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ABSTRACT

Axial temperature gradients were established in two

sealed unsaturated rock cores and maintained until near

steady distributions of temperature and moisture content

were observed. Water content measurements, made at inter-

vals along the length of the cores, indicated net moisture

movement was from warm to cold. Water content measurements

during a preliminary experiment with an unsaturated sand

column also indicated net moisture movement was from warm to

cold. Changes in the distribution of a tracer introduced

into one of the rock cores and the sand column indicated

liquid movement from cold to warm had occurred. The magni-

tude of the water content changes was greater and the time

required to reach near steady-state conditions was shorter

for a more permeable, porous sandstone core than for a

welded tuff core. The water content decreased to zero near

the hot end of the sand column.

vi i i



INTRODUCTION

One alternative being considered for the safe dis-

posal of high-level nuclear waste (HLNW) is burial in an

underground mined repository in unsaturated rock. High

temperatures will develop in the rock near the disposal

facility (Wang et al., 1981) as a result of the limited

ability of rock to conduct away the large quantity of heat

released by radioactive decay of HLNW. The resulting tem-

perature gradients may alter the ambient moisture flow field

by changing the distribution and physical properties of

water residing in the surrounding rock. This may give rise

to a liquid-vapor countercurrent flow system in the rock

pore space surrounding the subsurface HLNW disposal

facility.

Pore water will evaporate more readily in the high

temperature zone surrounding the waste repository. Since

water vapor density increases with increasing temperature,

the thermally induced temperature gradient may cause water

vapor to diffuse away from the repository and condense at

some distance where the rock is cooler. The creation of a

dry zone near the repository may create a potential for

liquid water flow back towards the facility.

Temperature gradients may persist in the rock sur-

rounding a repository for centuries. Liquid water will

1
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generally flow more slowly in this system than water vapor,

in part because hydraulic conductivity falls very rapidly

with decreasing water content, while vapor diffusivity will

actually increase as the rock water content decreases. For

this reason net moisture flow will initially be directed

away from the repository. This countercurrent flow could

maintain a dry zone near the repository simultaneously with

a moist zone at some distance where the rock temperature is

near ambient. The dimensions of this unsaturated flow

system are to a large extent controlled by thermal proper-

ties, pore size distribution, and the initial water content

distribution of the rock surrounding the repository, and may

decrease as the intensity of the radioactive decay heat

source decreases with time.

In the event of failure of a waste containment

canister, gaseous radionuclides may accompany vapor flow

away from the repository. Soluble radionuclide migration

toward the accessible environment will tend to be contained

within the zone of this countercurrent flow system by liquid

water return flow. This system will be conservative with

respect to the release of soluble radionuclides to the

accessible environment, provided that the countercurrent

flow system lies well within the confines of the geologic

medium selected for the repository.

Experimental work (e.g., Gurr, Marshall and Hutton,

1952) supports this scenario, showing that a steady thermal
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gradient can give rise to a liquid-vapor countercurrent in

closed systems of unsaturated soil materials. A number of

investigations, including those of Taylor and Cavazza (1954)

and Cassel, Nielsen and Biggar (1969), have reported meas-

uring transfer coefficients for water vapor movement

resulting from thermal gradients for various soil types.

However, published reports of experimental investigations of

countercurrent flow systems operating in unsaturated rock

are lacking.

The objectives of this study included demonstrating

the existence of this thermal countercurrent phenomenon in

unsaturated rock and evaluating, to a limited extent, the

effect of rock type on the formation of the thermal counter-

current.

Axial temperature gradients were established in two

sealed cylindrical unsaturated rock cores and in a sealed

unsaturated sand column and maintained until near steady

distributions of temperature and moisture content were

observed. The laboratory experiments were designed to

permit the resulting unsaturated flow system to be modeled

as a one-dimensional system. The three experiments investi-

gated a potentially wide range of unsaturated permeability.

In addition, the volcanic tuff core selected for one of the

heating experiments was considered to be similar to the

geologic medium likely to be chosen as a candidate site for

a HLNW disposal facility in unsaturated rock.



LITERATURE REVIEW

Previous Investigations 

It has been known for some time (Bouyoucos, 1915)

that soil water can move in response to a temperature grad-

ient. A study of closed unsaturated soil systems subjected

to a temperature gradient (Gurr et al, 1952) provided

evidence of a liquid-vapor countercurrent system operating

under these conditions. These investigators found that

liquid water moved towards the heated end of a soil column

while water vapor moved towards the cooled end. The ob-

served vapor flux was far greater at intermediate water

contents than that predicted by a Fickian diffusion model

modified for porous media. Taylor and Cavazza (1954) found

that the movement of moisture from warm to cool regions

occurred mainly in the vapor phase and was accompanied by a

liquid water return flow in response to the induced matric

potential gradient.

The heat flux through a porous unsaturated rock is

the result of contributions from heat conduction through the

rock matrix, the pore water, and the pore air; heat convec-

tion accompanying movement of pore fluids; and the transfer

of latent heat (Philip and deVries, 1957). The transfer of

heat by evaporation near a heat source and subsequent vapor

movement and condensation down gradient releasing the latent

4
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heat of evaporation is known as heat piping and can transfer

heat rapidly with a small temperature gradient (Grover,

Cotter and Erickson, 1964).

Philip and de Vries (1957) attempted to reconcile

the experimental evidence with the theory of diffusion in

unsaturated porous media to explain observed vapor flux

rates. Cary and Taylor (1962) developed equations for heat

and moisture transfer in unsaturated soil subjected to tem-

perature gradients using the theory of thermodynamics of

irreversible processes. Cassel et al. (1969) measured mois-

ture movement in response to steady temperature gradients in

sealed cylinders of uniformly packed fine sandy loam at

several different initial water contents. They observed

countercurrent flow with maximum moisture transfer at inter-

mediate initial water contents. Their observed vapor fluxes

agreed closely with that predicted by the theory of Philip

and de Vries, while the Taylor and Cary expression under-

estimated the vapor flux in all cases. Another experimental

study (Tromble, 1973) concluded that neither the Taylor-Cary

model nor the Philip-de Vries physically-based formulation

was entirely successful in predicting the observed vapor

flux in a closed, heated soil column.
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Vapor Transport Equations 

Modified Fickian Model for
Isothermal Vapor Transport

An approximate model for water vapor diffusion in

porous media was first proposed based on a modified Fickian

vapor transport equation (Rollins, Spangler and Kirkham,

1954). In this model the vapor flux, qv, for isothermal

conditions is related to the vapor density gradient, VP v ,

by:

qv = -Da vaaVpv
	 (2.1)

where Da is the coefficient of water vapor diffusion in air,

is a mass flow factor equal to P/(P-p), where P is the

total pressure on the system and p is the vapor pressure of

water, a is a factor to account for the tortuosity of the

medium, and a is the proportion of air-filled pore space in

the medium.

