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AllSTRACI' !

!

A field heater experimental plan is presented for investigating hydrologic transport processes in unsaturated
fractured rock related to the disposal of high level radioactive waste (llLW) in an underground repository.
The experimental plan provides a methodology for obtaining data rcquired for evaluating conceptual and
computer models related to llLW isolation in an environment where significant heat energy is produced.
Coupled. process models are currently limited by the lack of validation data appropriate for field scales that
incorporate relevant transport processes. Presented in this document is a discussion of previous non-
isothermal experiments, l'rocesses expected to dominate heat driveo liquid, vapor, gas, and solute flow ,

"

during the experituent are explained, and the con:cptual inodel for nonisothermal flow and transport in
unsaturated, fractured rock is described. Of particular concern is the ability to confiriu the hgothesired ,

conceptual model, specifica :,, the establishment of higher water saturation zones within.the host rock |
around the heat source, and the establishment of countercurrent flow conditions within the host rock near

,

the heat source.11cid experimental plans are presented using the Apache leap Tuff Site to illustrate the
'

implementation of the proposed methodology.110th small scale preliminary experiments and a long term
experiment are described.
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EXECUTIVE SUMMARY

A field heater experimental plan is presented for investigating hydrologic transport processes in unsaturated
fractured rock related to the disposal c.! high level radioactive waste (llLW) in an underground repository.
Analyses and predictions of fluid flow and transport in nonisothermal, unsaturated, fractured rock in the field
are constrained by a lack of espesimental experience in such media. The experimental plan provides
methodologies for obtaining data required for evaluating conceptual and computer models related to Ill.W
isolation in an emitonment where significant heat energy is produced by IILW. The experimental plan is
intended to serve as a guide for planning and conducting a long-term, field scale nonisothermal experiments
at a specific site.

Also presented in this document is a summary of related nonisothermal experiments by U.S. NRC
contractors at the Unhersity of Arizona and at the Center for Nuclear Waste Regulatory Analyses, and by
i).S. DOE contractors at G. Tunnel and Climax hiine at the Nevada Tes. Site and at the Waste Isolation
Pilot Plant in New blexico. The previous experimental findings are summarized for the purpose of defining
the state of knowledge at the time of this report. Processes expected to dominate heat driven liquid, vapor,
gas, and solute flow under anticipated experimental conditions are explained, and a conceptual model for
nonisothermal flow and transport M unsaturated, fractured rock is described.

Of particular concern is the ability to confirm the et.ablishment and significance of zones of lower and .
higher than ambient water content within the host rock around the heat source, and the establishment of
countercurrent flow conditions (i.e., the heat pipe phenomenor) within the host rock near the heat source.
Specific phases and tasks are recommended to implement the experiment, along with concerns regarding
technological constraints and the ability to correctly identify whether models are performing adequately. A
performance measure is presented which uses the mean and variance of the forecast error to evaluate the
forecast model.

Plans for a series of field crperiments at the Apache Leap Tuff Site (ALTS)in central Arizona are presented -
to illustrate the implementation of the nonisothermal experimental plan at a specific site. Three
nonisothermal field experiments are considered, two of which are preliminary experiments leading to the
execution of the final experiment. The preliminary experiments would be conducted to test equipment and
procedures in unsaturated, unfractured rock as well as in rock incorporating a single discrete fracture. The
final experiment would incorporate nonisothermal flow and transport processes over a larger domain with -
multiple fractures, in addition to evaluating data acquisition methods, the experiments are expected to
provide data that can be compared with computer simulation projectiora of responses to the imposed
thermal source.

hlaterial properties at and near the ALTS heater sites are presented, and critical design and implementation
considerations used to control expected outcomes of the experiment and to maximize the ability to evaluate
conceptual and computer model performance are discussed. Computer simulation models should be
employed to resohr design issues prior to conducting the experiments. Because of the reliance on computer
simulation modeling studies, specific details of the experimental plan are not fully determined. I' mal design
decisions should result from interaction between modelers and experimentalists during the planning phases,
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1. INTRODUCTION

L1 thelground,

liigh-level nuclear waste (IILW) confinement in underground, mined repositories depends upcm the ability i
,

; of the waste form and package to contain and isolate the waste under strongly nonisothermal conditions
induced by radioactive decay of the llLW, and the ability of the geologic media to inhibit or retard the
migration of the waste if the waste form or package should fail. The influence of large temperature
gradients created by IILW decay should inJuce liquid and gas movement, as well as deformation of the
geologic medium surrounding the waste package (Ramirez,1990).

Transport of IILW may occur in a gaseous phase as vapors or aerosols, and in an aqueous phase as dis-
solved, complexed or colloidal constituents. Gravitational, pres,sure, density, osmotic, thermal and electrical
gradients can induce gas and liquid flow in the geok gic emitonment (deMarsily,1981). Conditions which
inhibit or retard gas and liquid flow through the geologic media include low absolute-or relative
permeabilities,large specific capacities, and long dir.tances between the waste container and the accessibic ~.

emironment relative to IILW decay rates. Conditions which inhibit or retard llLW and daughter products
relathc to the Guid phase include molecular filtration, sorption, ion exclusion, radioactive decay, lon
exchange, diffusion, volatilintion and chemical precipitatiou (OECD,1990). Characterization of IILW
transport is complicated by coupling between processes, heterogeneitics within geologic media, multiphase
fluid flow, and thermal mechanical induced deformation of the geologic media.

Important processes relevant to llLW transport are presented as l'igure 1. The migration of IILW is the
result of complex interactions between the physical setting (e.g., rock porosity and fracture density), as well
as the hydraulic, pneumatic and thermal driving foreca. It !s the focus of this investigation to formulate an
integrated experimental approach toward understanding coupled heat, water, air, and solute transport
through mechanically deformable, fractured, sariably saturated rock.

! 1.2 Motivation

As part of the U.S. Department of Energy (U.S. DOE) Site Characterization Plan (SCP) for the candidate
llLW repository site at Yucca Mountain, Nevada, specific characteriation experiments hae been proposed
by U.S. DOE (1988), summarized in Table 1. The table demonstrates that multiple processes are relevant, !
including geochemical, mineralogical, hydrokigic, mechnical and thermal processes. Section 8.3.4.2 (a)

'

relates the characterization program to a specific performance measure, specifically 10 CFR M135, which
states, in part:

' Packages for 11LW shall be designed so that the in situ chemical, physical, and nuclear
properties of the waste package and its interactions with the emplacement emironment do -
not compromie the function of the waste packages or the performance of the underground
facility or the geologic setting."

Of concern to thermohydrologic investigrtions is the inclusion of the key words: *and its interactions with
the emplacement emironment". Significant changes may be induced by the waste canister due to the thermal-
flux associated with IILW radioactive decay. Specific interactions such as those presented above must be
evaluated in order to show compliance with this performance measure.

An assessment of the performance of a llLW repository and the geologic emironment surrounding the
repository requires that conceptual models be developed that incorporate the physical, hydraulic, pneumatic,
chemical, mechanic.1, and thermal processes relevant to waste containment. Parameter specification and

1
-
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Figure 1: Processes and interactions relevant to IILW migration
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TAllLE 1 y

Proposed U.S. DOE Site Characteri/ation Studies (U.S. DOE,1988)
.-

SECTION PURPOSE

83.133 Studies to prmided information required on stability of .ninerals and glasses
o Natural analog of hydrothermal systems in tuff

Kinetics and therrmWynamics of mineral evolutiono
Conceptual model of mineral evolutiono

8 3.1.15.1.6 in situ thermomechanical properties
o IIcater vperiment in unit TSwl

Canister scale heater experimento

o Yucca Mountain heated block
o inermal sttess measurements

lleated room c perimento

63.4.2 issue 1.10: llave the charae:cristics and configurations of the waste packages been
adequately established to:

(a) Show compliance with the postelosure design criteria of 10 CFR (0.05, and
(b) Provide information to support resolution of the performance issues?

83A.2.4.1 Characterire chemical and mineralogical changes in the postemplacement emironment,
Rock-water interactions at elevated temperatureso
Dissolution of phases in the waste package emitonmento

Numerical analysis and modeling of rock water interactiono

8.3.4.2A.2 Ilydrologie properties of wie package emironment
Single phase Guld system propertieso-

Two-phase Guld system propertieso

Numerical analysis of Dow and transport in labora'ory systemso

83.4.2.43 Mechanical attributes of the waste package environment
Waste package emironment stress field analysiso

83A.2 4.4 Enginected barrier system licld tests
Repository horizon r.:arefield hydrologic propertieso
Repository horizon rock water interactiono

Numerical analyses of fluid flow and transport in the repository horhon near-fieldo
emironment
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!
1

!

; e.timation can then proceed, and numerical or analytic models can be constructed to obtain forecasts of

| repository performance. Reliability of the conceptual and mathematical models mu.a. Se estimated using

|
esperiments conducted at seales appropriate to the phenomena being evaluated. Alternate conceptual

; models should be compared in order to estimate forecast uncertainties.
i
j The motivation for a field nonisothermal experiment is to provide data that can be used to evaluate

mechanisms and processes. Computer models are an integral part of the evaluation,in that the effects of;

i the mechanisms and procer.scs may not be identifiable without simulation studies. Numerical modeling ;

j should be employed using identined processes and site specine information for the purpose of predicting '

j observed Geld behavior. The ability to successfuMy forecast the outcome of the experiment lends credibility

{ not only to the conceptual understanding of the system, but also to the numerical procedures employed.

I
! Simulation model predictions are uncertain due to the possible exclusion of relevant processes as well as the
j inability to correctly identify and estimate material properties which are highly variable. The significance

of excluding various processes as opposed to the inability to estimate scale dependent material properties+

| can be evaluated using laboratory tests conducted over short distance and time scales as well as field tests
j conducted over longer distance and time scales,
r

13 Orcaniration

{. This chapter provides the background and motivation for performing fic!d nonisothermal experiments. e :
i Chapter 2 summarizes previous experiments related to evaluating the et,vironment surrounding the waste
| package. Field, laboratory and computer simulation experiments by University of Arimaa researchers for :
i conditions at the Apache Leap Tuff Site (ALTS) are presented. Other field experiments by U.S. DOE at ;

j G Tunnel and the Climax Mine at de Nevada Test Site, at the WIPP site near Carlsbad, New Mexico, and
j laboratory and field experiments by the Center for Nuclear Waste Regulatory Analyses (CNWRA), a U.S.
j NRC contractor, are also summarized. Chapter 3 discusses how a nonisothermal field experiment should
j be condu:ted. The processes, conceptual model, objectives, hypotheses and ; erformance measures are

'

i identified and described. Lnapter 4 presents the proposed experimental methodology by detailing the phases
| and tasks to be perfortaed. Chapter 5 describes preliminary nonisothermal tests to evaluate and test
j- procedures and equipment, as well as to provide data for model performance evaluation.
;
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2. PREVIOUS NONISOTilERMAL STUDIES !

!
|

In 1915, !!ouyoucos experimentally observed the movement of soil water in response to an imposed tempera- |

ture gradient. Gurr et al. (1952) experimentally demonstrated that liquid water moves towards tbc heated !
end of a partially saturated soil column, and that water vapor moves toward the cooler end where it

|
condenses. This experimental work demonstrated the countercurrent, or heat pipe, phenomenon by showing i

that a steady thermal gradient can give rise to a liquid vapor countercurrent in ek> sed systems of unsaturated !

