within the core was

4.7 °C/cm. The steady-state thermal profile of the core is shown in

Figure 4.14. The figure includes data from the five thermocouples

inbedded in the core and the two measurements made between the core and

the endplates.

The water content within the core was measured daily. Figure

4.13 shows the initial and final water content measurements. Data for
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Figure 4.12	 The dry bulk densities at eleven 1-cm intervals along the
densely-welded tuff core.
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Figure 4.13	 The initial and final water content of the densely-welded
tuff core heated horizontally.
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Figure 4.14	 The temperature distribution within the densely-welded
tuff core as it was heated in a horizontal position.
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these and the intermediate water content measurements are given in Table

4.6. After heating, the core was cut into 6 slices, crushed and

analyzed for iodide. The iodide analysis indicated that only about 60%

of the iodide was recovered. Some iodide probably remained within the

rock fragments. The analysis was adjusted so that a comparison could be

made with the initial amount of iodide present in the core. This

adjustment assumed that the percentage of iodide recovered in each core

section was the same. Table 4.7 and Figures 4.15 and 4.16 show the

results of the iodide analysis.

Discussion and Conclusion 

The results of these heating experiments clearly show that

countercurrent flow occurred in the tuff cores. The iodide analysis

indicates that more liquid return flow occurred in the nonwelded tuff

core samples than in the densely-welded tuff. The major factor

controlling the liquid return flow is the unsaturated hydraulic

conductivity of the cores. The time it took to wet the densely-welded

tuff core indicates that it's conductivity is very low compared to the

nonwelded tuff cores. This is to be expected because of the lower

porosity of the welded tuff. More evidence of the low conductivity in

the densely-welded unit is presented in the next chapter.

The amount of interconnected pore space within the cores is

unknown. The degree of saturation achieved during the wetting of the

nonwelded tuff cores indicated that the pore space was mostly

interconnected. The welded tuff core may have had proportionally fewer

interconnected pores than the nonwelded cores and, hence, less area
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Table 4.6	 Periodic water content measurements of the densely-welded
tuff core as it was being heated horizontally.



Core section cm
from cold side 0-2.25 2.25-4.33 4.33-6.4 6.4-8.26 8.26-10.26 10.26-12.2

Conc.	 1-	 (ppm)
before heat 1000.00 1000.00 1000.00 1000.00 1000.00 1000.00
after heat 387.00 524.00 575.00 572.00 621.00 843.00
adjusted 645.00 873.00 959.00 953.00 1035.00 1405.00

Amount 1- (mg/cm core)
before heat 3.07 3.19 2.36 2.25 2.72 3.07
after heat .95 1.46 1.46 1.38 1.84 3.00
adjusted 1.58 2.41 2.41 2.29 3.05 4.96
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Table 4.7 The results of the iodide analysis for the densely-welded
tuff core. Only 60% of the iodide was recovered during
analysis. The adjusted figures indicate the iodide that
would be present if it was fully recovered.
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Figure 4.15	 The change in concentration of iodide in the pore solution
within the densely-welded tuff core. The concentration
after heating is normalized (see Table 4.7).
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Figure 4.16	 The change in the amount of iodide within the sections of
the densely-welded tuff core. The amount after heating is
normalized (see Table 4.7).
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would be available for water movement than assumed by gravimetric

porosity measurements. The hydraulic conductivity of the densely-welded

tuff core would be reduced if this were true. Countercurrent flow is

more pronounced at intermediate saturation levels. If the level of

saturation is too high, vapor movement is restricted. If the level is

too low, liquid return flow is retarded. The densely-welded tuff core

started with a higher level of saturation than the nonwelded tuff cores.

If some pore space was unavailable for water transport in the

densely-welded tuff core, the effect would be that of an even higher

saturation level. This could explain why less countercurrent flow

occurred in the densely-welded tuff core compared to the nonwelded

cores. The implication of this difference in water movement is

important in a HLNW repository. A repository located in a layered

volcanic formation will have differential flow in each layer which will

depend on the individual properties of each layer. Studies of a

particular repository site should attempt to find zones or beds with

lower degrees of welding. These areas could contribute greater amounts

of thermally driven water than would be expected using the average

properties of the system.

Gravity flow is probably not a very important component of this

system compared to flow caused by the potential gradient. The iodide

analysis of the second experiment failed to show more liquid flow

occurring in the lower half of the core. In the first experiment,

reversing the gravity field failed to promote a greater liquid flow due
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to gravity. The major component of the liquid return flow is probably

the flow caused by the potential gradient.