The coefficient of water vapor diffusion in air is

temperature dependent (Kimball et al., 1976) with:

Da = 0.229(1+ T/273) 1 ' 75 cm 2/s ,	 (2.2)

where T is the temperature in °C. The tortuosity factor

(Weeks, Earp and Thompson, 1982) is dependent on the pore

size distribution, pore geometry, and the nature of pore

interconnections. Penman (1940) gave an empirical value of

a = 0.66. Millington (1959) gave:
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= a0.333
	

(2.3)

based on a theoretical model of pore size distributions.

Nonisothermal Vapor Flux

An induced temperature gradient along a closed soil

column provides the heat energy needed to vaporize water,

with proportionately more vaporization closer to the heat

source. The water vapor density will be higher close to the

heat source not only because more pore water vaporizes there

initially but also because the saturated water vapor density

is greater at higher temperature. This thermally-induced

density gradient will cause vapor flow away from a heat

source.

The vapor density, p v, is related to the relative

humidity, h, by:

Pv = ph
	

(2.4)

where p o is the saturated water vapor density at temper-

ature T. Philip and deVries (1957) noted that the relative

humidity is given as a function of the soil water pressure,

termed soil suction, 1P, under unsaturated conditions, and

temperature, T, with:

h = exp(-4g/RT)	 (2.5)

where g is the acceleration due to gravity and R is the

universal gas constant. Soil water pressure is negative



8

relative to atmospheric pressure in unsaturated porous

media. If the effect of soluble salts on relative humidity

and suction in porous media is assumed negligible, then the

vapor density gradient can be written as:

Vpv = hVpo + poVh	 (2.6)

Vapor Flux in Homogeneous Porous Media

Gradients in the saturated vapor density and rel-

ative humidity in the air-filled pore space in homogeneous

porous media may arise from temperature and/or water con-

tent gradients. Philip and deVries (1957) argued that the

relative humidity, h, is not a function of temperature and

that the saturated vapor density, p o, is not a function of

water content, e, so Equation (2.6) becomes:

dP 0
Vp v = h	 VT + p o __ VO

dT
(2.7)

The partial derivative of relative humidity with respect to

water content is by the chain rule:

= 1-1	
(2.8)

ae	 ae

Taking the partial derivative of Equation (2.5) with respect

to suction,	 gives:



dpo 	gh

VPv = h dT 
VT +	 po TT VU (2.11a)

dPo	 gPv 9 )
VPv = h	 VT +	

vet

dT	 RT	 a6
(2.11b)

ah -g
— =	 exp(- lihg/RT)
3tP	 RT

and recalling Equation (2.5), gives

ah -gh
— =
94)	 RT

9

(2.9a)

(2.9b)

Substituting Equation (2.9b) into Equation (2.8) gives:

Th	 -gh at))

ae	 RT 36 (2.10)

Inserting this expression for 3 h/a0 into Equation (2.7)

gives the vapor density gradient, Vp v, as:

and recalling Equation (2.4), gives

Substituting Equation (2.11b) into Equation (2.1) gives an

expression for the nonisothermal vapor flux in homogeneous

unsaturated porous media, as presented by Philip and

deVries (1957):

dpo	 gPv !!
- - VO]qv = -Da vaa [(h	 VT +

dT	 RT De
(2.12)
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Vapor Flux in Heterogeneous Media

Moisture may flow in the direction of increasing

soil suction rather than in the direction of the prevailing

water content gradient in heterogeneous unsaturated porous

media. Writing the vapor density gradient in terms of

suction gradients rather than water content gradients gives:

dpo	 gPv
VPv = h	 VT +

dT	 RT
(2.13)

Nakano and Miyazaki (1979) showed that the physical

dependence of relative humidity on temperature cannot be

neglected. Taking the derivative of Equation (2.5) with

respect to temperature gives:

Dh1P
g= 	  exp(-1Pg/RT)

DT	 RT 2
(2.14)

Substituting this expression for the temperature dependence

of relative humidity into Equation (2.13) gives:

dp o 	Dh	 gPv
V Pv = (h	 + p o	 VT +

dT	 DT	 RT
(2.15a)

and substituting the complete expression for Vp v into Equa-

tion (2.1) gives an expression for the nonisothermal vapor

flux in unsaturated heterogeneous porous media, after Milly

(1982):
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qv
dP0 	1Pg	 gPv

= -Da vao( (h	 -	 ) T +	 VIP	 (2.15b)
dT	 RT2 Pv	RT

The mass flow factor, v, the tortuosity, a, air-

filled pore space, a, and Da , the coefficient of water vapor

diffusion in air, are generally not constant except in

isothermal, homogeneous porous media. Under non-isothermal

conditions, Da varies from point to point with temperature

as given by Equation (2.2). Likewise, the saturated vapor

pressure varies spatially under non-isothermal conditions so

that the mass flow factor varies as well. The tortuosity

and air-filled pore space are location-dependent in hetero-

geneous porous media. All this implies that the observed

nonisothermal vapor flux may depend on.the scale of the

experiment as well as location within the porous medium.

Enhancement of Vapor Flow

It has been found that Equation (2.15) does not

adequately describe vapor flow in porous media in response

to an applied temperature gradient. Corrections have been

proposed to the nonisothermal vapor flow equation which are

collectively called enhancement factors. It has been

observed that Equation (2.15) predicts vapor flow fairly

well for temperatures less than 50 ° C in soils with very low

initial water contents or soils at nearly saturated initial

conditions where the flow is quite slow. Several investiga-

tors (see Jury and Letey (1979) for a review of experimental
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work) have observed maximum vapor flow rates at intermediate

initial water contents.

Philip and deVries (1957) proposed that the vapor

flux in porous media is not limited to flow in the air-

filled pore space. The transfer of water vapor across a

liquid island bridging the gap between adjacent soil

particles is readily accomplished. An increase in conden-

sation on one side of the island is quickly matched by an

increase in evaporation on the other side, allowing more

rapid vapor transfer in the direction of decreasing vapor

pressure. This implies that the total area available to

vapor flow is a spatially varying function of the total

porosity, (a + e), not just (a) as in Equation (2.1). The

liquid islands contribute less to vapor transfer at

saturation water contents than they do for drier conditions.

