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ABSTRACT

From November 1977 to August 1978, two near-surface heater
experiments were operated by Sandia Laboratories at Oak
Ridge, Tennessee. The experiments were sited in two
somewhat different stratigraphic sequences within the
Conasauga formation which consist predominantly of shale.
Specific phenomena investigated were the thermal and
mechanical responses of the formation to an applied heat
load, as well as the mineralogical changes induced by
heating. The program's objective was to provide a minimal
integrated field and laboratory study that would supply a
data base which could be used in planaing more expensive
and complex vault-type experiments in other localities, The
experiments were operated with heater power levels of
between 6 and 8 kW for heater mid-plane temperatutres of
385°C. The temperature fields within the shale were
measured and analysis is ir progress. Steady state
conditions were achieved within 90 days. Conduction appears
to be the principal mechanism of heat transport through the
formation. Limited mechanical response measurements
consisting of vertical displacement and stress data
indicate general agreement with predictions. Posttest
data, collection of which await experiment shutdown and
cooling of the formation, include the mineralogy of
posttest cores, posftest transmissivity measurements and
corrosion data on metallurgical samples.
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PRELIMINARY RESULTS REPQRT
CONASAUGA NEAR-SURFACE HEATER EXPERIMENT

1. [INTRODUCTION

The Conacauga tes's, snd near surface tests in general, have the
comnon goal of contriburing to the assessment of whether the rock type
invalved, in this -ase shale, can withstand the near~field thermal laad
fraom a canister of high-level nuclear waste, During such tests, it is
poseible ro nbeerve boa"h the thermal and mechanical response of a
farmation nn a scale considerably in excess nf that feasible in the
labaratory, and to assess whether the ia situ euvirsnment can be
adequat 'y mndeled using existiog numerical techniques, Of particular
cancera during this experiment was the ability of the formation to
dissipate heat in ritu, a function of effective conductivity, and the
question of whether or not a <ingle heat dissipation mechanism would
dominate to the extent that a relatively straightforward analysis would be
possible. Secondary objectives included determinarion of displacements
enpendered by the heating process and of whether or aat the texture nf the
farmation was appreciably altered by thermal degradation of minerals,
cracking due to thermal stresses, or solution and reprecipitation of new

minprals by sirculating grrund water,

At the outset, it is to be emphasized that near~surface tests are but
a step toward resolution of the complex prablems associated with the
disposal of nuclear waste. Beyond pbvious concerns associated with
extrapotating the results of such a short-term test tn time periods nf
several hundred years, it is evident chat in an actual repository the
overburden and tectonic stresses would be different than that encountered
during this test, and that radiarion effects cnuld significantly alter the
chemistry of the system. Nevertheless, when detailed consideration is

given to simulating repository conditions ar depth, it becomes apparent
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that a ltarge number of competing processes may operate, and there is a
dearth of data which may be used to predict the final outcome. The
problem is further confounded by a virtual absence of case hiastnries which
may be used to judge laboratory rests and numerical meodels to predict the
behavior of complex materials in natural settings. Therefore, if
underground excavations are unsvailable prior to embarking on expensive
and time-consuming vault tests, it would be wise [n implement an
intermediate step for the purpase of gaining rome feeling for the
processes which truly are of greatest significance. The Conasauga tests

vere undertaken to satis{y this requirement.

Sandia Labarateories, under contract with the Ocfice of Waste
Isolation (OWI), agreed in the Fall of 1976 to do near-surface heater
experiments ar two adjacent sites separated by 37 meters in the Conasauga
formation. The design of rhe propnsed experiment was predicared on the

following assumptions:

1. The dimensions of rock expnsed to a significant thermal
flux and resulring thermomechanical stress fields
shauld be substantially greater than the scale of a

laboratory experimznt, which is approximately 0.03 m3

(1 £e3),

2. The remperature of the heater should be greater than
that of a potential waste canister so that temperatures
and core samples more typical of a waste canister
environment could be obtained readily at a location
removed from the heater. Close to the heaters, both
temperature measurements and core recovery were

expected to be difficult.

s« The heater temperature shnuld be less than that at
vhich significant mineralogic decompnsition occurs
(assuming thal it is much greater than that of a

potential waste canister).


http://Ocfi.ce

4. ¥or practical reasnns heater nperating tempernture would
be limited to the capability nf commercially available
clements. Maintenznce af a temperature of 600°C woauld be
consistent with assumprions two and three as was assumed

in the nriginal propnsal.