. soil materials. The observed vapw Oux was far greater at intcemediate water contents than that predicted ;

by a Fickian diffusion model modified for porous media. I
'

i
Additional experimental wo:k by Taylor and Cavana (1954) found that the movement of water from warm !.

to cool regions occur;cd mainly in the vapor phase and was accompanied by a liquid water return now in .
'

response to the induced matric potential radient. Taylor and Cavana (as well as Cassel et al.,1969) report iF
transfer coefficients for water vapor movement resulting from thermal gradients in various soil types. Philip '

and deVries (1957) tried to recon ile the observed vapor flux with the theory of diffusion in unsaturated
porous media. Taylor and Cary (1960) developed an equation for heat and r.,oisture transfer in unsaturated I

soil subjected to temperature gradients using the theory of thermodynamics of irreversible processes.
'

.

Cassel et al. (1969) measured moisture movement in resporse to steady temperature gradients in scaled t

cylinders of uniformly-packed, fine sandy loam at several different initial water contents. They also observed
countercurrent flow with maximum moisture transfer at interr.acdiate initial water contents. Their observed
vapor fluxes agreed closely with that predicted by the theory of Philip and deVrict, while the Cary and

.

Taylor expression underestimated the vapor flux in all cases. Another experimental study by Trombel (1973) !
concluded that neither the Cary and Taylor model nor the Philip and deVries model were entirely successful !
in predicting the obserwd vapor Aux in a closed, heated soil column. j

!
2.1 Apache inn Tuff !

A number of laboratory, field and simulation experiments have been conc ,he University'of Arizona [
as part of a U.Sf Nuclear Regulatory Commission sponsored research prg., cam. The fo!!owing sections +

describe nonisothermal experiments conducted in unsaturated, fractured rock at the Apache Leap Tuff Site
: or or cores obtained from the site,

,

!
Laboratory Core Erperimcnu

!
Three laboratory countercurrent heating experiments were conducted by Davies (1987) using unsaturated, ;,

rock cores obtained frcm the Apache Leap Tuff. Slightly welded tuff coret approximately 6.4 cm in diameteri

.
i and 13 cm in length were used in the first two experiments. A densely wclded tuff core 9.5 cm in diameter j

and 12.2 cm in length was used in the third experiment. A vertical thermal gradient was established in the !

lirst heating experiment, while a horizontal gradient was used in the second and third experimentsf The
;

cores were subjected to a uniform thermal gradhnt of approximately S C cm'l for 32 days, with maximu'n '

and minimum temperatures of approximately 70 and ItTC, respectively.
,

'
I

| The bulk density and initial, transient and final water content distributions within the cores were determined
1

m one em intervals along the corss using gamma attenuation m:thods. Temperatures within the cores were
measured using thermocouples embedded 1.5 cm into the rock cores at regular intervals. Initial volumetile -i
water contents within the densely welded tuff core were approximately 5.17 percent (a relative saturation - !
of approximately 57 nercent) and increased approximately 0.6 percent to a relative saturation of 64 percent - i

near the cool face while decreasing approxirrately 1.2 percent to a relative saturation of 44 percent near the
'

hot face. Temperature measurements indicated a near constant thermal gradient along the core. ,
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After heating, the cores were dissected into sections, crushed and analyted for iodide (a soluble tracer which
was initially added to the pore Guid) to dcicct ion mow ment caused by countercurrent flaw and transport.
lon movement was assumed to occur in the liquid phase only. The results of the heating experiments clearly.

{ indicated the presence of countercurrent How in the tuJ cores (Figure 2). The iodide analysis indicated that
more liquid return flow occurred in the nonwclded tuff core samples than in the denscly wclded samples.

;
; Gravitational forces did not appear to affect the experitaental results.

i
! The laboratory crperiments conducted by Davies (1987) were modeled by McCartin et al. (1WO) using

|
TOUGil. Sensitivity analyses were used to evaluate the importance of characteritation parameters on
hydrologic and thermal responses by the simulated core. Uccause parameters for the core were not-

available, local sensitivity analyses were examined by varying a single parameter over its perceived range of

| uncertainty while hWing other parameters at their initial base case values. Para. meters examined in this
way were permeability, binary diffusion coefucient, thermal conducthity, heat capacity and the characteristic
curve shape. The findings by McCarlin et al. indicated that:

1 -

,

| The water content distribution within the core was sensitive to the permeability, diffusion coefficient,.

; and the shape of the characteristic curve;
The water content distribution within the core was insensithc to the thermal properties, i.e., thermal4 .

conducthity and heat capacity; '
j

The tcmp.:ratw within the core was insensitive to all parametric variations attempted; and.;

The simulated water content was generally characterized by a sharp spatial transition from dry (less thani .

one percent) to wet (greatu than sixty percent), while the observed data indicated a more gradual
transition. - t

i.

Results of the two phase flow simulations were used to calculate the transport and redistribution of a
j dissolved tracer which was uniformly distributed throughout the core initiall . A random walk particle3

; tracking algorithm was developed to simulate the movement of solute based on the liquid flux calculated by
! TOUGil. Due to uncertainty in the parameters characterizing dispersion, three simulations were conducted

i which incorporated: advection, dispersion arid molecular d;ffusion; advection and mJecular diffusion; and
! advection alone. The three simulations resulted in almost identical results, with differences occurring only
j at the ends of the drillcore where the pure advection model predicts a higher solute concentration as-
; compared to the other two models. Comparison of observed and simulated concentrations indicate gom!-

| qualitative agreement, yet the experimental values of solute have more pronounced changes than were

j predicted by the model.

Fictd Heater Erperiment

i An exploratory field heater test was conducted by Davies (1987) in denscly welded tuff in an abandoned road

| tunnd in Apache Leap Tuff, The experiment provided data and observations which can be usc<l to help

j design the proposed field scale experiment. Two nearly paralkl, horizontal borehoics,39 cm apart,5 cm
; in diameter, and 15 m long were availab!c for conducting the experiment. A heating element was placed
i six meters into one borehole, and a packer was installed next to the heater between the heater and the

tunnel wall. Packers were also installed in the adjacent be.rchole at two locations to isolate an air space >

j directly across from the heating clement.- The heater was positioned within an interval which included a - i

! fracture which appeared to intersect the packed off section of the observation borehole. Within the
| runnitoring interval, three thermocouple psychrometers were installed for the purpose of monitoring rock

{ - water po'ential and temperature changes. A neutron probe was used to monitor water content changes in
: both boreholes prior to and following the heating phase.- The initial water content distribution was

] determined using threr. neutron probe measurements at half meter intervals in both borcholes.
4
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Figure 2: Solute concentration in piti.stly uturated tuff core following one-dimensional heater experiment
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After an initial test using a 0.5 kW clement heated for 65 hours, it v icternined that no significant
changes were observed, and a second esperiment was conducted using a 1 J element heued for 94 hours.
During the second experiment the matric suction '.ncreased from 25 kPa .o approximately 9CO LPa in the
ob crvation borehole. The umperature in (N thrvation borehole increased from an icitial temperature
of 20$C to 29SC at the time the heater was turned off, ar.d then reached a maximum temperature of
3..r C at 28 hours after the heater was turned off. Temperatures on the rock surface adjacent to the heater
increased to 97C at 48 hours after the heater was turned on, and continued to slowly rise to 91SC at 94
hours when the heater was turned off.

Liquid water was observed to discharge from the heater imrchole <'.uring the heating phase. Free water also
discharged from the observation borehole when the packers were deflated to allow water content
mersurements after the heater was turned off. The source of the water was most likely free water accumula-
tion resuhing from condensation behind the packers in the observation borehole, and along the borehole wall
between the packer and the tunnel wall in the heater imrchole.

Thirty minutes after the heater was turned off,the temperature sensor installed in the heated botchole noted
a temperature of 81B C. At this time the temperature sensor was moved so that it was situated at the center
d where the heater had been installed One hour sfter the heater was turned off the ternperature of the
rock adjacent to 'he former heating clement was 132S C, and at 2.75 hours it had fallen to 97BC. In the
observation torchole, the temperat'. ire had fallen to 27H C and the matric suction had returned to very near
its initial value seven days after the heater was turned off. No water content changes were observed around
the observation hole during the heating or cooling phases. Significant drying was observed in the heatcr
borehole during the heating phase, and very slow wetting was observed following the heating phase. The
water content surrounding the heater borehole had not returned to initial levels after 450 days (Figure 3).

Impoitant lessons learned from this experiment can be used to guide subsequent expeaiments. In particular,
it is recommended that multiple observation boreholes be installed at various distances from the heater
source, and that multiple locations within the Imrcholes be ir.strumented for temperature and matric suction
rneasurements. The locations should be isolated using inflatable packers with hydraulic and thermal proper.
ties similar to the surrounding geologic material. Redundant equipment should be installed at each location
due to the long-term nature of the experiment, and also the difficulties associated with equipment
maintenance and refurbishment.

Simulation Esperimen's
]

Cullinan (1983) investigated heat and fluid movement surrounding a heat source using a finite element model
which incorporated coupled lir;uld and vapor flow in the rock matrix, a single, horizontal, discrete fracture
intersecting the hert source, and vertical fractures intersecting the sinr,le horizontal fracture.

The assumptions were made that the bu!L air phase was immobile, and that thermal rock and water
expansion did not occur due to thermal changes. From the modeling irnestigation it can be hypothesir.ed
that rising temperature near the repository should mduce vapor diffusion away from the repository and
produce dry zones in and around the fracture near the heater, and wet rones in and around the fracture
away from the heater. Variations in initial fracture water film thickness does not appear to have a significant
effect on wet and dry rone configurations. Drainage fracture apertures and spacings, as well as host rock
hydraulic properties should have much greater effects. The large voLime of rock water appears to dominate -
the vapor diffusion process. Small vertical fracteres'should have the capacity to drain liquid water faster
than it can diffuse am from the heat source. During both phases, moisture should move predominantly
away from the heat source, as the temperature gradient should be directed away from the source.

8

_ _ _ _ _ _ _ _ _ J



- - _ . .-- . . . . -.-. - - . ._ .- -.- .-.... . ..- --- . .- . . . . -

l.
d

!

!,

1

3

$
i

! i

1
4

4

3 l
. i e i i i it

i I

',' INITIAL
j

AFTER FIRST HEATING; --

O.60 0AY 315
- ~---

; AFTER FINAL HEATING
i

*

\ %. : /".\\ < . . . .? =r %+ . . , ,-

* '

,1 * * . .....
| s | /

,

/s * * *.., m
Z ! I/

'

s
ss 0.50' *

{ s[/
- -

2 \ t
1

.

1 .

=

\.
l+

;
.

i \ || 045
'\ /

-
. -

:

\..

! \
4 v
| 0.40 -

-

1
;

?

i.
i

O.35 i i i e i i

4 5 6 7 8
i DISTANCE FROM TUNNEL (m)
4

i
f

1

i
I

i

;
i
;

Figure 3: Wster content distribution surrounding a heater source at the Apsche Leap Tuff Site
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j 2.2 G-Tunnel
:
i

1. 11 cater experiments have been conducted in the G Tunnel at the Nevada Test Site to evaluate the effect 01
! a heat source on water movement in unsaturated fractured rock. The tunnel, which has since been closed,

! provided access to a welded ash flow tuff formation of the Grouse Canyon member of the lletted Itange
| Tuff. This formation is of interest because it possesses similar thes.nal and hydraulic properties when
{ compared with the Topopal. Spring tuff at Yucca h1ountain, which is the proposed IILW repository horkan.