Philip and deVries (1957) proposed an expression f(a) such

that:

f(a) = 1	 for a > ak	(2.16)

= a/ak for a < ak

where ak is the value of air-filled pore space in rock or

soil at which liquid continuity begins. The area available

for vapor transfer is then a + f(a)8, which can vary from

point to point as a varies.

Philip and deVries (1957) also noted that the

temperature gradient across a soil pore space must be
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greater than that across the bulk media because of the

inherently greater thermal conductivity of the matrix.

Incorporating this conductivity factor and the increase in

area available for flow into Equation (2.15) gives:

(VT) a
qv = -Da (a + ef(a)) 	 v

(VT)
(2.17)

where (VT) is the bulk temperature gradient in the soil or

rock, and (VT) a is the average temperature gradient in the

soil or rock pore space. The tortuosity factor, a, has been

incorporated into (VT) a in Equation (2.17). Later

investigators (Jury and Letey, 1979) proposed that the

liquid islands filling some soil or rock pores under un-

saturated conditions would be even more conducive to vapor

transfer than the same pores filled with air. This is

because liquid water has a higher thermal conductivity than

air so the temperature gradient across the liquid islands is

smaller than it would be if only air were present. This

implies that the presence of a liquid island shortens the

apparent vapor path by the ratio, X/X, the thermal

conductivities of vapor and liquid water, respectively.

Jury and Letey (1979) suggested as a first approximation a

volumetric correction factor,	 such that:

. ((a + Of(a))/(a + Of(a) X v/X)) 2 	(2.18)

Now Equation (2.17) becomes:
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qv
	 -Dav (a + ef(a))VPv 	2.19a)

This equation was found to give better predictions of vapor

flux rates during nonisothermal flow in unsaturated porous

media. The nonisothermal vapor flow equation for the one-

dimensional horizontal systems examined in this study can be

written:

qv = -Day(a + Of(a))(3 (2.19b)
9x

Liquid Water Flux 

As water vapor leaves the vicinity of the heat

source and the porous medium dries, a gradient will be

established in the hydraulic head, H, of the soil water,

causing liquid water to flow back towards the heat source.

Darcy's law for unsaturated porous media gives the liquid

flux, liq 1 as:

gliq = -KVH
	

(2.20)

where K is the unsaturated hydraulic conductivity with K =

K(11),T) and H =	 + z) is the hydraulic head, and z is the

gravitational head (positive vertically upward) (Hillel,

1971). Hydraulic head gradients in homogeneous unsaturated

porous media arise from gradients in temperature and water

content. Expressing Equation (2.20) in terms of gradients of

temperature and water content and gravitational head for



15

liquid water flow in homogeneous unsaturated porous media

gives:

= -K 11) AT -K	 V - KZ
	

(2.21)
DT	 De

The gradient of gravitational head, z, is a unit vector in

vertical flow systems and zero in horizontal flow systems.

The vertical flow component due to gravity drainage is -K2.

The hydraulic head gradient is expressed in terms of gra-

dients of temperature and suction in heterogenous porous

media. Developing Equation (2.20) for liquid water flow in

heterogeneous unsaturated porous media in terms of temper-

ature and suction gradients gives:

liq = -K 1LP	 - KZ
DT

(2.22)

Variation of Soil Suction with Temperature 

Philip and deVries (1957) gave the partial deriva-

tive of soil suction with respect to temperature as:

(2.23)

where the temperature coefficient of surface tension against

air, y, is:

= 1 da	 (2.24)
a dT
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where a is the surface tension of water. Because the sur-

face tension of water increases as the temperature

decreases, the Philip and deVries formulation indicates that

soil moisture suction increases as temperature drops.

Peck (1960) noted that the Philip and deVries formulation

underestimated the observed change in soil suction with

temperature..

The variation of soil suction with temperature was

expressed as an exponential function by Milly and Eagleson

(1980) (cited in Milly, 1984a). They introduced a non-

isothermal suction, T , such that:

T = exp(-C(T - To ))	 (2.25)

where

1 34)
c=

11)  
(2.26)   

was assumed constant, To is a reference temperature, and

water content is assumed constant. Milly (1984b) used the

value C = 6.8 x 10 -3 ° K-1. This model increased the pre-

dicted sensitivity of soil suction to temperature.

Substituting Equation (2.25) into Equation (2.22)

gives a general equation for nonisothermal liquid flow:

ng = -KVT - Kti) - KZ	 (2.27a)

The nonisothermal liquid flow equation for the one-dimen-

sional horizontal systems examined in this study is:



DT
gliq = -K — - K

ax	 3x
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(2.27h)

for heterogeneous porous media.

Combined Liquid and Vapor Flow under 
Nonisothermal Conditions 

The mass flux, qm, of combined liquid and vapor flow

under non-isothermal conditions in heterogeneous unsatu-

rated porous media can be written by combining Equations

(2.27a) and (2.19a):

d po gPv
qm = -Dv ((h	 p v) VT +	 VIP)

dT	 RT 2	 RT

- K1PVT - KVII) - K2	 (2.28)

where	 Dv = Dav(a + Of(a))	 (2.29)

The equation for mass flux (2.28) can be separated

into components of flow away from a heat source and compo-

nents of flow toward a heat source in a countercurrent flow

system. The term

dpo
-Dvh 	 VT

dT
(2.30)

causing vapor flow away from the heat source, is a result

of driving forces arising from the variation of saturated

vapor density with temperature. The term



gPv
-Dv --- VII)

RT
;

causing vapor flow away from the heat source, is a result of

driving forces arising from the variation of the relative

humidity within rock pore space with pore suction. The term

1P g
D 	 2 p VTv	 v

RT
(2.32)

causing vapor flow toward the heat source, is a result of

driving forces arising from the dependence of the relative

humidity on temperature. The term

-I4VT ; (2.33)

causing liquid flow away from the heat source is a result of

driving forces arising from the variation of pore suction

with temperature. The term

-KVip (2.34)

causing liquid flow toward the heat source is a result of

driving forces arising from the spacial variation of rock

pore suction.



MATERIALS AND METHODS

The heating experiments were performed on two dia-

mond drilled rock core samples and on a plexiglas sand

column mounted in a steel carriage, shown in Figure 3.1.

The carriage ran on an aluminum track to carry the cylin-

drical core sample into the path of a gamma radiation beam.