A zone of soluble ions could be deposited within the dry, hot

rock near the repository. These ions could remain in this zone until

the repository cools enough to allow liquid water to return to this

area. Escaping soluble radionuclides could be returned toward the

repository by the liquid return flow system. The dimensions of the

countercurrent flow system and the rate of moisture movement will depend

upon the imposed thermal gradient, the initial water content and the

hydrologic properties of the surrounding medium. The dimensions of this

system could also be affected by any addition of water to the system,

either meteorological or water escaping from the repository itself.



CHAPTER 5

FIELD HEATING EXPERIMENT

A field heating experiment was conducted in the densely-welded,

fractured tuff at the Queen Creek road tunnel site (Fig. 3.2). The

objectives of this experiment were to:

(1) Measure the changes in temperature caused by the addition of

varied amounts of heat.

(2) Measure the changes in water potential and water content

with time.

(3) Determine instrument and power requirements for future

heating experiments.

Two nearly-parallel, horizontal boreholes (5 cm in diameter, 15 m long

and 0.89 m apart), were used in this experiment (Fig. 5.1). A heating

element was placed six meters into one borehole, while the adjacent hole

was packed off at two locations to form an air space approximately the

same distance into the borehole as the heater. Three thermocouple

psychrometers were installed to monitor changes in water potential and

temperature in the air space between the two packers. A neutron probe

was used to determine changes in the water content of the tuff in both_

boreholes.
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Figure 5.1	 Diagram of the heating element and thermocouple (right
borehole), and packers isolating psychrometers (left
borehole) at the Queen Creek road tunnel site.

65



66

Experimental Setup 

The heating elements used in this experiment are Incoloy 800

sheathed nickel alloy elements manufactured by W.W. Grainger Inc.,

Chicago, Illinois. The flange of each element was cut to fit into a

combined temperature sensor and element holder (Fig. 5.2). The holder

is 4.45 cm in diameter and holds the element in the borehole, preventing

it from coming into contact with the rock. The elements normally use a

240 volt current at 60 hertz. While the elements were intended to be

used submersed in a liquid, the application here required that they be

used in air. Element burnout was avoided by reducing the voltage to 120

volts. This reduced the heat yield of each element to 1/4 of its

potential output.

The two elements used are the 2000 and 6000-watt models, which

effectively provide 500 and 1500-watt outputs for the experiments. The

element lengths are 23.5 cm and 58.7 cm, respectively. The elements

were powered by a field generator and controlled by a thermostat (Fig.

5.2), which monitored the temperature of the rock at a point midway

along the heating element holder (Fig. 5.1). The thermostat can be

adjusted between 100 0 and 200 °C. Power was supplied by an electric cord

running through a pipe to the element and connected to the thermostat

control box. A thermocouple wire ran from the spring mechanism in the

_ 
element holder, along the outside of the pipe, to the thermostat.

The thermocouple psychrometers used were manufactured by Wescor,

Logan, Utah and are used in conjunction with a Wescor HR-33T dew point

micro-voltmeter. Each psychrometer had been calibrated for different
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Figure 5.2	 Diagram of the short (500 watt) and long (1500 watt)
heating elements, and wiring chart to the control box.
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temperatures and potentials. Two different methods, the dew point

method and the psychrometric method, were used during calibration (see

Wiebe et al., 1971). Calibration involved using salt solutions of

varied concentrations to form different water potentials. The

psychrometers were inserted into water tight chambers with one of the

salt solutions. The chambers were lowered into a constant temperature

water bath and allowed to equilibrate for 12 to 24 hours. Measurements

were taken with the micro-voltmeter giving the voltage from each

psychrometer at a particular temperature and potential. The temperature

of the bath was then increased at 5 °C intervals, between 15 ° and 35 °C,

and the psychrometers were allowed to re-equilibrate before another

series of measurements was taken. For a more detailed discussion of the

procedure used to calibrate psychrometers see Anderson (in preparation).

This procedure was followed with four different solutions,

which gave potentials of 1.85, 9.44, 24.53 and 48.60 bars. Eight

psychrometers were calibrated using this procedure. Each psychrometer

had its own calibration curve. The three psychrometers that performed

most consistently were used in the heating experiments. Only one

psychrometer functioned properly throughout the heating experiment

Figure 5.3 is the calibration curve for that psychrometer.