The Grouse Canyon Tuff exposed in G-tunnel is a moderately to densely welded tuff striking N5S"W wnd4

i dipping 7W. This formation is in the unsaturated zone but has a degree of saturation peater than sixty j
'

j percent (ard possibly y/ cater than 85 percent) and 3 porosity ranging from ten to 25 percent.

;

j A nonisothermal experiment (Ramirez and Daily,1987; Daily and Itamirer,1989; Itamirez et al.,1990) was
,

'
j used to obtain the hydraulic response of the fractured rock ruau to a heat source. Electromagnetic (Eht)
! tomography measurements were made between a series of horirontalImrcholes drilled into the rib of a small

{ diameter heater alcove. Both the heater and observation boreholes were horizontal with the observation
!j boreholes being perpendicular to the heater hole. The boreholes defined two planes in the rock mass which

:i used sampled for tomographic reconstruction. Each plane was two meters long by one meter wide. Iloth
measurement planes 1e at least 3.4 m from a tunnel rib, with one plane lying parallel to heater lorchole,
and the c.ther perpendicular. A fourth borehole was inclined a few degreet from t_he horizontal and_was
used to introduce distilled water into a fracture system which intersected the borehole. The Imrehole lay

| directly above the two topographic planes, allowing the injected water to have a high likelihood of affecting

} the imaged rock mass.

| The heating and cooling phases of the experiment lasted more than three months. A i kW clectrical heater >
,

! was operated for LI days, during which time Eht tomographic data and neutron logs were obtained. The1

; boreholes were unsealed during the expriment to allow vapor transport and pressure equitbrium. During
i the last four days of the heating pmod,4711iters of distilled water was introduced to the rock mass at a rate

of four to eight liters per hour. The heater was then turned off and tomographic and neutron logs were
taken as the tcsk cooled. Temperatcre logs in the immediate vicinity of the heater were not oi,tained due
to bad thermocouple connections.

It can be conduded from this experiment that while the heater is operating, the rock water content descases '

around the heater and the zone of desiccation increases ovcr time. Water content anomalies coincided with
fractures, indicating preferential drying along Tractures. During the amling phase, a large increase in water
content was observed i nmediately around_the heater, and water content anomalies again coincided with
fractures, indicating preferential rewetting along the fracture planer It was also observed.that rome ;

thermocouple readings remained at the boiling point value for over a mar'th during one experiment
indicating that a countercurreat had developed (Zimmerman and Blanford,1986). -

Characteri:aticm

A series of characterization activities were performed in the licld prior to the heater tests, but laboratory
estimates of flow and transport propertics w u not obtained from cores. Fractures were obser ed every
30 to 50 cm using televilco logt Single and cross hole pncumatic tests were also performed. in one of the
preliminary tests, a blue trat was mixed with water, injected above the heatu borehole, and tracked using ' '

irwerse tomography. Subsequent corings of fiactures demonstrated the presence d the tracer which matched
the tomography results. Precise determination of borehole position was obtained using pretest borehole
orientation surveys. For the tomography, borehole separation of approximately one meter was required, and >

maximum path lengths of one and a half meters were used. Seattedng from boreholes and instrument .

packages was a significant problem associated with the Eh! tomography method,
t
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CONCLU510N: It is important to obtain as much characterization data as poulble at field and
laboratory scales prior to conducting the test, as well as following the test in order to svahmte the impacts I

of the experiment on rock properties. Characterization should focus on rock rnatrix and fracture parameters i

including physical, hydraulic, pneumatie, thermal, and mechanical properties. !

:

iConstmctior

The heater borehoic was 30 cm in diameter, and the canister coetaining the heater was 20 cm h diameter.

| The heater borehole required seven weeks to drill the 10 treter length. The EM equipmed was less than
2 cm in diameter. To fill the empty volumes in the obset vallon boreholes, gtout was used to prevent an air. .

phase conduit. The grout was 30-40% sand in a lean cement ratio. A thick grout was used initially to pre.
vent fracture penetration, allowed to set for I to 2 days, and then followed by the fluid grout. One problem
was that the instrument tube tended to float in the grout to the top of the horizontal hole. A closed cell
foam (FIRESTOP) was used as a seal in the vicinity of the heater to prever.t vapor transport. It was
observed that it would be best to grout around displacement instruments with sponge rubber. An inflatable
rubber heat resistant packer was placed at the end of the heater. After removal of the packer following the
completion of the heater crperiment, the rubber surface thowed a fracture impression and geochemical '

precipitates. A restraint was placed over each borchole to prevent ejection of packers in the event of a
blowout. ;

CONCLUSION: It is important to minimize voids in the heater and observation Imrcholes. This can be
accomplished by using grout, closed cell foam, or usig heat resistant packers. ;

Instmmentation ,

I

No geomechanical data were collected due to time and cost constraints. This aspect was proposed for a !

followp experiment. K type thermocouples obtained from the Climax expulment were used to measure
temperatures. Some thermocouples were mounted in a rock placed between the heater and the rock wall.
Three were niaced below, and one above the heater. Other thermocouples were placed in nearby boreholes.

,

A combined neutron and gamma probe was used to measure porosity and water content. A CpN neutron
1. robe was modified to include a gamma detector below the neutron probe, as opposed to the standard
position around the probe. Also, to avoid failure in a high tempern,are emironment, a thermistor was used
to monitor probe temperature. When the probe temperature exceeded M C, the probe was removed and
allowed to cool.

A resonance cavity was used to measure the partial pressure of w_ter vapor near the heater canister. There
was a prottem with condensatica Li the caity leading to equipment failure. A nonlinear relationship
between resonant frequency and .sater content was observed. The microwave resonator was placed on the
end of the he.ater packer along with a capacitance sensor (humicap), which is also used for humidity
measurements. The capceitance sensor worked reasonably well, but the microwave resonator failed due to
condenution within .the resonance chsmber.

CONCLUSION: Instrumentatioe must be used whicit is compatible with the severe operating conditions
- expected around the heater borehole. Extreme care must be taken in positioning and selecting the
monitoring equipment. Addit oriinformati , on fracture water content must be obtained using technologyt-

which is currently unavailable.

Obwvations_

' During the heater tests, greater drying and heating was observed above the borehole than below. The
observed temperature difference between the top and the bottom of the heater canister was approximately

11;

.
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i

; 4RC, and may have been even greater, More temperature sensors should be sequired to examine canister
! temperature. The heat load also was observed to have an edge effect (the ends of ti<e heater were cooler
3 than the center), and the source appeared to go from a line source to a spherical sowcn over time.
1

Matrix porosity was about thirteen percent, yet the change in water content was approximately 16 percent

j due to rock heating. The source of the extra three percent is still unknown. The effect of the drift boundary
g on water content, movement and temperatures may be importsnt.

i
i After the heater experiment, the pneumatic tests were repeated and showed higher permeabilities,
j presumably due to fracture enlargement. Small changes in fracture aperture can result in large changes in
i permeability, so thermomechanical properties may be required to evaluate the correlation between fracture
j displacement and permeabilities. Whdher the fracture permeability increased due to fracture displacement,
i or to a reduction in water conterW could not be determined,
a

I

j The spatial coverage was determined to be inadequate because the observation borcholes were emplaced
j along essentially horizontal plancs. Also, gravitational forces caused monment above and bdow the heater
j which could md be monitored. Water vapor was cellected from the annulus between the heater canister and
i the heater borehole wall. Because the chemistry of collected water was not examined, no conclusions

| regarding geochemical processes can be made,

i
j CONCLUSIONS: Inadequate monitoring of water contents, temperatures, water chemistry, matric potential,
j mechanical deformation, and the source term resulted in inconsistent and incomplete data. Emphasis should

be placed on obtaining data which are as compacte and reliable as possible. A major design issue is selecting1

j the types and precision of data required and monitoring techniques to be employed.
!

hittleling
,

i
j LLNL modeled the experimental results by assuming radial symmetry and ignoring gravity, but the failure

] to incorporate gravitational forces severcly limited their analysis. To evaluate alternate conceptual mod:Is,
. they compared a matrix only model, with a single discrete fracture medel, and with an equivalent continuum
| model. While estimated temperature profiles were similar for ad three models, water content profiles were

substantially different between models.

They noted that while rapidly heating the system yields immediate results, subboiling conditions requires an
j extremely long observation period. There was also a question regarding drying rate as a function of the
i fracture density, and whether a simplified analytic model developed by LLNL might accurately predict the
j drying rate.
;

j CONCLUSION: Computer modeling activities must incorporate gravitational efrects. A simplified analytic
model which incorporates fracture density may be appropriate for predicting water drying rates.

) 23 Climax Mins

The Climax experiment did not investigate hydrologic processes, but focused instead on thermomechanical*

; impacts of a subsurface heat source in the unsaturated rone (Wilder and Yow,1934,1987; Butkovich and
Patrick,1985; Montan and Patrick,1986; Patrick,1986). Three drifts were constructed, with a row of aged

i reactor fuel used as a heater source in the central drift, and two rows of electric heaters used as a heater
source in the peripheral drifts aligned parallel to- the central ~ drift. Temperatures and mechanical
displacements were monitored around the drifts. Initial temperatures of approximately 2S'C rose to nearly
15& C during the course of the experiment.

,
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It was 91. served that shear displacement was important across fractures and shear rones, while normal dis-
placements were generally recoverable and crushed rock renes displayed the greatast desiations from theory,
a shortcoming of the Climax experiment wai, tbc failure to obtain motion measurements in all directions,
as well as to record motion out to the undisturbed region. Aho, it was observed that mechanical
disphecment had a significant impact on the hydrology in that free water was observed at a major fault and
along associated fractures. !!ased on this observation it is recommended that mechanical and hydrologic
measurements le obtained along fracture-borehole intersections.

To model geomechanical effects, the Adina T code from hilt is the recommended structural code. Thermo-
mechanical codes worked well at Climax for the rock matrix, but did not perform as well for fractures, it
may be possible to attribute changer Ic bull rock behavior entirely to fracture changes.

For nonisothermal conditions, thermocoupin on displacement posts should be required to account for
thermal expansion of reference rods. There could also te a difficulty whh poviding a perfect attachment
of displacement instruments to rock it would be best to use a J latch on a rod, but there is a question
concerning creep. There should be mechanical backup in case of electrical failure hiay want to inveraigatn
the use of a Goodman Jack,

CONCLUSION: it was concluded that hydrologic processes may be extrem 'y sensitive to mechanical
changes. hionitoring of thermomechanical responses is critical if a complete i aderstrnding of hydrologie
transport is to be obtained. From bmwledge gained during the Climax experbuens it is advised that only
limited effort be placed on measurt g fracture apertures, and that it would be better ta measure changes -
in rock mass volume and relative fracture motion.

2,4 WIPP Site

A heater test was conducted at the Waste isolation Pilot Plant (WIPP) facility nw Carlstad, New hicxico,
in a bedded sah formetion (hlunson,1983). The purpose of the experiment was to evaluate the waste
package performance technohyy for simulated defense high-level waste. The large scale,in situ tests were
developed to overcome difficulties associated with small scale experiments which ignored the field
environment, including the effects of impurities, fractures, and naturally buffered pit and Eh.

The heater source was a synthetic waste canister with a maximum thermal output of 1.5 kW whh a jacket
fabricated out of inconel W) pipe,10.2 cm in diamet6r by 94 cm long. Various metal specimens were a'so
clamped to the canister heater for the purpose of conducting corrosion stunies. Six backfills were placed
in the annalus between the canister and the bedded stdt:

4
low-density (1.29 g em , poured and manually tamped) powdered bentonite clay,.

dlow density (1.41 g em ) bentonite silica sand,e

4low-density (1.45 g em ) bentonite silica sand injected with 20 I of brine into the heated backfill,.

annular compacts of high-density (2.05 g cm'3) bentonite-silica sand' .

entrapped air, and
,

.