Gamma attenuation measurements were made daily during each

heating test. The tests were performed for nine, sixteen,

and twenty one days for the sand column, sandstone core,

and the tuff core, respectively.	 Bulk density and water

content were calculated at specific locations along the

length of the core using the gamma attenuation data.

Temperature gradients were established lengthwise

along the rock cylinders.	 Initial, transient, and final

temperature distributions in the cores were monitored by a

data acquisition system. The rock cylinder in the heating

carriage was wrapped with insulating material to reduce

radial heat loss. A pinhole in the plastic vapor barrier

coating the rock core sample helped maintain atmospheric

pressure in the rock cylinder.

Gamma Attenuation Method 

The bulk density and water content of diamond

drilled rock cores were measured using gamma attenuation

19



1. ROCK CORE

2. ENDPLATE RESERVOIRS
3. ALUMINUM ENDPLATES
4. THERMOCOUPLE PORTS (FIVE TOTAL)
6. PRECOOLED WATER INLET

6. PRECOOLED WATER OUTLET
7. PREHEATED WATER INLET

8. PREHEATED WATER OUTLET
9. ENDPLATE RESERVOIR THERMOCOUPLES
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Figure 3.1. Heating experiment carriage.
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equipment which was originally built (Thames and Evans,

1968) to measure water content of soil columns during infil-

tration experiments.

Theory

The intensity, I, of a mono-energetic gamma radia-

tion beam passing through porous material is given by the

formula (Reginato and Van Bavel, 1964):

I = I0exp(-x11 p - x1.1 ep )r r	 w w (3.1)

where I o is the beam intensity through air and the soil

container, x is the thickness of material in the path of the

gamma radiation beam, p r is the gamma absorption coefficient

and pr is the dry bulk density of the rock, 1-1 w is the gamma.

absorption coefficient and P w is the density of the pore

water and where 8 is the volumetric water content of the

rock. The intensity of a gamma radiation beam is defined

for the purposes of these experiments as the number of gamma

photons counted during a given time interval. As the gamma

beam from the source passes through matter a fraction of the

incident photons interact with nuclei in the matter. Most

of this interaction is Compton scattering where a photon is

deflected with a reduction in energy. The reduction in

intensity of the gamma beam (reduction in the number of

photons with energies near the 660 key peak for Cs-137) can
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be related by Equation (3.1) to the water content or bulk

density of the rock core mounted in the carriage.

Maclntyre (1970) showed because radioactive decay is

a random process the number of disintegrations occurring

during a given time interval is normally distributed about a

constant mean for a sufficiently intense source. This, he

said, implies that the standard deviation of the number of

counts occurring in a given time period is approximately

equal to the square root of the mean number of counts. The

intensity of the gamma radiation source is fixed and assumed

constant for the relatively short duration of these experi-

ments. The number of counts recorded for a given config-

uration of the experimental setup can only be increased by

increasing the counting time.	 This indicates that if the

counting time is increased by a factor of 100 the mean

number of counts also increases by a factor of 100. As a

consequence, the error associated with variations in the

number of gamma radiation counts recorded for a set of

repetitive measurements only increases by a factor of ten.

The relative error (the standard deviation of a series of

measurements divided by the mean number of counts) decreases

with increasing mean counts. Therefore precision in a

repetitive series of measurements is improved by increasing

the counting time.

Both single and dual source gamma attenuation

techniques were reviewed (See Corey, Peterson and Wahat,
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(1971) for a discussion of the dual source gamma technique).

Dual source gamma attenuation equipment has the advantage of

being able to measure water content and bulk density of a

sample simultaneously. However, dual source gamma attenua-

tion equipment was not necessary for these experiments

because the dry bulk density of the rock core samples did

not change appreciably in response to small changes in

temperature or water content. Furthermore, preliminary

experiments indicated that the lead enclosed Americium-241

gamma radiation source used in the dual source experimental

setup reduced the observed intensity of the Cesium-137 gamma

radiation source. Because of the reduction in gamma source

intensity observed, the dual source method required longer

counting times than were necessary using a single source to

achieve the same precision. For these reasons the heating

experiments were performed using the single source

technique.

Gamma Attenuation Equipment

The equipment used for gamma attenuation measure-

ments consists of a 110 millicurie Cs-137 source enclosed in

a 5-cm thick lead shielding unit, a sodium iodide crystal

gamma detector also mounted in a lead shield and associated

electronics to process the detector signal. A 1-cm diameter

opening in the source shield irradiated a 1-cm diameter area

on target material placed between the source and the
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detector. The opening in the source shield was aligned with

a similar 1-cm diameter opening in the detector shield and

covered with a removeable lead plate between measurements.

The source and detector were mounted in a heavy steel frame

and separated by a 25-cm air gap through which the carriage

passes carrying the rock core sample (Figure 3.2). All of

the electronics in the detector system, consisting of an

automatic gain control amplifier, a discriminator unit, a

timer and a six digit counter, were manufactured by Harshaw

Electric. The discriminator was operated in integral mode

to pass a signal marking the arrival of all gamma photons

with energies greater than 510 key.

Equipment Calibration

The gamma beam irradiated a 1-cm diameter plug

across the diameter of the oven dried rock core or dry sand

column. Bulk density was calculated using the measured

attenuation of the gamma radiation beam passing through that

plug. This calculation required accurate values for the

diameter of the rock and the gamma absorption coefficient of

the rock. Additionally, later calculation of the water

content of the wetted rock required that the gamma absor-

ption coefficient of water be well known. Accordingly the

heating experiments were preceded by measurement of the

gamma absorption coefficients of rock and water.
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XPLANATION:

1. POWER SUPPLY

2. HIGH VOLTAGE POWER SUPPLY

3. TIMER
4. SIX DIGIT COUNTER

6. ACM AMPLIFIER
6. LINEAR AMPLIFIER

7. GAMMA DETECTOR

8. LEAD DETECTOR SHIELD

9. GAMMA BEAM COLLIMATER

10. C•-137 GAMMA SOURCE
11. LEAD SOURCE SHIELD
12. ALUMINUM TRACK

13. ENDPLATE RESERVOIR

14. INSULATION
16. PRECOOLED WATER INLET PORT

16. PRECOOLED WATER OUTLET PORT

17. STEEL FRAME

Figure 3.2. Gamma attenuation equipment.
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Measurement of Gamma
Absorption Coefficients

A plexiglas box was built with a movable partition

so that the thickness of material traversed by the gamma

radiation beam could be varied. Ten minute counts were

taken for attenuation in water first. Thickness of water

penetrated was varied from 6-cm to 15-cm. Water temperature

was measured at each thickness increment so that water

density could be read from standard tables later. Gamma

intensity for attenuation through a double thickness of

plexiglas was measured both before and after each intensity

measurement through water. These data were used to sta-

bilize the measurement to the effect of instrument drift.