Bulk water content within the tuff was measured using a neutron

probe (Model 503, Rydroprobe, by Campbell Pacific Nuclear, Pacheo,

California). The neutron probe measures the average water content

within a spherical area around the probe. Therefore, sharp changes in

water content cannot be determined with this method. At present no

accurate calibration exists for this probe in a welded tuff. All data
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Figure 5.3	 Calibration curve for the thermocouple psychrometer used in
the field heating experiment.
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are reported in the form of a ratio between the counts taken in the

borehole and the shield count taken before each set of measurements.

The ratio increases with increasing water content.

Experimental Procedure 

The heating experiment was conducted in two parts. The first

used the small 500-watt element. The second employed the larger

1500-watt element. The initial water content of the tuff was determined

by taking three neutron probe measurements, over one-minute periods, at

half-meter intervals in the two boreholes. The psychrometers were then

installed six meters into the borehole between two packers and allowed

to equilibrate for four days to determine the initial water potential.

The heating element and the element holder were attached to a pipe and

placed in the other borehole at a depth of six meters to the middle of

the heating element.

Temperature and potential measurements in the observation

borehole were taken hourly while the heater was operating. Heat was

applied for approximately three days with the 500-watt element, then no

heat was applied for four days. No change in the water potential was

measured, so heat was again applied using the 1500-watt element for

another four days. Neutron measurements were taken after heating to

- determine the change in water content. The thermocouple psychrometers

and packers were removed after each heating period, neutron measurements

were made, and the packers were replaced for periodic temperature and

potential measurements. Periodic neutron measurements were also taken

to monitor the recovery of the water content in the heated borehole.
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Results and Discussion 

In the first part of the experiment, the 500-watt element was

emplaced and heated for 65 hours. The water content and water potential

in the observation borehole did not change during this period, even

though the temperature increased from 21.0 ° to 24.8°C. In the heater

borehole, the water content decreased in the immediate vicinity of the

heating element (Fig. 5.4). These results indicated that additional

heat was required to obtain a sizable response in the observation

borehole.

The psychrometers were left in place and a second heating trial

was conducted, starting 103 hours after the first trial ended. During

the time between the first and second heating episodes, the temperature

in the observation borehole fell from 24.8 ° to 23.5 °C and the water

content in the heater borehole remained the same. In the second trial,

the 1500-watt element was heated for 94 hours. In the observation

borehole, the water potential decreased from approximately -0.25 to -9.0

bars. This change, and subsequent changes in potential after the

element was turned off, are shown in Figure 5.5.

Data for water potential were obtained using the dew point

method and the psychrometric method. The psychrometric method

consistently indicated potential readings 0.5 to 1.5 bars below those

- determined using the dew point method. Data for Figure 5.5 were derived

by averaging the potential values from the two methods. Psychrometers

are not considered accurate at potentials greater than -2 bars and,

therefore, the initial and final measurements only provide qualitative

information about changes in water potential.
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Figure 5.4	 The change in water content, in the heater borehole, due to
both the 500 and 1500 watt heating episodes. N is the
average of three counts taken in the borehole and Ns 

i s
the average shield count.
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Figure 5.5	 The change in water potential, in the observation borehole,
due to the 1500 watt heating.
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The temperature in the observation borehole increased during the

time of heating, from 23.5 ° to 29.5 °C (Fig.5.6). The temperature
continued to rise for 28 hours after the heating was stopped, to 31.1 ° C,
then gradually decreased. Temperature measurements taken in the heated

borehole were made by the thermocouple, which was spring loaded in the

element holder (Fig. 5.1). At that position, the temperature of the

rock adjacent to the borehole increased to 90 °C in 48 hours and
continued to slowly rise after that to 91.5 °C by the end of the heating
period. The heating element was on continuously throughout the 94 hour

heating period. The temperature never reached a level sufficient to

trigger the thermostat mechanism.

After the heating was stopped, the temperature fell 9.9°C in the

first 30 minutes of recovery. The sensor was then pushed further into

the borehole and allowed to equilibrate. One hour after the heating,

the temperature of the rock adjacent to the former heating element

position was 132.3°C. This indicates that the temperature of the rock

adjacent to the heating element was greater than the temperature

measured by the sensor during heating. Two hours and 45 minutes after

heating, the temperature at this position had dropped to 97.6°C.