4finely crushed rock salt from WIPP (1.3 g cm )..

The test emplacements were instrumented with multiple thermocouples, pressure gages for backfill swe!!ing
pressure measurements, electrical resistivity / moisture sensor devices, and vertical displacement gages to
monitor canister movement. The instruments were connected to a data logger for frequent, automatic
monitoring and recording. hiost experiments were also equipped with gas sampling rubes, backfill coring
tubes, and brine injection ports located at the sah backfill interface. No instrument were placed in the
bedded salt formation.

13
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The tests lasted from between one to five months. Temperature measurements and profiles indicated that;

i the effective thermal conductisitics of the backfills at a maximum temperature of 150 to 25& C ranged from
I a low of 0.2310 0.26 W m'3K'8 for the low dcasity lentonite, to a high af 1.05 to 130 W m'3K'3 for the high-

| density bentonite. silica sand. The effective thermal conductivity for air ranged from 0.7 to 13 W m'3K'3

1
: No geochemical alterations were detceted in any of the heated backfills. As part of waste package
i performance testing, it was observed that there was essentia!!y negligible corrosion on all the nickel. based

| alloys, and the stainless steels, and the titanium alloys. Mild surface corrosion was observed on the lead,
;

cast iron, and mild steel. There was, however, potentially serious corrosion due to pitting observed on the ;

2-1/4 Cr4 Mo steel and, to a lesser extent, on the copper samples, both in the brine. injected backfill ::st.

| 2.5 CNWRA Experiments '

Various laboratory and field experirnents have been conducted by the Center for Nuclear Waste Regulatoryi
j Analyses (CNWRA,1Wl). Laboratory experiments have focused on thermohydrologic interactions in
1 synthetic materials with the purpose of providing data for model evaluation. In addition, a field program
! is underway to estimate the effects of seismic activity on the mechanical and geohydrologie resporae of
! underground structures in jointed rock.
!

) Labomfory 7hennohyMogic Studiet
4

1- A laboratory esperiment was conducted by Green et al. (19X0 at CNWRA using a synthetic porous medium
consisting of varioM mixes of silica glass beads packed and filled at a fixed water saturation. The test cham-
ber dimensions are 14.6 x 20.7 x 1.9 em thick. Endplates constructed of anodited aluminum were used on
four sides, and the two larger surfaces were constructed of clear plastic. Two of the aluminurn endplatesa '

! were used as heat exchangers in order to maintain a one-dimensional horizontal temperature gradient across |! the test chamber. The side wall: were insulated to minimize heat loss and fluctuations in temperature i

i boundary conditions.

/ j

The porous medium consisted of equal volumes of 40- and 80-micrometer diameter glass beads. The beads.

were mechanically mixed and then saturated to 60 percent of saturation by volume. After the containct was;

| filled halfway with the bead mixture, an artificial fracture was ernplaced by sprinkling 160 micrometer
j diameter glass beads at an average thickness of 0.5 mm across the surface of the bead mixture. A uniformly
; thick fracture was not possible, imwever, by the nature in which the larger beads were emplaced. The

rertaining half cf the container was thee filled with the premixed, partially saturated glass heads. The;

{ porosity of the bead mixture was estimated to be approximately 34.5 percent. The characteristle curve and -
; unsaturated hydraulic :onductivity of the bead mixture were determined.

| Once filled, the container was xaled except for two ports h>cated in the side walls. The ports were used
-

for injecting colored dyes into the medium, but were scaled when not in use. After scaling, the chamber
i was rotated until the endplates containing the heat exchangers were in a vertical position. The tem
. of the endplates were then adjusted to impose a horizontal temperature gradient of 27C cm'1, peratureInitially,
j the left endplate was held at 66C and the right endplate was held at 27C, but the gradient was later

reversed. This second imposed tcmperature gradient was then maintained (br the remainder of the
experiment.

:
-

,'
The movement of water was monitored sisually and photographically, and by using gamma attenuation
methods. Although the gamma ray measurements cetrelated positively with the-observed moisture -
movement, insufficient resolution was provided by the device for any quantitative analysis.; Visual data

*

gathered during the experiment provided the only useful information. From the visual data, the initial direc.-
tion of dye flow next to the hested end plate was downward to the bottom of the container, and then toward

i the interior of the chamber until the simulated fracture was encountered.- As evidenced by the dye, water
,
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did not cross the fracture, but rather,it moved upward forming what appeared to be a convection cell. The
dye became too dilute beyond this point to be used as an indicator of water flow direction or of the ristence
of the upper portion of the suspected conmilon cell.

)
A second observation of interest was the effect that the simulated fracture had on flow within the test
container. Water appeared to slow up to, but not across, the fracture during the early stages of the
experiment. Later in the experiment, after sufficient water had migrated to the cool side of the test
container, and the moisture content of the bead mixture next to the fracture became sufficiently high so that
the relatively large sired pores of the simulated fracture became saturated, v ater appeared to tiaverse the
fracturc tc the other side of the container,

CONCLUSIONS: Discrete fractures oriented parallel to a heat source appear to interrupt the normal fluid i

movemc..t anociated with a heat pipe. Counteteurtent conditions rnay exist on either or both sides of the i

heat pipe. Gravity-dominated convection cells appeared en both sides of the vertical fracture.
i

Field Seismic Effects Study

!

A study Io evaluate the epository response to repetitive dynamic loadings is cuttently underway at the Lucky
Friday Mine in Idaho (ihiung et al.,1991). The coupling of rnechanical and geohydrologic responses to i

r,cismic aethity is the focus of this research effort by CNWRA (llrady et al.,1WO). While not directly ;

related to thermohydrologic processes, the research is related to coupled hydro-mechanical effects. Short. 4

and long term rock mass hydraulic and mechanical responses are related to mine excavation and associated
r,cismic ncthitics. Extensometers and pierometers have been installed in boreholes to monitor changes in '

position and fluid pressure at distances of 8 m and 365 m, respectively, away from the mine excavation.

The ultirmic objective of this study is to provide a complete data set to evaluate the performatice of
computer codes. Required information includes the geologic structure near the mine, rock mass end joint :

mechanical properties, mining history, location of source and associated vehicity spectra of relevant seismic L

cvents, and the corresponding structural and hydrologic responses.
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3, OVilRVillW

This chapter sumenarires the current understanding of nonisothermal flow and transport processes and ,,

phenomena related to high-level t.uclear waste disposal in subsurface repositories. Also presented are
rescarch and experimental objectives related to providing data for evaluating conceptual and computer
models used to estimate nonisothermal flow and transport related to performance assenment of
emironmental conditions surrounding the candidate repository site including the waste package environment.
S <cific hypotheses are proposed for evaluation using nonisothermal experiments and performance measures,

are identified for determining the appropriateness of identified hypotheses.

3.1 Relevant Procens3

The processes which may affect nonisothermal flow and transport include thermal, liquid, solute, vapor, and
gas movement, and thermo-mechanical effects (Childs and Malstaff,1982; Pollock,1986; Eaton et al.,1987).
These proccues can be described by coupled nonlinear partial differential equations (PDE's). Of special .
interest is the coupling between processes which causes enmplex interactions. The PDE's must be solved
ming theoretical or observed phenomenological coefficients. Some of the coefficients are highly nonlinear
and by teretic functions of fluid potential, water content, temperature and rock deformations. The general
mass balance and constitutive relationship for uncoupled processes is:

E q, = V(K V& ) = C b$ /at + O (3.1)i i i i i ,,

where
V divergence operator;
i process identifier;
q flux;
K conductance term;
C capacitance term
& potential term;
O source or sink term; and
t time.

For fluxes which are coupled (i.e., a potential gradier.t in one process induces flux in a different process),
i she cor esponding constitutive relationships are:

q, = - E K V4j (3.2)g

The set of equations summarized by Equation (3.2) state that flux of species i can be induced by a gradient
of process j through the coupling term K. Also, the capacitance and conductance terms for species i can
be affected by the potential term for p ocess j:

C = f($ ) (33a)i 3

*
K, = f(&j) (33b)

Combining these eq'tations yield; a coupled processes relationship of the form:

V@(K (&g)V&j)li = C,(&g)S&;/St + O (3A)g i

16
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TABl.E 2: Processes, State Variables, and Selective Parameters

Process State Variable Selective Parameters

Thermal Temperature Thermal Conductivity
IIcat Capacity

liydraulic Pressure licad liydraulie Conductivity
Characteristic Curve

Pneumatic Gas Pressure Air Permeability
Compressibility

Vapor Vapor Pressure Vapor Diffusivity

hiechanical Deformation _ Shear hiodulus
Compressibility

Solute Ionic Strength Solute Diffushity
pli & Redox State

,

A summary of the processes, state variables, and parameters of interest in this study art gesented in Table
2. The table is not complete and is only presented to illustrate the relationship between processes, state
variables and parameters. hiany additional parameters, in particular, are required in order to fully,

characterire the identified processes. In some cases, the conductance and capacitance terms are combined
into a single term, called the diffushity, D,:

D, = K / Ci (3.5)3

The parameters in the mass balance and constitutive relationships are a function of the geologie medium,
the scale of observation, and the type of experiment. The parameters, also called nhenomenological
coefficients, can be estimated in the laboratory, using local field experiments, as well as by interpreting
regional flow models. Estimates of the values of uncoupled phenomenological coefficients have been

_ performed at the Apache Leap Tuff Site using laboratory and local field methods (Rasmussen et al.,1990).

The application of uncoupled flow and transport models to field investigations of thermohydrologie
experiments is complicated by m my factors, including (dehtarsity,1981; Evans,1983; Rasmuuen and Evans,
1987; Evans and Nicholson,1987; Evans and Rasmussen,1991):

Nonlinear constitutive relationships;.

lieterogeneous parameters to represent material properties;.

Complex coupling between processes; and
!

.

Difficulties in measuring parameters and state variables.-. 1

One approach for evaluating the variods processes is to incrementally increase system complexity, from
relatively uniform media with single processes, to more complicated systems with dircrete subdomains and
multiple gocessea. Experiments by IIaldeman et al. (1991) and b Davies (1987) have demonstrated the/

capability to investigate isothermal flow and transport through unsaturated fractured rock, and nonisothermal
flow and transport through unsaturated whole rock. Substantial uncertainties remain, however, related to
coupling the multiple processes in more complicated experiments, presented as Table 3.

17
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TAllLl! 3

Knowledge of now and Transport Processes

Itcasonably Well Understood

Ileat conduction in saturated and unsaturated porous rock matrix.

1sdhermalliquid flow in saturated and unsaturated porous rock matrix.

Conservative, isothermal solute transport of tracers in saturated rock matrix.

More Difficult to Characterize and Describe

lleat conduction in saturated and unsaturated fractured rock.

Isothermal liquid flow through saturated, iractured rock.

Isothermal gas flow through dry fractured rocks.

Isothermal gas flow through variably saturated rock matrix.

Even Less is Known

Ileat transivrt by conduction and convection in beterogeneous saturated porous media and in.

homogeneous variably saturated poious media
Isothernnt nuid flow through partially saturated fractured porous rocks.

Conservative isothermal solute transport of tracers in saturated fractured rock.

Very Little is Known

Ileat conduction and convection coupled with multiphase fluid flow in nonuniform porous naon.