In the absence of soil material Equation (3.1) can be

reduced to:

o e xp( -xp wpw)
	

(3.2)

where I is the observed intensity through a thickness x of

water, and 10 is the average of the counts through plexiglas

taken before and after each thickness increment. The water

content, e, equals 1.0 in this case.

Several investigators (Mansell, Hammond and McCurdy

1973; Fritton 1969) have reported that a correction to the

observed counts must be made. Following detection of a

gamma photon by the crystal detector there is a short period

of time during which the detector is insensitive to
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additional photons. If two photons enter the detector

separated by less time than this "deadtime", only one will

be counted. The measurement will be in error in an amount

proportional to the intensity of the gamma radiation beam.

Fritton (1969) gave the true count, I t , as

I t = I/(1 - Id)
	

(3.3)

where I is the observed intensity and d is the deadtime of

the instrument. However Equation (3.3) was found to over-

compensate for this effect at high intensities. Mansell et

al., 1973 give

I t = (1/2d)(1 - cos(sin -1 [4Id] 1 / 2 ))
	

(3.4)

The sum of squared error was computed for the water

thickness gamma attenuation data with intensities corrected

for successively increasing deadtime d, starting from d=0.05

microseconds. The minimum sum of squared error was found at

d=0.5 microseconds with p w = 0.084 cm 2/gm. This value for

the gamma absorption coefficient of water is comparable to

that given by Morse (1976); 0.087 cm 2/gm and that given by

Thames and Evans (1968); 0.085 cm 2/gm. These values of

deadtime and gamma absorption coefficient of water were used

in all subsequent calculations.

The gamma absorption coefficient of rock was found

in similar fashion, that is, a quantity of crushed, oven

dried rock material was uniformly packed into the plexiglas
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box. Gamma attenuation measurements were made of succes-

sively increasing dried rock thicknesses. The minimum sum

of squared error of the rock thickness gamma attenuation

data was used with the gamma attenuation equation for dry

rock,

I = I oexp(-xp p )r r (3.5)

to find the best estimate of p r. with all counts corrected by

Equation (3.4) with d = 0.5 microseconds. The best estimate

for the gamma absorption coefficient of rock was found to be

P r=.077 cm 2/gm.

Bulk Density Calculation

The average bulk. density of a rock core was calcu-

lated gravimetrically after oven drying. Then the bulk

density at 1.0-cm intervals along the length of the core was

calculated from gamma attenuation data. A count for atten-

uation through air taken before and after a set of three or

four counts through the diameter of the core sample served

as a standard count. The six or seven standard counts

collected while measuring bulk density of the core were

regressed against time. A linear regression of the standard

counts was used to remove the first order time trend in the

observed counts due to drift in the high voltage power

supply and other factors lumped together as electronic
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drift. Then Equation (3.5a) was solved for the bulk density

at a particular location along the core sample using:

p r = -(1nI/I 0 )/(xP r )	 (3.6)

where I is the observed count in rock at that location

(corrected for deadtime with Equation (3.4)). 1 0 is taken

from the standard regression line (also corrected for dead-

time).

Precision

The experimental error in the calculated dry bulk

density results from the sum of the variance in each of the

parameters in Equation (3.6). A first order approximation

of the calculated variance in dry bulk density was made by

summing the product of the observed variance in each of the

parameters in Equation (3.6) with the square of the first

partial derivative of Equation (3.6) with respect to that

parameter (Benjamin and Corne11,1970). The calculated error

in the dry bulk density calculations was found to be 0.7

gm/cm 3 for both the sandstone and the tuff. The arithematic

average of the gamma bulk density estimates was found to be

within 1.5 percent of the gravimetric bulk density estimate

for the sandstone core and within 3percent for the tuff

core. The discrepancies between the average of the gamma

bulk density estimates and the gravmetric estimates were
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probably caused by problems aligning the gamma beam with the

center of the cores.

Water Content Calculation

The water content, 0, at a given location along the

heated cylindrical core or sand column was given by:

= (-1nI/I 0 - xpr pr )/(xpw pw )	 (3.7)

Both the rock cores and the sand column were wrapped with

insulation, additionally the rock cores had a thin plastic

vapor barrier (described in Test Core Preparation section).

These jacketing materials • and the plexiglas column itself

all attenuated gamma radiation by a small but measurable

amount. A count for attenuation through a doubled thickness

of insulation and through a section of an empty plexiglas

column or a doubled thickness of plastic coating (for the

rock cores) served as a standard for water content measure-

ments. The standard measurement was made before and after a

set of three or four water content measurements. Seven

minute counts were taken for water content measurements for

heating experiments. This gave average counts of between

150,000 for the rock cores to 250,000 for the sand column

for water content measurements. The six or seven standard

counts collected during a daily water content run were

regressed against time. I in Equation (3.7) was taken to be

the observed count at a particular location on the target
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core while 10 was taken from the computed standard regres-

sion line.

Precision

The experimental error in the calculated water con-

tent results from the sum of the variance in each of the

parameters in Equation (3.7). A first order approximation

of the calculated variance in water content was found by

summing the product of the observed variance in each of the

parameters in Equation (3.7) including the estimated vari-

ance in the calculated dry bulk density, with the square of

the first partial derivative of Equation (3.7) with respect

to that parameter. The calculated error in water content

measurements was found to be approximately 0.9 percent by

volume at water contents ranging from 1 to 10 percent by

volume.

Preliminary Testing 

Preliminary tests to assist in developing the

experimental techniques were conducted with plexiglas

columns packed with washed silica sand. A clear plexiglas

column, 12.7-cm long with an inside diameter of 8.9-cm, was

packed with dry sand. A solution of Schaefer water soluble

black ink in water was slowly added to the sand column until

the tracer was visible throughout the column.	 A uniform

initial unsaturated water content was achieved using a

porous plate moisture extractor. The saturated sand column
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was carefully placed on a 1-bar porous plate. This assembly

was placed in a porous plate moisture extractor for five

days at an extraction pressure of 2/3-bar.