During the second heating, the heating element was mispositioned

by 0.36 meters, which resulted in the center of the element being

located at 6.36 meters into the borehole instead of 6 meters. The

results of this misplacement can be observed in Figure 5.4, which shows

the change in water content in the heater borehole after heating with

the 1500-watt element. The results show an increase in the water

content, during the second heating period, near the 6-meter depth.
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Figure 5.6 The temperature response, in the observation borehole, due
to the 1500 watt heating episode. The element was heated
for 94 hours.



76

Seven days after the heating was stopped, the temperature in the

observation borehole had dropped to 27.0°C and the water potential had

risen to near its initial state. Although the potential had decreased

to approximately -9 bars during the second heating, no change in water

content was observed. This indicates that a small change in water

content can result in a large change in the potential for the range

measured. .

The recovery of the water content in the heater borehole was

very slow (Table 5.1 and Fig. 5.4). Because wet and dry zones are

located relatively close to each other (thus forming a large hydraulic

gradient), the conclusion can be made that the hydraulic conductivity of

the rock is low. Another factor in the slow recovery could be that some

of the water left the system. During the heating, especially the second

heating, liquid water dripped out of the heater borehole. This water

would be unavailable to re-wet the dried area. Water was also ponded in

the observation borehole behind the packer. This water flowed out of

the borehole when the packers were removed to measure the water content

with the neutron probe. The initial potential within the rock body

indicates a high level of saturation. Water may have been forced into

the boreholes to relieve the vapor pressure resulting from the heating.

If the rock was initially near saturation, the water vapor may not have

been able to diffuse through the small amount of air filled pore space.

Conclusions 

This experiment was performed to determine thermally induced

water movement in a large rock body. The 1500-watt heating element did



FIELD HEATING EXPERIMENT WATER CONTENT RECOVERY

Distance from
tunnel	 wall	 (m) 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0

Initial .541 .528 .536 .557 .529 .537 .535 .521 .517
After first heat .553 .536 .547 .564 .407 .542 .546 .531 .526
After second heat .555 .543 .551 .566 .476 .370 .544 .530 .535
Recovery

Day 71 .547 .539 .544 .561 .491 .410 .540 .529 .530
Day 114 .549 .539 .548 .565 .498 .435 .541 .534 .527
Day 198 .553 .541 .548 .564 .506 .466 .547 .531 .533
Day 313 .552 .541 .550 .568 .513 .486 .544 .535 .528
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Table 5.1	 The change in the water content within the heated borehole
measured with a neutron probe. The numbers are the ratio
between the counts taken in the borehole and the shield
counts (see Fig. 5.4). Measurements were taken before and
after each heating episode, and periodically during
recovery.
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induce water movement, but it is difficult to determine if most of the

water left the system through the borehole, or if it was driven into the

rock. Liquid water began to slowly drip out of the heater borehole,

beginning four hours after the second heating commenced. It continued

to leave the system throughout the heating phase of the experiment.

Zones of low and high water content are adjacent to each other in the

heater borehole. Yet the recovery of the water content within the rock

will take over a year. This amount of time for recovery indicates that

the hydraulic conductivity in the densely-welded tuff unit is very low.

The decrease in potential, measured in the observation borehole,

indicated that a decrease in water content occurred there, but this

decrease was too small to be measured with the neutron probe. A small

water loss, then, can cause a large potential change within the

densely-welded tuff. Heat from a HLNW repository could create quite

large potential gradients if it were located in a similar rock

formation. This effect would be beneficial if the dry zone remained

confined within the rock formation. The potential gradient could cause

liquid return flow to occur. Soluble radionuclides could be contained

within the rock body by a countercurrent flow system.

Future heating experiments should have more instrumentation to

determine the area affected by the addition of heat. Several

observation boreholes at varying distances from the heater should be

used. These boreholes could be instrumented at various depths to

measure potential and temperature distributions. It would be desirable

to seal all equipment in place with a material that has similar
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hydraulic and thermal properties as the rock type involved. This would

, eliminate the ambiguity of water leaving the system. Multiple

instrumentation is imperative. Although three psychrometers were used

in this experiment, only one functioned properly throughout the

experiment. Cased access holes could be used for neutron measurements

to determine the water content without disturbing the flow system.

Finally, future experiments should be run with heating episodes,

possibly with greater heat intensity, lasting for longer time periods.

As shown in Figure 5.4, the recovery of the water content was very slow.

In future experiments involving a larger affected area, this recovery

could take years. Instrumentation should be designed to last for this

amount of time.
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