Nonisothermalliquid flow through partially raturated fractured porous rocks.

Nonisothermal gas flow through partially saturated fractured porous rocks.

Conservative solute transport of tracers in unsaturated fractured rock*

Nothing is Known

IIcat conduction and convection coupled with muhiphase fluid flow in fractured porous medh.

Multiphase fluid and solute transport through nonuniform porous and fractured rocks at temperatures.

above the boiling point

d

18
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12 Conceotual Modsj

IILW generates significant thermal energy which decreases over time. The thermal energy should affect the
rock matrix by causing physical deformation of the rock due to thermal expansion, as well as by dri ing water
as vapor away from the region surrounding the thermal source. Thermal stresses s!'ould cause rock
deformation and disphecments within the rock mass and :eross fractures. Liquid ws.ter and entrained
solutes may move toward the thermal source in response to a matric potential g m.lient.

Thermal influences including thermo mechanical effects and heat transport should combine with capillary
and gravity forces to alter th: distribution and transport of water, gas, and solutes. As the temperature of
the formation increases near a heat source, the gas pressure should increase causing a pressure gradient
away from the heat source. Various computer simulation studies (Cullinan,190; Pruess et al.1990) have
focused on the complex roles of fractures and rock matrix near a heat source. As the temperature approach.
es 1(Xf C the water vapor genei cd in the rock matrix flows towards fractures and then away from the
source, eventually condensing on fracture walls in a cooler region. The condensate either mo es within the
fracture or into the rock matrix. If the liquid is sufficiently mobile the condensate may flow toward the heat
source and cause a countercurrent to form with temperatures near 10(TC. If the liquid is not sufficiently
mobib, then the countercurrent may not form and the region of desiccation may expand outward inducing
substantially F4er temperatures. A well defined circulation cell may also be obscured if the countercurrent
is too active.

Transport of solutes may be affected by their ionic charge with ions of various chmges moving dHM -
due to cation exchange effects, solubility, volatili/ation, and ion-exclusion. The effect of chu
temperatures and carien dioxide removal due to a net outward movement of gasses may affect the solubility
of various mineral species. The migrail<m of 6atious natural or induced tracers in response to changing
thermohydrologic conditions is vital for understanding the waste containment capability of the candidate
IILW site.

Mechan: cal conditions at a candidate site should be altered by the thermalimpacts of waste emplacement,
as well as by mining of the shafts and drifts. Analysis of the thermo-mechanical and mining-induced
displacements and deformations are complicated by fractures and other discontinuities. Thermomechanical
imp'ets may be greatest near the canister, yet changes in r. tress and strain regimes may be observable over
large regior s. Displacements along fractures may affect the fluid transport properties of the fractures, either
to enhance or imped: luid movement. Deformation of the rock matrix may not have as significant an
impact on the hydraulic properties as fracture displacement.

Predictions based on simulation modchnb aethitics must be tempered by observations. F.xperience from
laboratory experimerts indicate a number ofimportant phenomena which substantially affect fluid flow and
r.olute transport. Laboratory experimental results indicate:

i

Latent heat transport in the vapor phase, with sensible heat transport in the solid, liquid, and gas.

phases (Davies,1987);
A strong heat pipe effect arising from countercurrent liquid vapor flows which causes desiccation.

near the heat source and a concomitant accumulation of water away from the source (Davies,1987);
The possibility for osmotic potential ta reduce the magnitude of the heat-pipe effect due to solute.

concentration effects on osmotic potential vapor pressure reduction near the heater; and
The dissolution and precipitation of minerals in fractures which can alter the physical properties of.

the bulk rock (Lin,1991).

These laboratory findings must be balanced by experimental evidence conducted over field scales using less
artificial boundary conditions. The field scale findings include:
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lleat transport occurs from the source as sensible and latent heat, causing a desiccation of the rocka

near the source which expands over time (Davies,1987);
Liquid water accumulates in torcholes and openings near the heat suurce, with little watera

accumulation in the densely wclded tuff matrix (Davies,1987); and
Substantial air movement occurs through fracture networks due to orographic and barometric*

gradients (Smith,1987).

The engineered portion of the waste-repository structurc should undoubtedly affect the thermohydrologic
regime as well. The placement of shafts, seals, drifts, borcholes, entilation ducts, and drains, as tell as the
waste form and encasement, should have an impact on fluid flow and solute transport. It can ce inferred
that the operation of a ventilation system should affect the transport in the vapor phase by:

The injection of dry exterior air which will be circulated through the open repository;*

The resultant transport of water through the repository as vapor;*

The discharge of humid air to the atmosphere; and*

The alteration of the existing orographic and barometric circulation within the subsurface..

By circulating air through the repository, substantial quantitics of water should be removed and discharged
to the atmosphere, thus causing the desiccation and cooling of interior repository surfaces. For isolated
chambers within the repository, substantial condensation may or may not occur depending upon the moisture
and thermal gradients across the chamber. Also, substantial condensation may occ~ur in the edust system.

Two distinct thermal phases will be observed ..uring the field experiment, a heating phase and a cooling
phase. "t he proposed experiment should try to reproduce the llLW imposed effects by reproducing the two
thermal phases; a heating phase during which a heat source will be used to generate nonisothermal codi-
tions in unsaturated fractured tuff at Apache leap; and a cooling phase in which the heat which has accumu-
lated near the heater is allowed to dissipate. The following two subsection describe the expected conditions
during the two phases.

Heating Phase
s

During the heating phase, liquid water immediately around the heat source should vaporize in response to
an increase in the vapor pressure deficit. The vapor should move to zones further away from the heat
source due to pressure gradients and diffusion, forming a rone of desiccation. _The outward vapor flow
should be greater in undrained fractures than in the matrix due to higher pneumatic permeabilities of the
fractures. The fracture permeabilities should also be affected by changes in rock mechanical displacement
and deformation due to thermal expansion liest flux away from the source should occur as sensible heat
conduction and latent heat transfer in the vapor phase. As the temperature decreases away from the heat
source, the vapor should condense within fractures and the matrix at some distance from the heat source,
forming a zone of liquid water accumulation. The liquid water in the zone of accumulation may move in
various directions:

Towards the tone of desiccation due to a liquid potential gradient;.

Towards the domain boundaries, also due to a potential gradient; and*

Vertically downward due to gravitational forces..

Below the heat source, the upward flow of liquid water towards the zone of desiccation should be small, with
accumulated water draining downwar s through vertical fractures due to gravitational forces. Within the hori-
rontal plane of the heat source, net liquid water flow should be downward, away from the heat source
through grasity drainage in vertical fractures, it is hypothesired that the largest zone of accumulation will
be found above the zone of desiccation. If this is the case, then liquid flow should occur back toward the.
heat source in fractures, and may reach the heat source, depending upon many factors, including:

20
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The mength and h9rbontal extent of the heating source;.

The downward rate of natural deep percolation from above;.

The magni;ude of fracture and anatrix permeabilities;..

The initial rock water content;.

)The ro<tk thermal emductivity; and.

The magnitude of free couvection..

I
It is also possible that water unkt positive pressurcs k * accumidate in existing cavities due to large

'

temperature and vapor pressure grauients scross the cavity. Water vapor may enter the cavity on a surfact ,

nearer the heater, diffuse across the casity in t'ae vapor phase, and condense on a cooler surface on a tarthet j
'

wall. The condensation may result in sufncient liquid accumulatina so that the water will be under
*atmospheric or positive pressure Free wat r drainage would then occur within the cavity and either

accumulate at the bwer end of the cavity, or drait, through fractures intersecting the accumulated free water.
,

1
i Cooling Phase

Once the heat source has been removed, rocir temperaturcs should decrease over time due to conduction
of heat through the rock as well as the outward co1 vection cf air. The vaporization ofliquid water should
decrease and vapor phase tranport shculd diminish, except along the boundary between the zones of desic.
cation and accumulation whem the greatest ten.perature gradients may be found.- During this phase, vapor
redistribution shonid predom' mate with the greatest redistribution occurring between the zones of desiccation
and accumulation above the h:at source; the invasion rate being greatest from above the thermal source.
The initial drainage through fractures from the zone of accumulation should occur quickly, while redistri-
bution of rock matrix wate in the vapor phase should occur at a slower rate. Higher water transport rates
in the * apor phase as compared to liquid phase movement should cause a much longer resaturation period
when compared to the initial drying phase.

33 Constramts

Various constraints lirrdt the capability to identify and evaluate the conceptual model describcd ear!ier.
Various types of expeiimental constraints can be identified. 8 iuding:

Technological m:thodologies for estimating materl ;rties at the scale of interest. (Examples.

include fluid, solSte, and heat transport parameters for itu.. along and across discrete fractures, and the

three-dimensional rock deformation variation)
Conceptual methodologies for aggregating local estimates of material properties into bulk properties at.

larger scales (i.e., upscaling). (An example would be the estimation of fluid, schee, and heat Cow
through networks of fractures embedded in porous rcck.)
Technological methodologies for obtaining informatie n about state variables. (Examples include the.

measurement of matric potentials in rocks and fractures, liquid water contents in fractures, and liquid
water chemistry in rocks and fra:tures.)
Conceptual and computational methodologies for coupling strongly nonlinear, hysteretic functions.
(Examplesinclude the estimation of fluid and thermal fluxes through fractured rock with large tempera-
ture and fluid pressure gradients.)

M Objectives

The primary c6jective of performance assessment is to evaluate the ability of an engineered facility and
geologic emironment to contain and isolate IILW An important requirement related to the geologic
emirc unent is the demonstration of the ability to reliably predict fluid flow and solute transport through
nonisothermal unseterated, fractured ock under field conditions using the mass balance and constitutive.

relationships presented ehewhere in this document.-
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Th general objectiv of nonisothermal experiments is to monitor the response of a geologie system to a
hrmal source, and to adequately explain the observed behavior using nonlinear, coupled, heterogeneous

constitutive and mass balance relationships. This general objective can be divided further into more specific,
'

although still general, subobjectives.

To further assess appropriate methods, techniques and technologies for characterizing and
.

.

'
monitoring fluid Dow, solute transport and thermo-mechanical changes in unsaturated fractured
rock, including interaction between the rock matrix and the fracture system;,

| To examine relevant hydraulic, pneumatic, solute and thermal transport and thermo-mechanical.

processes and relevant parameters, singularly and coupled, at field sc9s up to five meters;i

To evaluate the thermomechanical effects of a heat source on fractu.e and matrix pneumatic and.

; hydraulic transport properties;
2

To generate data for complex, coupled flow and transport systems for use in the evaleation of un-.

saturated flow and transport models; and
To assess various modeling approaches and their limitations in predictirg flow and transport..

through nonisothermal, unsaturated, fractured rock.

These objectives are related to the assessment of the suitability of existing conceptual and computational
models which represent the hydraulic, pneumatic, thermal, solute transport and thermo-mechanical-
properties and pc. cesses in fractured rock. The objectives incorporate the predictive ability of various alter-
native modeling strategies for their ability to accurately represent fluid flow and solute transport processes
in unsaturated fractured rock. Yeh et al. (1988) discuss the various conceptual models being considered
along with a review of mmietical cd. u. ,roviding simulation results prior to performing the experiments.