Aluminum endplates were fastened to the ends of the

plexiglas column with Dow RTV silicone adhesive sealant

compound. This assembly was secured in the heating cart and

insulation was wrapped around the column.

Initial gamma attenuation measurements under iso-

thermal conditions in the unsaturated sand column were used

to calculate the bulk density distribution along the column

by assuming that the initial gravimetrically estimated water

content was uniformly distributed. Equation (3.1) was

solved for bulk density, p r , giving:

p r = (-1nI/I 0 - xpwepw )/(xp r )
	

(3.8)

Subsequent calculations of water content under non-

isothermal conditions using Equation (3.7) were made using

this bulk density distribution.

The endplate reservoirs at the hot and cold ends

were maintained at temperatures of 40 ° C and 20 ° C, respec-

tively, for nine days. The experimental procedure was

simplified by monitoring temperature in the endplate reser-

voirs but not in the sand column.

The gamma attenuation equipment cannot distinguish

between liquid and vapor flow components. The tracer added

to the water used to saturate the sand column was used to
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examine liquid water flow. The final distribution of tracer

in the sand column was viewed at the end of the experiment

by carefully removing half of the sand (lengthwise) in the

clear plexiglas column.

Preparation of Test Cores 

Cores were prepared from a fine-grained sandstone, a

non-welded ash flow tuff, and a densely-welded ash flow

tuff. Several cores 10.2-cm in diameter were diamond

drilled	 from each rock sample using water as the cutting

fluid. The cores were cut to a length of 12 to 13-cm with a

diamond tipped saw using an oil-based cutting fluid and

washed with acetone to remove the cutting fluid. Then the

rock cores were placed in a convection oven and heated for

five days at 105 ° C. The dry cores were weighed and wrapped

in plastic to prevent moisture entry. The average bulk

density of the dry cores was calculated from the measured

volume of the cores and their weight after drying. Each

rock core cylinder was individually secured in the carriage

described above. Bulk density was measured at 1.0-cm

intervals along the length of the core by means of the gamma

attenuation method.

Sample Wetting Procedure

After the bulk density measurement, individual rock

cores were placed in a desiccator vessel. A high capacity

vacuum pump was used to maintain a vacuum on the cores for



34

24 hours to remove pore air. Deionized water containing 100

ppm fluorescein was released into the chamber to saturate

the rock cores. Fluorescein is strongly fluorescent under

ultraviolet light and is a simple but effective tracer of

liquid water movement. Vacuum was maintained during water

entry so that water could infiltrate the core samples

without entrapping air. Heating experiments were not per-

formed on non-welded ash flow tuff cores because the samples

swelled and cracked on wetting.

Sample Desaturation

Previously wetted rock cores were desaturated under

controlled conditions prior to the start of the heating

experiments. The saturated cores were mounted on a 1-bar

porous ceramic plate in a porous plate moisture . extractor.

Moist bentonite clay spread on a damp filter paper was

placed between the porous plate and the rock core. This

assured good hydraulic contact between the somewhat curved

surface of the porous plate and the flat end of the rock

cylinder. A nitrogen pressure of 2/3-bar was used to reduce

• the water content of the sandstone core. Rock pores were

thought to be smaller in the tuff core, implying that the

pressure needed to drain the average pore was greater for

the tuff core. Reduction in the water content of a tuff

core was accomplished with a pressure of 1-bar. The rock
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cores were left for five to seven days in the moisture

extractor.

After desaturation, the rock cores were sprayed with

a quick drying varnish and dipped in an air dry liquid

plastic (PDI, Inc., Plasti-Dip) compound to prevent moisture

loss during the heating experiments. Aluminum plates were

fastened to each end of the rock cores with heat-conducting,

water-resistant epoxy. Holes 0.3-cm in diameter and 2-cm

deep were drilled at intervals along the length of each rock

core. Thermocouples were inserted in these ports and sealed

in place with Dow RTV silicone adhesive sealant compound.

Water could be circulated through the endplate reservoirs at

a maximum temperature of 100 ° C and a minimum temperature of

1°C with a precision of +0.5°C. Precise control of the

cooling water temperature was provided by a Forma Scientific

model 2095 Bath and Circulator, while the heating water

temperature was controlled by a Braun Thermomix model 1460

Heater.

The average temperature in the cores was maintained

at close to ambient room temperature, 22°C, to reduce radial

heat losses. This meant that temperature of the hot bath

did not exceed 45 ° C in any experiment. The radial heat loss

must be minimized in order to make the simplifying assump-

tion that a one-dimensional flow system has been established

in the test cores.
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Tracing Liquid Water Movement

A solution of fluorescein in water used to saturate

the rock cores was used to trace liquid water flow. The

initial tracer distribution was asumed to be strongly cor-

related with the initial water content distribution. The

concentration (percent by weight) of tracer in the rock

should not change from the initial distribution unless it is

altered by liquid water flow moving the soluble tracer.

At the end of an experiment the rock core was cut in

half lengthwise so that the movement of liquid water would

be made visible by the distribution of tracer on the face of

the cut. The half core was sectioned and the sections

pulverized. Deionized water was added to 40 gm samples of

the crushed rock to make 50-ml solutions. The solutions

were stirred and then allowed to sit for 24 hours before 10-

ml of solution was filtered from the 50 ml samples. The

filtrate from each section of the rock cylinder was ranked

according to intensity of flourescence under ultraviolet

light.

Moisture Retention Measurement

Moisture retention was measured for samples of sand-

stone and tuff (See Richards (1969) for a description of the

procedure). Discs 5-cm in diameter, 2-cm thick were satu-

rated by means of the sample wetting procedure discussed

previously. The saturated discs were placed on moist filter
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paper and bentonite clay and set on saturated porous ceramic

plates. A nitrogen overpressure of 1-bar was applied until

the water retained in the rock discs came to equilibrium

with the applied pressure. Because smaller rock pores drain

at higher pressures (Hillel 1971), a plot of retained mois-

ture versus pressure gives an indication of the pore size

distribution in the sample.

Porosity Measurement

The total porosity, (I) , was calculated as:

(I) = 1 - pr /pg 	 (3.9 )

where p g is the grain density of the rock or sand. Grain

densities were measured using a procedure described in Black

et al., 1965.



RESULTS AND DISCUSSION

The results of laboratory heating experiments are

presented and discussed below.