The identified objectives and sv d ' m,es are designed to be generic in nature, that is, they are suitable
for g ;'i- . by other te catchers at other sites in any particular geok)gic emironment. While the
emphasis may change from site to site due to local conditions, the above objectives are generally appropriate
for guiding a wide-variety of nonisothermal studies in unsaturated, fractured rock.-

3.51Ivretheses

1

The conceptual models described above depend upon specific hypothesized phenomena, listed below. l

A saturated zene within the host rock around the heat source. From modeling studies and limited.

laboratory and fic!d studies, it can be hypothesized that rising temperature near the repository will
induce vapor diffusion away from the repository and produce dry zones in and around the heater, and-
wet zones away from the heater. (Pruess et al.,1990)
The largest zone of water accumulation may be found above the zone of desiccation. (Buscheck and.

Nitao,1990)
,

If fractures are present, then preferential drying should o: cur near the heater in the rock matrix near' .

the fractures. Further away, the fractures should become saturated due to condensation. (Cullinan,
1983)
IIcat transport primarily by conduction, except for limited regions of significant latent heat transport..

(Pruess,1991)
Countercurrent flow conditions (i.e., the heat pi . ph somenon) within the host rock near the heat.

source. (Dough;y and Pruess,1988)
.

. _

Anaerobic atmospheric conditions may exist near the heat source, with the air phase completely replaced.

by water vapor. (Buscheck and Nitao,1990)
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3.6 Performance Measures

A performance measure is spedied whic~n can be used to determine whether a postulated phenomenon can
be confirmed or rejected. Vodel performance evaluation utilires estimates of sptem response in conjunction
with model forecasts. Syuem respo ces to changes in system boundary conditions manifest themselves by
changes in state variables within the system.

For many systems the state variables may nM be constant as a function of position or time. This variation
can be called the system resnonse variation. Measurements of system state variables may not be precise or
accurate due to inherent limitations in the measurement device. The device may have a limited range of
measurement, or be biased within the range of measurement. This type of error can be called measurement
Etcr. Another error is introduced when a model incorporates inappropriate physical processes or
constitutive relationaips. This type of error can be called model snecineation error.

Of interest to model evaluation is the avaity of the model forecast to reliably reprodrce the system response.
The difference between the forecast and the observed response is the forecast error. The forecast error is
estimated using:

e=gx (3.6)r m

where
et forecast error,-
x, predicted system response, and
x, measured system response.

.

The sampic variance of the forecast error, s(2,is estimated using:

2t = E(eg ] (33) -
5

Also, the population variance of the forecast error can be estimated by assuming independence between
errors, which leads to:

2og = E[st I " 'r +'m +8
-(3 8)s

where
2

g variance of the forecast error,-o
o ,2 variance of the observed system responses,

_.

o ,2 variance due to measurement errors,~and

of variance due to model specification errors.

Model performance can be tested using two techniques:

By evaluating whether the predicted system response is unbiased (i.e., E[et] = 0); and
.

By evaluating whether the variance of the forecast error is equal to the sum of the measurement plus
.

system variability errors (i.e., o,2 = 0).

Rigorous statistical tests can be performed if the distribution of errors can be determined.- The variation
due to measurement error can be estimated using repetitive and duplicative measurements. The observed -
system response variation can be estimated given sufficient monitoring information. The forecast error can
be obtained using Monte Carlo or theoretical estimates of predicted system responses.
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i 4. EXPERIMENTAL APPROACH

!

) This chapter presents a field _ experimental approach for examining thermohydrologic processes in
unsaturated, fractured rock. To demonstrate and evaluate the proposed methodolc,y, a nonisothe. malf
experiment is proposed at the Apache Leap Tuff Site, near Superior, Arizona. This chapter describes the

i phases and tasks required for conducting such an experiment, along with simulation modeling and site
i characterization required prior to implementing the experiment.

{
j 4.1 Study Phases and Tasks
1

! Six study phases have been identified that provide data useful for the evaluation of cone ( al and computer
models related to nonisothermal hydrologic transport in unsaturated fracture rock. Table 4 presents the six

; study phases which may be employed for studies related to the objectives des albed abr c. The study phases
; are generic in nature and can be applied to any site, within the limitt of the study onjectives. Figure 4 ,

! presents a k>gic diagram for the experimental stumes. Three separate experiments are proposed which
'

j consist of activities conducted partly in series and partly in parallel to each other. The first two experiments

| are prcliminary experiments which are to be conducted in parallel to each othat, as described in Chapter
! 5. - Following the completion of the preliminary experiments, the full-scale heater experiment can be

| conducted. Each of the experiments incorporate the phases described below.

The first phase identified in Table 4 consists of computer mJeling activities related to the determination<

| of an initial experimental design. The simulation studies should use existing characterization data from
i nearby sites, if available. Design issues related to borehole construction and monitoring techniques are
j examined during Phase L Phase 2 aethities focus o< installation of boreholes based on Phase I simulation
j studies. Additional site-specific characterization data are obtained using information from_ the initial

borehole installation, including borehole logs, borehole permeability tests, and laboratory characterization'

I tests using oriented cores. Monitoring of moisture and thermal conditions begin during this phase. During
Phase 3, additional simulation modeling is employed using the she-specific characterization data collected
in Phase 2.' The simulations should be used to refine the placement of sensors, the heater, packers and -4

i isolation facilities such as bulkheMs or a surface cover. After completion of the simulation studies, the
placement of the instruments and other components should be performed.

! Phase 4 consists of baseline dats collection at the site from tue sensors placed during Phase 3. The baseline

! data are used to determine the initial and boundary conditions a3 input to computer simulation models for -

! the purpose of determining the optimal heater schedule. Phase 5 consists of generating simulation forecasts
! and confidence intervals for the heater experiment, and conducting the heating experiment. ' The two
j- components should be conducted independently and without any cross-communication between the two.
i Field data should be collected, processed and archived until such time as the simulation studies have been
! completed. The only exception to this rule should be if there are changes in boundary conditions or if
j additional characterization data become available.

h- Simulation results should be compared with experimental results during Phase'6, The performance of thi

i simulation models should be evaluated based on their ability to predict field observations. No calibration

[ against the experimental results is expected, and the comparisons should bc a test of model accuracy.1

( Confidence intervals should be inspected to determine if the model projections include the obsened range
; cf system responses. The forecasts are then used to evaluate alternate models. The phases can be divided

into specific tasks, presented as Table 5.' The tasks are organized by phase, and each task has a specific
*-

; activity associated with it. While details related to each task are not elucidated in 1;is document, it is
expected that procedures should be developed to implement each of the' tasks.;

b
'
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TABLE 4

Nonisothermal Hydrologic Transport Study

Phase 1 Perform simulations using existing characterization data from the neasby Apache
Leap injection site for the purpose of obtaining a preliminary expertmental desige
Evaluate ahernate chera.cterization and monitoring techniques at the injection site.
Issues such as borehole locations, orient.tions and drilling methods should be
resolved during this phase.

Phase 2 lastall boreholes and further characterize the heater site using in situ and labo-
ratory core measurements. Obtain in situ conditions for water contents and tem-
peratures. Select and calibrate , :asurement devices.

Phase 3 Refme the experimental design based on data collected in Phase 2 and additional
simulation studies. Using this information, install sensors, heater, packers and
surface cover. Also, install additional boreholes if needed.

Phase 4 Collect baseline data from sensors installed in Phase 3, and continue monitoring a
water contents which were started in Phase 2. Use data in conjunction with !

coraputer modeling activities to refine heating schedule.

Phase 5 Perform heater test and measure responses. Concurrently and independently
simulate responses using baseline and characterization da:a, as well as observed
ini ial and boundary conditions.t

Phase 6 Compare experimental and simulation results. Determine whether the observed
response lies within forecasted confidence intervals. Obtain and test core samples-
to confirm final conclusions.
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Figure 4: Logic diagram for ueld heater experiments
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TABLEa
,

Experimental Tasks for Nonisothermal Experiment

y

Phase 1

Task 1: Select a simulation model, or models, appropriate for nonisothermal processes in unsaturated,
fractured rock. '

Task 2: Assign material properties using existing data from the site or from nearby sites.

Task 3: Assign initial and boundary conditions based upon data from de site or from nearby sites.

Task 4: Perform simulations to determine the response of the rock unit at the heater site to alternate heating
and cooling scenarios.

Ta<k 5: Estimate an apprcpriate orientation and depth of the heater and observation boreholes. ,

Phase 2

Task 6: Install boreholes using techniques that minimize disturbances and provide oriented core.

'
Task 7; Perform laboratory characterization tests on the core segments.

Task 8: Perform field characterization tests m the boreholes

Task 9. Obtain preliminary baseline data using neutron probe, tempera'ure probes, and geophysical scanning
of the boreholes.

Task 10 Determine boundary conditions appropriate for the liquid, gas, vapor, and solute phases, and for -

temperature.

Task 11: Acquire and calibrate sensors, meters, and data collection system. Determine the capacity and
reliability of the heater and power source.

Phase 3

Task 12: Redo Tasks 4 and 5 using material properties, and initial and boundary conditions obtained from
Phase 2 activities.

Task.13: Based on results from Tr.sk 12, install heater, packers, sensors arid cover. Add final access boles -
as needed.

27.
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;

i

|

i

; TABLE 5 (continued)
r
1 -

1

| Phase 4

!
'

Task 14: Begin continuous basefme monitaring using sensors installed i' Task 13.

; Task 1$: Using baseline data from Task 14, redo simulation modeling to determine optimal boundary
j conditions and heating schedule.

i
!- Phase 5

I ,

} Task 16: Based or simulation results obtained in Task 15, begin heater operation. Operate heater at

; increasing output levels.
i
j Task 17: Monitor system responses to Task 16.
1

| Task 18, Prepare simulation forecasts of system response to heater operation. Include forecast errors,
; uncertainty estimates, and confidence intervals. This task should be performed in ignorance of Task 17
i for the power output level being evaluated, but can include information obtained from Task 16 if there
'

. are changes in boundary conditions or if additional characterization data become available. .

1

1

j Phase 6

Task 19. Compare simulation results of Task 18 to experimental results obtained in Task 17. Determine the
j accuracy of the prediction. Obtain tore samples to wnfirm measurement and model predictions.
i
i

| Task 20: Convene workshop to evaluate results and to determine additional information needs.

;

!
| 4.2 Simulation Modeline
1

-

| Simulation modeling should be employed during the project for several purposes. One simulation
j requirement b to determine the experimental design which optimally-discriminates between alternate
i conceptual models of nonisothermal flow through unsaturated fracture rock. Prior to conducting the
} cxperiment various conceptual models are proposed and simulation models constructed in order to predict
j _ the outcomes for each of the models. If the model responses are identical for a particular experiment, then
L the experiment will fail to determine which of the conceptual models is more appropriate. Thus, the-

_

i~ experimental conditions will need to be modified until unique responses are observed for the various

]
, conseptual models (Rasmussen,1986)..

I Another simulation requirement is to accurately predict the observed outcome. Ashworth and Ashworth'-
- (1984) present an application oflaboratory and field measurements to confirm model forecasts. Using this,

j strategy, independence between model simulation activities .nd experimental observations should be
~

required. If the model is updated to incorporate additional processes or material properties, then the
i exercise only serves as model calibration. 'Io successfully evaluate the model, prediction requires nrior-
4

--
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forecasts of the experimental outcome. Because some uncertainty should exist in the forecasts, confidence -
intervals about the forecast must be constructed. The performance measure can be numerical or heuristic.