Sand Column Experiment Results 

A simplified experiment to develop experimental

techniques was run on a plexiglas column uniformly packed

with washed silica sand. The average bulk density of the

sand column was 1.5 gm/cm 3 (Table 4.1). The grain density

of the sand was estimated to be 2.65 gm/cm 3. The average

porosity of the sand column was estimated to be 43.4

percent. The initial water content of the column was esti-

mated gravimetrically at 3.4 percent. The water content at

a point near the cold face of the sand column increased from

3.4 percent by volume to 7.7 percent in nine days (Figure

4.1 and Table 4.1). The water content at points near the

heated end of the sand column decreased from 3.4 percent to

nearly zero water content in the same time period. Water

content increased steadily during the experiment near the

cold face (Figure 4.2). Water content decreased and effec-

tively dropped to zero to a point 10.2 cm from the cold

face. An apparent steady state was attained after nine days

of heating.

38
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Figure 4.1. Sand column heating experiment
water content along axis of column.
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Figure 4.1 shows that an essentially dry zone was

created in the sand column extending 2.5-cm from the hot

face of the column. Liquid water return flow deposited

tracer in a darkened disk where the liquid flow intersected

the dry zone created by vapor movement away from the heat

source. The disk was concave towards the cold end. The

concavity of the disk implies that the vapor flux was

greater at the central axis of the sand column because the

dry zone was extended there. This suggests that the axial

temperature gradient was reduced at the edge of the column

and implies that there was a substantial radial temperature

gradient in the sand column.

The visible intensity of the ink disk was greatest

at the circumference of the sand column indicating that

substantial radial flow occurred, contrary to previous

assumptions about the one-dimensional nature of the flow

system. The endplate reservoirs at the hot and cold ends

were maintained at temperatures of 40 ° C and 20 ° C, respec-

tively, so that the average temperature in the core was

approximately 30 ° C. Radial temperature gradients in the

column, and consequently radial vapor flow may be reduced by

limiting the average temperature in the test cores to near

the ambient laboratory temperature of 22°C.	 The tempera-

tures in the endplate reservoirs at the hot and cold ends of

the test setup were maintained at approximately 40 ° C and

2 ° C, respectively, in subsequent experiments.



43

The ink disk was tilted in the vertical plane with

the lower edge 0.5 cm closer to the hot face of the sand

column. The force of gravity will tend to produce a convec-

tion cell with vapor rising to the top of the horizontal

column and flowing towards the cold end. The vapor

condenses at the cold end of the column and the liquid

sinks. Liquid water return flow along the bottom of the

column completes the cycle. A vertical convection cell

operating in the sand column would tend to enhance the axial

vapor flux along the top of the horizontal column causing

the dry zone to extend further from the hot face. This may

indicate that gravitational effects on moisture movement

were not negligible in this experiment.

Sandstone Core Experiment Results 

The sandstone core reached steady state after twelve

days of heating. The average temperature gradient was

2.2°C/cm with a maximum temperature of about 36 ° C in the

core. The bulk density of the core averaged 2.15 gm/cm 3

(Table 4.2). The grain density of the sandstone was esti-

mated to be 2.54 gm/cm 3. The average porosity of the

sandstone core was estimated to be 15.3 percent by volume.

The initial water content ranged from 2 percent to 10

percent, Figure 4.3. Figure 4.4 shows the difference in

volumetric water content between the intact core and

sections of that core prepared following the experimental
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Figure 4.3. Sandstone core heating experiment
initial and final water content distribution.
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Figure 4.4. Sandstone water content in intact core and
core sections at 2/3-bar suction.
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run and equilibrated on a porous ceramic plate at the same

pressure, 2/3-bar. The intact core retained more water with

much more variation in water content than did small slices

of that core. This indicates that the saturated rock core

was not equilibrated long enough in the porous plate

moisture extractor to obtain a uniform initial water

content. Water content decreased from 4.7 percent to 2.7

percent at a point near the hot face of the sandstone core

while water content increased from 7.3 percent to 9 percent

at a point near the cold face (Figure 4.3 and Table 4.2).

Water content decreased during the experiment at a

point 11.5-cm from the cold face, stabilizing after twelve

days of heating (Figure 4.5). Water content increased at a

point 1.0-cm from the cold face with decreases in water

content between the first and the fifth days and between the

ninth and the eleventh days. Water content near the mid-

point of the core remained stable throughout the experiment.

The initial concentration of fluorescein tracer in

the solution used to saturate the sandstone core was 6.0

ppm. No fluorescein tracer was visible in room light or

under ultraviolet light on the surface exposed when the core

was cut in half lengthwise at the end of the experiment.

The ranking of filtrate from the crushed core sections is

shown in Figure 4.6. The initial tracer distribution in the

core was assumed to correlate exactly with the initial water

content distribution and is represented by a plot of the
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initial water content distribution in the sandstone cylin-

der. The concentration of the tracer in the filtrate was

less than 0.1 ppm, indicating that the tracer may have

adsorbed to the core.

Figure 4.6 shows that the final tracer concentration

was lowest 2 to 5 cm from the cold face and highest in a

zone extending from 5 to 8.5 cm from the cold face. The

final tracer distribution indicates that liquid water return

flow carried the tracer from cold to warm until an apparent

obstruction to flow was encountered 8.5 cm from the cold

face. Figure 4.3 shows that a relatively dry zone existed

in the initial water content distribution in the core. This

suggests that liquid water flowed from the cold face toward

the hot face and that the liquid water return flow may have

been limited by a low permeability zone resulting from the

low initial water content 8.5 cm from the cold face.

Tuff Core Experiment Results 

The final heating experiment was conducted on a

sealed tuff cylinder subjected to an average temperature

gradient of 2.22°C/cm. The bulk density of the core

averaged 2.34 gm/cm 3 (Table 4.3). The grain density was

estimated to be 2.53 gm/cm 3. The porosity of the tuff core

was estimated to be 7.5 percent by volume. The water

content of the five small disks cut from the same tuff

sample averaged 10.4 percent with a standard deviation of
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0.2 percent water content. The range in the initial water

content in the large core was greater than that of the small

slices equilibrated at the same pressure, (1-bar) implying

that the core may not have had enough time to reach equilib-

rium when it was removed from the moisture extractor device.

Initial and final water content distributions are shown in

Figure 4.7. The initial water content is substantially

higher than the final water content at all points along the

core, indicating that water diffused out of the "sealed"

core. Figure 4.8 shows that the water content in the tuff

core decreased steadily throughout the experiment except at

a point 0.5-cm from the cold face. The water content at

that point decreased between the first and the seventh days

then increased to a stable value of approximately 9.3 per-

cent. A quasi-steady state was attained after 16 days of

heating. The diffusion of water across the plastic compound

used to seal the cores may have been substantial over that

time period.