Previous laboratory, field and laboratory isothermal and nonisothermal experiments at the University of
Arizona have demonstrated the complexity associated with fluid flow in unsaturated fractured rock (lluang _
and Evans,1985; Green and Evans, 1985, 1987; Green et al,1987; Rasmussen et al.,1985; Schrauf and
Evans,1986; Evans et al.,1987; Rasmussen,1987a; Weber and Evans (1988); Rasmussen et al.,1988;
Rasmussen and Evans,1989; Rasmussen et al.,1989). To avoid ambiguous and inconclusive experimental
results it is important that simulation modeling and site characterization be performed prior to conductkg
the field experiment.

Simulation modeling should be employed toidentify the important features of the experiment including zones
of saturation, regions where fractur.: flows are expected, accumulation of high salinity waters near the
evaporation front, and changes in rock deformation and displacement near the heater source.- The effects
of gravity, fracture properties, initial water saturation, initial solute concentration, and material heterogenei-
ties should be examined using sensitidty analyses. The types and locations of sensors to be installed should
also be examined to determine the required sensor sensithities and the regions where the greatest changes
are expected. Knowledge of the types of monitoring equipment to install, where to place the monitor:ng
equipment, and where and how the heater should be placed and operated requires that the simulation model
incorporate all relevant processes as well as realistic parameters.

4.3 Site Characteri7ation

Simulation models require that estimates of material properties and boundary and initial condition = be
obtained for the site of interest. Material properties for use in simulation models have been obtained from
the Apache leap Tuff injection site. - The Apache Leap Tuff Site is located in the Apache Leap Tuff
Formation (dated approximately 19 million years) immediately east of Superior, Arizona, approximately 160
km north of Tucson, and 100 km east of Phoenix. The rocks exposed at the site are the uppermost unit
of a sequence of ash-flow tuff sheets. The tuff formation grades from a densely welded unit near its base

.

to a slightly welded tuff at the top.- The tuff is a consolidated deposit of volcanic ash, with particle diameters
less than 0.4 mm, resulting from a turbulent mixture of gas and pyroclastic materials of high temperature.
The ash-flow deposits at one time covered an area of approximately 1000 km with a maximum thickness2 '

of 600 m but have been eroded in some places to about 150 m in thickness (Peterson,1961). At the heater
site, the tuff thickness is approximately 500 m. The unsaturated zone extends to great depth at the site due
to topography and to groundwater pumping associated with a nearby underground mine. Fracture traces
are evident on the land surface and can extend horizontally for several hundred meters.

Atmospheric precipitation has been recorded near the heater site, with the long-term average estimated to
d

be 533 mm yr . Most of the precipitation occurs during two periods, from midJuly to late-September, and
from mid-November to late-March. Summer storms are characterized by high in?nsity, short duration
thunderstorms during periods of high temperature and evapotranspiration demand. Winter storms are of
longer duration and lower intensity during cooler periods with much lower evapotranspiration demand.

__

Available Material Properties

Laboratory experiments and measurements have been conducted using cores obtained during borehole.
drilling at the injection site and using shaped blocks removed near the field site. Characterization data are
available for the interstitial, hydraulic, pneumatic and thermal properties of the rock matrix, as well as
geometrical, hydraulic, pn;umatic, and thermal properties of the bulk rock. Laboratory experiments have

- been used to characterize the unsaturated hydraulic and pneumatic properties of discrete fractures embedded
in porous tuff blocks (Rasmussen et al.,1990; Chuang et al.,1990; Rasmussen,1991; Haldeman et al.,1991)

_
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i Characterization parameters for core segments of three eizes collected at approximately three meter intervals
from nine boreholes have been estimated for 105 samples. Field parameters were obtained at the same

i three meter interval centered on the position where the core segments were collected. Data obtained from
field and laboratory tests are of the following types:

<

{ Rock matrix interstitial properties, consisting of bulk and skeletal densities, effective porosity, pore*

| surface area, and pore size distributions collected from the core segments;

} Rock fracture interstitial properties, consisting of fracture location, density, and orientation, collected.

! from oriented cores;
i Rock matrix hydraulic propert es, consisting of the laboratory saturated hydraulic conductisity, moisturei.

I characteristic curves, and unsduratc.d hydraulic conductivity curves collected frem core segments, as well
! as field saturated hydraulic conductivity determined from borehole interval testing;

Water content dependent pneumatic permeability of unfractured rock cores for a range of water j.
.

j contents, as well as the air permeability of fractured rock at ambient water contents at _the injection site;
Water content dependent clectrical resistivity properties of unfractured rock core segments; and; .

] Water content dependent thermal conductivity and specific heat of unfractured rock core segments..

: 4
,

) Summary data are presented in Rasmussen et al. (1990) for the parameters, including the mean, coefficient
1- of variation, minimum, median and maximum values, The data were collected either from 105 core

segments located at approximately ihree meter intervals, or from borebote test intervals which test three;

; meter intervals coincident with the core segment locations. For the 105 samples tested, bulk densities of the
llargest segments lie between 1.S6 and 2.20 g cm-3, with an arithmetic average of 2.10 g cm and a coefficient; ,

i of variation of 3% The effective porosity of the largest segments ranges between 1430 and 27.51 percent
j volumetric, with a mean of 17.54 percent and a variation of 13% hican skeletal density is 2.55 g cm'3 with

2 4
i a variation of 21 Mean pore area of the medium sized segments is 3A66 m gm with a variation of 65%
| For the 105 borehole intervals examined, the fracture density ranged from 0 to 433 fractures per meter, with -

a mean of 0.77 and a coefficient of variation of 103 percent.;
:

! The relative saturation of rock core segments decreases from a mean of 95.5 percent at 10 kPa, tc 70.2
i percent at 100 kPa, to 47.5 percent at 1000 kPa, to 22.2 percent at 10,fX10 kPa, to 12.8 percent at 100,000 -
'

kPa. Results of hydraulic testing of core segments indicate a mean saturated hydraulie conductivity of 2131
j x 10 msd 4 with a coefficient of variation oi 301% and a range of opproximately three orders of magnitude.
4 The unsaturated hydraulic conductivity means at 10,25,50 and 100 kPa are 3346, L475,0.908, and 0364

4 4
! x 10 m s , respectively. Field estimates of saturated hydraulic conductivity range from a mean of 29.19

4 44 to 59A2 x 10 ms depending upon the method used to interpret the field tests. The variWon of the field
estimate is approximately 700% and ranges over five orders of magnitude. Field water contents are

i ertimated using neutron count data calibrated in the field at two locations with different water contents.
I Fir!J wate: contents range from a low of 9.53 percent to a high of 18.75 percent on different dates.
1

| Data for core segments yield an oven-dried air permeability of 57.12 x 1046,2, decreasing to half that value
at approximately 100 kPa. The laboratory measurements of air permeability display great variability, rangings

over three orders of magnitude with a coefficient of variation of 772% A difference between air and water.

! permeability is explained by the Klinkenberg effect. Measured field air permei.bilities are generally less than

{ measurements obtained from oven. dried core segments.

| A mean saturated thermal conductivity of 1.821 W m4 *C is observed for large core segments,4
l with a

lj coefficient of variation of 10.7% The mean thermal conductivity for oven-dried samples is 1.266 W m * C ,
;. with a coefficient of variation of 11.5% For the thermal conductivity p.irameter, the influence of relative
j saturation is substantially less than for the hydraulic conductivity. A thermal conductivity of 1.95 W m4*Cl

and a heat capacity of 2.4 x 10 J m'3"C provide a good fit to field observations of thermal responses to6 l

;

j an annual thermal cycle.

i
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Thornburg (1900) determised the empirical parameters of the Archie equation for selected Apache Leap
injection site rock core samples using dilute, high resistivity pore waters. The expor.ent of the porosity term
(m = 2.13) compares favorably with values determined for cemented sedimentary and volcanic rocks.
However, the exponent of the water saturation term (n = 0.67) is anomalously low as compared to other
common geologie media.

Apparent resistivity profiles obtained by Thornburg (1990) were collected using a Wenner array in the field
at electrode spacings of 0.9 and 1.8 meters. Laboratory resistivity values ranged from 50 to 250 chm-meters,
but field n casurements locally reached values greater than 500 ohm .neters where drained fractures appar-
ently interrupted the flow of electrical current. Field resistivities responded primarily to moisture distribu-
tions which were controlled by:

North- and northwest. striking fracture zones;.

Topographic features such as depressions and ridges;.

Depth below surface; and.

Seasonal precipitation and temperaturc protiles..

Electrical resirthity measurements were also obtained prior to and following precipitation events. Results
indicate substantial changes in electrical properties fc,llowing precipitatica events, but interpretation of the
electrical resistivity changes is complicated by concomitant temperature changes which also affects measured
resistivity values.= In fact, the reduction in temperature due to the precipitation event caused a greater
change in resistivity than the expected change due to wetting of the rock from rainfall. The observed
resistivity increased after the rainstorm event,in spite of the expected higher rock matrix water content.

Initial Condinons

The ambient field conditions prior to the heater experiments should be determined using long-term data.
Field measurements of water content and temperature distributions have been obtained at the injection site
to a depth of 30 m over several annual cycles. The time series of field borehole water contents are derived
from neutron count measurements and the time series of field borehole temperature are measured uaing
thermistor strings. Temperatures below approximately 10 m appear to be nearly onstant over time with

donly a small geothermal gradient of 0.07 Cm , while water contents appear to remain relatively unalfected
below the surface.

One component of the expcrimental design should be to determine th: preferred drilling technique (dry or
wet) fcr the purpose of evaluating the effect on the initial conditions. Wet drilling may result in localized
zones of saturation near the boreholes, while dry drilling may desiccate the rock formation. Extended -

- monitoring within the Irilled borcholes may have to be performed prior to beginning the heater test. It is
proposed that monitoring boreholes be installed at various locations near the heater site. The borchalesn
would be used to monitor initial conditions and to provide information on environmental transients which -
may affect the interpretation of the heater test The boreholes could be drilled n:ing wet or dry drilling
techniques, or pneumatic percussion methods could be used to minimize water content changes in the host
rock.- High resolution neutron logs of water content should be obtained in the monitoring holes, along with
high resolution measurements of rock wall temperature.

Boundary Conditions

The determination of the upper boundary condition may critically affect test-interpretation. - Whether
variable temperatures, water contents and barometric pressures are assumed, as opposed to constant values,
is an important question which should be resolved by obtaining measurements of emironmental conditions.
One design possibility is to cover the heater site with an impermeable, insulating surface to inhibit water and
thermal flux through the upper surface of the rock mass. Either a large tent mt.intained over the site,'or

_ _
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{ a paved surface immediately in contset with the rock are possib!c alternatives. Regardless of whether or
~

not a cover is used, the monitoring boreholes described in the previous section should be used to monitor

; changes in the upper boundary condition which may affect heater test interpretation.
;

j 't he lower and outer boundary conditions may be less significant in terms of their variability and impacts
'

on test interpretation than the upper boundar) condition. hicasarements of the lower and outer boundary -
conditions will be required in order to assign meaningful values in computer simulation models. The

j monitoring boreholes would be employed to determine the lower and outer boundary conditions before,
j during icd after the test. Estimation of the effects of natural gas flow and attendant moisture transport due

to barometric and temperature changes have been studied by Smith (1989). The study demonstreed the,

! importance of monitoring gas movement and temperatures in large discrete fractures to determine the
; magnitude and direction of air flow.
:

i Additional Data Requiremenu
!

} The parameters currently available from the Apache Leap Tuff Site can be used to provide initial estimates
; of parameters for use in prototype sMations of the heater experiment. hiaterial properties obtained from
f characterization data at the Apache Leap injection site are probably representative of condition at the
| heater site, given their close proximity and similar geologic strata.
:

| As additional site-specific information becomes available from the heater site, then updated simulation
; should be performed. Important additional site-specilie characterization parameters include: unsaturated
i hydraulic, pneumatic, and thermal conductivities; air, vapor and solute diffushities; vapor pressure reduction
i due to osmotic potential; and wetting and drying diffushities. Characterization data should be obtained using

{ field tests of high resolution, rueh as air permeability usts at close spacings in boreholes installed at the
j heater site, or using laboratory core sampi,;s collected nearby. ' hiethods to be utilized are presented in

Kilbury et al. (1986), Rasmussen (1987b), Tidwell et al. (1%), and Rasmussen et al (1990). Comective
'

.

heat transport through fractures may or may not be possible to measure. The determination of thermal;.

j anomatics in and around fracture zones may be possible to identify, however. Alternate sampt'ng strategies
j to observe and monitor convective heat transfer may nes i to be developed. Proce.iures by Ashworth and

Ashworth (1990) may also be applied.

hicasurements of electrical resistivity could be employed , Ar changes in water content and solute.

[ concentration. In a nonisothermal emironment, however. C . temperature effects on electrical resistis'
i should overwhelm any changes in rock water content o: .nemistry (Thornburg,1990).. Electric permittivity
i measurements are less susceptible to temperature vanation, however, and may provide better estimates of
! water content changes hieans to estimate water chemistry changes using nonim*asive methods are lacking,
!- however. Estimates of iocic strength, pH, and redox state are difficult, if not impossible, to obtain in
; unsaturated, fractured rocks and nonintrusive techniques to obtain measurements of this kind are critical for
; understanding solute traasport behavior. Sampling of water quality may be possible using destructive -

metheds, where a core is obtaine,i and the fluid is forcibly removed. Chemical alteration may still be
unavoidable,- however. using destructive sampling techniques. Mineral chemistry before and after the test
is possible by using petrographic, x. ray diffraction, and chemical analyses of the minerals and glass in the -
rock. This analysis could possibly identify important chemical reactions resulting from the'!1uid and heat
transfer processes. Obtaining data reRd to solute and tracer movement are limited by several important
issues, such as whether tracers exist that do not disturb the existing flow field, and whether natural tracers
may exist in the pore water These issues need to be addressed immediatelyin order to provide meaningful -
solute transport information.1 Experituerts conducted in cores ~and small blocks of tuff are required.
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5. PRELIMINARY EXPERIMENTS

i
4

j

Initial experiments are required prior to a full scale heater experiment. . The purpose of the initial
j experiments is to develop methodologies and prc..'edures suitable for ruonitoring thermohydrologic processes
; in unsaturated rock. The preliminary nonisothermal experiments incrementally increase complexities from
j a thermal disturbance an unfractured rock, to an experiment in a rock that includes a single fractme. These

two experiments are intended to serve as precursors to a larger field experiment which incorporates multiple
fractures in an unsaturated rock mass..

A

The following sections first describe the two preliminary experiments and then address design issues that
| require resolution during the preliminary experiments. In addition, experimental procedures are pre sented.
;

j 5.11ypes of Emeriments

! Two preliminary experiments are suggested to evaluate and model less complex nonisothermal flow
~

i environments. By limiting the fic,ld experiments to avoid ambiguities related to complien.ted geologic
| variability, the experiments allow models of simpler systems to be evaluated. As uncertainties are minimized,
j then fundamental relationships between coupled processes may be estimated, thus avoiding inconclusive
: results. Figure 5 presents a schematic diagram of the preliminary experiments.
,

!

j The first preliminary experiment is a nonisothermal experiment in a shallow borcuale in unfractured,
unsaturated tuff at the Apache Leap Tuif Site. The test would be conducted over a period of severali

months, and the expected radius of thermal influence is anticipated to be one or two meters. The precise,

configuration, heater schedule and monitoring locations and variables are discussed below. The purpose of
'

'
this test is to perform an experiment under well controlled conditions where complex interactions resulting

#

from the presence of a discrete fracture can be minimized. An experiment on this scale shduld provide the
4

capability to extent laboratory studies to fictd conditions where more complex boundary conditions may be
present.

a

1

| The second preliminary experiment is a nonisothermal experiment to be conducted under similar conditions
to the first experiment, but with a single fracture present. The heat source would be installed at a borehole,

! location that intersectc the fracture. The test would be conducted over a similar time period as the first, with
perhaps a larger radius of thermal influence. The purpose of this second test is to introduce additional
complexity and to evaluate conceptual models, technologica. :apabilities, and process definition. Thei

essential feature of the second test is the added complexity resulting from heat, gas, liquid and solute;

| transport in the discrete fracture.
. _ .

; 5.2 Desien Issue

| Preliminary experiments offer the opportunity to evaluate experimental designs, including those identified
in Table 6. Of particular concern is the ability to identify initial and boundary conditions during the test,-

'

i along with material properties of the rock mass. The measurement of state variables is another priority for
j determining the system response to the imposed thermal source.

1

.

<
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; Figure 5: Schematic illustration of preliminary field heater experiments
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TABLE 6

Experimental Design issues -

Initial Conditions

- Wet or dry drilling to minimke water content changes within rock.
- Period of time required to allow drilling alterations to !issipate.

Upper Boundary Conditions

- Covering surface to mhibit water infiltration ud evaporation.
- Insulating surface to reduce temperature changes.

Borehole Placement

- Orientation of heater borehole to prevent chimney c.ffect.
Diameter, location and orientation of observatio . borehoks.-

- Packer material and locations.

Operation of Ileater

- Constant or variable power, constant or vaiable temperature.
- Duration of heater operation.

Type of packer materials and packer location-

- Depth of heater

Types of Measurements

- Types of sensors
- Degree of redundancy
- Location and number

Single vs. cross hole requirements.-

I

e
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53 Instrument Installation . Preliminary Emeriment

Two types of boreholes should be employed for the heater experiment, a heater borehele and monitoring
boreholes. The locations and the drilling methods for installing the ixncholes should be finalized using
computer simulation models desuibed in a previous section. The orientation, diameter rad depth of the
heater and observation boreholes are important design aspects in that the boreholes must be situated in such
a manner that they monitor system changes in regions were the mor.t significant influences are occurring,
yet at the same time the boreholes must not interfere with the tet. Simulation models should be employed
to evaluate the magnhude of system thanges, and determine whether the boreholes can be located to
measure these changes. The packer material and locations need to be evaluated to determine the effect of
various samp!ing intervals and scaling techniques on observations. An important concern is the potential :,

for gas flow through an open tsrehole to occur, which could result in enhanced heat transport away from
the heater source to the ground surface.

Temperatures and matric potentials should be collected using thermistors and %rmocouple psychrotecters,
respectively. Thermistors should be placed within the heated interval to monitor rock surface temperatures.
Rock extension due to heating should ain be monitored using displacement transducers. Replication of
instrumentation is essential, with multiple equipment located next to each other in each sample interval.
Packers should be used to isolate monitoring intervals. Water content data in the rock matrix surrounding
observation boreholes should be collected using Mees such as neutron probes and time-domain
reflectometers, while gr * physical techniques should be employed to provide information deeper into the rock
matrix between borchales. Also, tracers added to the system can be used to gather information on
geochemical processes. Monitoring tools such as geophysical arrays, geophones, and permeability tests can
be employed to idertify changes in fracture saturat:on as well as rock matrix properties. The scheale for
obtaining the measuremer.ts are design variables.

Field data concerning temperatures, water contents and air composition and pressum should b3 collected
in both the heater and observation boreholes, it is proposed that intensive smpling of wates contents
fractures and fractm e zones be performed above and uround heating borehole at various distances. intensive >

sampling of the matrix around fractures and fracture zones should also be performed. It is recommended
that moderate samplirg be performed of the rock matrix away from fractures, as well as laterally and below
the heating borehole. Once the size and location of the fracture zones have been identified, various
monitoring and sampling strategies should be examined and tested prior te conducting the fic'd-scale heater
experiment. The ability of a relatively simple model which accounts only for heat conduction and treats the
rock as a uniform continuum should be examined using thermal parameters estimated from laboratory core
experiments.

Both heater and sensor assemblies should be installed in the boreholes. The heater assembly should cuisist

of:

A power source to supply electricity;.

Current and voltage meters to measure delivered power;.

An electrical heater element to convert e!:ctrical energy into thermal energy;.

Packers to prevent gas, liquid and thermal movement in the heater berchole;.

Tnermistors to measure rock temperatures along the heater borehole;.

Gas sampling ports to allow measurement of gas pressure in heater interval, and to obtain samples for.

gas composition analysis; and
Metal coupons of various coc position to evaluate corrosion..

The heater assembly should be rceoverable, but should n- N removed during the heating phase unless a
system failure occurs. Before and after the heating phase, the heater assembly should be removed
-riodically to obtain water content measurements.

36

|
:

- - - - - - _ _ _ _ - _ _ - _ - _ - _ - _ _ _ _a



- -.- .-- - - - .. . ~ - - .- . - . -

The sensor assemblies should consist of:

Packers to prevent gas, liquid and thermal movement in the sensor borehole;.

Thermistors to measure rock temperatures along the sensor borehole;.
,

Gas sampling ports to allow measurement of gas pressure in sensor interval, and to obtain samples for j.

gas composition analysis; and !
Metal coupans of various composition to evaluate corrosion. !-

- l

f The sensor assemblies should be recovemble and should be removed periodically before, during and after
i the heater experiment in order to obtain water content measurements.
I
'

The heater and sensor assemblies should be installed at least several weeks prior to the hea:et experiment.
1 Baseline temperature, gas pressure, and gas composition measurements should be obtained prior to initiation -

4- of the experiment. Once mfficient baseline data have been collected, the heater should be activated causing
j a thermal perturbatic v at the system. Continuous measurements of temperatures and total gas pressures
i should be obtained (; wig the course of the experiment. Occasionally, the sensor assemblics should be

removed in order to obtain water content measurements,

i
'

The heater should have a strength d between 0.1 and 5 kW, and be able to fit down the heater borehole,

with a possible diameter of 10 cm .ud a possible length of from one to three meters. The size, orientation,
I and strength of the heater are impcrtant design issues. The heater should be isolatec using pack'ers, of

.

[ selected length and compcsition. The heater source term could either operated as a constant heat flux, or .
a constant temperature during the heating phase. It is proposed that the heater be operated in a step-wise
manner, changing the output strength in increments so that temperatures of 80 to 90* C are achieved during -

; the first step, and up to 200P C is achieved in the final step. During the cooling phase the heater strength
! could be either slowly or quickly reduced.
t

) A stepped experiment is also possible in which the heater source is incrementally increased. Each step-wise
*

increase is monitored and used for model evaluation. Ihhe simulatios forecasts do not adequately predict
; observed behavior during a particular step, then in(%J nedeb caa be calibrated using the information
: collected for that step. After a predetermined time ; nod, the heater Qurce is agdn increased to provide

additional data.'

i
; Data ceUcetion should be automated to tb. greatest practical extent in a central computerized installation .
'

located at the field site. Relevant data includes power consumption by the heater, temperature
; measurements, and total gas pressures. Neutron water content sueasurements should be recorded ma .ually,
| but should be entered into a computerized database system immediate!y after data collection. Auxiliary data
} obtained at infrequent intervah, such as geonhysical measurements and precipitation depths should be
} recorded and entered into the computerized database system as quickly as prae.ically possible.

i
;

;-

!
i

.

!

:
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!
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