The water content change is expected to be greatest

near the hot face. The calculated decrease in water content

during the experiment at the hot end of the core, 12 cm from

the cold face, was similar to the decrease of approximately

2 percent near the the middle of the core, 7 cm from the

cold face (Figure 4.7).	 This suggests that liquid water

return flow reduced the water content change at the hot

face. The decrease in the water content 0.5 cm from the
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cold face of approximately 0.5 percent was less than that

observed at any other location along the axis of the core.

This indicates that vapor flow from the hot end towards the

cold end of the tuff cylinder reduced the water content

change at the cold face.

Rock Core Temperature Gradients 

The axial temperature data (Figure 4.9) for the tuff

core fit a straight line, indicating a uniform temperature

gradient was established in the core. The thermal conduc-

tivity of the tuff matrix is greater than that of water or

air (Wang et al. 1983).	 Also the water and air filled pore

space of this welded tuff core amounted to less than 8

percent of the volume of the core.	 Latent heat transport

would increase the apparent thermal conductivity of the rock

core near the hot end where liquid water was vaporized, and

decrease the apparent thermal conductivity of the rock core

near the cold end, compared to the center of the core. As a

result the temperature gradient should have been progress-

ively lower closer to the hot end of the core if latent 'heat

transport was a significant heat transport process in the

tuff core.	 The linearity of the axial temperature data

suggests that heat conduction through the solid tuff was

the dominant heat transport process.

The axial temperature data (Figure 4.9) for the

sandstone core indicated that the temperature gradient was
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steeper near the hot end of the core and less steep near

the cold end of the core compared to the center of the core.

The potential for latent heat transport was significantly

greater in the sandstone core because the proportion of

water and air-filled pore space (15.3 percent by volume)

was approximately twice that of the tuff core. The greater

water content near the cold end increased the thermal

conductivity of the core (and reduced the temperature

gradient) close to the cold end. The apparent thermal

conductivity near the hot end was less than the apparent

thermal conductivity near the center of the core because the

water content was lower. These results suggest that heat

conduction through the water and air-filled pore space

contributed significantly to heat transfer in the sandstone

core. Latent heat transfer may have been limited by the

relatively low temperatures in the core (less than the

boiling point of water at atmospheric pressure).



CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE RESEARCH

Countercurrent flow was demonstrated in a heating

experiment performed on an unsaturated sand column and in an

experiment with an unsaturated sandstone core. Results of a

heating experiment performed on a tuff core strongly

indicated the presence of countercurrent flow phenomena.

The final temperature distribution observed in the tuff core

suggests that conduction was the dominant heat transport

process while the final temperature distribution in the

sandstone core indicated that heat conduction in the air

and water filled pore space contributed significantly to

heat transport.

The relative total porosity, pore size distribution,

and pore connectedness played a major role in determining

the final water content distribution in the cores and the

rate at which water content changes occurred. Water content

Changes occurred most rapidly in the sand column, probably

because the sand column had the highest total porosity.

Also, heating the sand column resulted in the creation of an

essentially dry zone extending approximately 2.5-cm from the

hot face. In contrast, liquid water was retained in the

rock pore space near the hot end of the tuff and sandstone

cores. These results suggest that the pore size
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distribution in porous media significantly effects the

retention of liquid water near the heat source.

The heterogeneity of the core samples used in these

laboratory heating experiments significantly affected the

final water content distributions and the rate at which

water content changes occurred. The final distribution of

tracer in the sandstone core indicated that liquid water

flow was limited by the presence of a low permeability zone

caused by variations in the initial water content of the

core sample. Microfractures created during the core drill-

ing process probably increased the relative permeability of

a shallow layer around the circumference of the cores.

Color variations observed in the surface of the sandstone

core may have been indicative of variations in the average

grain size or degree of cementation. Due to the presence of

these heterogeneities, the direction and magnitude of the

water content gradient in the cores may not be indicative of

the rate or direction of moisture movement.	 Measurements

of the moisture potential in the cores, although technically

difficult, would provide a more accurate means of predicting

soil or rock moisture transfer rates and direction.

These experiments suggest that countercurrent flow

systems may operate in the vicinity of subsurface heat

sources in the unsaturated zone. The dimensions of the

countercurrent flow system and the rate of moisture movement

probably cannot be extrapolated to a given degree of
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precision on the basis of small-scale laboratory experi-

ments. The results of these laboratory heating experiments

indicated that the rate and extent of countercurrent flow

and resulting soluble contaminant transport, was limited by

the least conductive flow zone. In large-scale flow

systems, there may be alternative moisture flow paths so

that low conductivity zones are bypassed. Also, moisture

potential and temperature gradients in large-scale systems

would not be constrained to follow the same direction as in

the one-dimensional laboratory experiments. Field experi-

ments are recommended to evaluate the significance of these

effects in a repository setting.

Several recommendations can be made on technical

aspects of the heating experiments. Improved methods of

supporting the test cores and aligning the centers of the

cylindrical cores with the center of the gamma radiation

beam are needed to improve the accuracy of bulk density and

water content measurements.

The diameter and length of the rock cores used in

these experiments were nearly the same. Gravitational

buoyancy effects are probably increased by this configura-

tion. Experimental results would be easier to interpret if

long narrow cores were used or alternatively if one-

dimensional vertical flow systems were used, in which case

the buoyancy effect could be accounted for more easily.

Also, using a long narrow core would decrease the magnitude
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of radial heat losses and resulting radial heat and moisture

flow compared to axial flow.

The results of the tuff core heating experiment

suggested that vapor diffusion losses may have been signifi-

cant over the duration of the experiment. More effective

thermal insulation and moisture resistant seals for the

cores are needed to reduce radial heat and moisture loss.

The experimental data are more difficult to interpret when

there are heat and moisture losses because the simplifying

assumption of one-dimensional flow is violated. In addition,

non-welded tuff samples and samples containing significant

amounts of expanding clays may need a strong physical seal

to reduce cracking and fracturing during wetting.

Initial water contents of the sandstone and tuff

cores calculated from gamma attenuation measurements

suggested that more time was needed to obtain moisture

equilibrium in the porous plate apparatus. Improved methods

and apparatus to uniformly wet large cores are recommended

to provide more uniform initial conditions for laboratory

heating experiments.
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