5. A minimum number of drill holes waulu be specified far
each site commensurate with previding a) a gross picture
of the heater induced thermal field, b) stress and strain

levels, and c) mineralogical changes.

6. The drill hole depth assumed was 15,4 m (50 ft) for cost
estimation purposes. It was further assumed that the top

9.2 m (30 fr) of atl hnles wniid be cased.

7. All instrumentation drill hnles were ta be in the range of

3.8 cm (1 1/2 in.) to 6.3 cm (2 }/2 in.) dimmeter.

8. 1In additian to "basic" experiments proposed, some drill
holes and recording channels were included for instrument
development , Their purpnse would be to permit latitude for
evaluation of special site specific features such as ther-

mal stress anisatrapy velated to bedding plane ntientation.

The Sandia propesal of May 1976, which was accepted by OWI, did not
account for the possible presence of water in the formation, However,
hnles drilled at the sites subsequently made available for this
experiment, resulting from 3 5-month reconnaissance conducted by Gearge
Brunton of OWI, prnduced water at the rate of about 15 £/hr from a 20 om
(8 in) diameter hale. As a rezult, some nf the plans required

medificatinn and revision. Changes included:

1. A heater mid-plane temperature nf only 385°C instead of
the 600°C initially praposed. The requirement for heating
a credibly iarger than laboratory-scale rock mass was

amply met without going to 600°C.



2. Instrument drill holes were cored to 10,2 em {4 In.)
diameters instead of 3.8 ro 6.4 cm (1.5 to 2,5 in.) in
order to obtain 6.4 em (2 1/2 in.) diameter core for

laboratory studies.,

3. The heater holes were pressurized with air to axclude

watar,

Subsrquent sections address spocific experimont design considerations

and resclts,

11. SITE GEGLOGY AND HYDROLOGY

The geologic setting ol the Conasauga Near-Sur{acr Hrater Exzperiment
cite is shown schemarically in Fig. L. Although eubject to considerable
local variation, bedding in the vicinity af the heaters dips generally to
the southrast at abour thirty degrees, In addition to a general dip, the
rocks at the <ite have been chrared in various directions, and in places
have bren folded ar crumpled. Although the bulk of the sediments at the
sites consists of shale, the section as a wholr is a rather heterogeneous
assemblage of intimarely interlayered fine-grained rocks. Toward the base
51 the section, as shown ar Site One, a dark gray calcareous shale is
intrrspersed with timestone beds ranging from one to several centimeters
in thickness., Moving upward, thers is a snit roughly 3 m thick consisting
primarily of limestone, above which (as shown at Sire Two) the formarion
consists of thin layers of interbedded gray-green or maroo: shale with
lesser amounts of siltstone, Details of rhe stratigraphy in the heater
holes at the tws sites are illustrated in Fig. 2,  Figure 3 illustrates
the appearance of the Conasauga at the hrater site when recovered in core,
A sample of the large core recovered from the central heater hole in Site
Two is shown in Fig. 4, As one would infer from the lithologic
haterogeneity, the mineralogy and hence chemistry of rhese rocks is quite

variable (Table 1), In the shales, illite, kaolinite, and members of the
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chlorite group are the principal clay minerals, while the limestone
consists primarily of calcite. Quartz and feldspar predominate in the
siltstones along with lesser amounts of clays, micas, and calcite, Iron

pyrite is virtually absent everywhere in the section.

TABLE I

Mineralogy of Conasauga Samples

Calcite Feldspar Quartz Kaolinmite Illite Chlorite

Limestone Major Minor Miner - - -
Vein Calcite Major Minor Minor - - -
Gray-Green Minor Major Major Minor Trace Minor
Siltstone

Gray-Green Minor Major Major Minor Major Minor
Shale

Maroon Shale - Minor Minor Minor Maior Trace
Dark Gray Minor Minor Minor Minor Major Minor
Shale

e
e

Soit -

HE poams

Fig. 1. Geologic Seztion Showing Heater Positions. §2~1 and Sl-1
are the heater holes at Sites 1 and 2, respectively, S1,
S2 and OR were early exploratory holes.
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Fig. 4., 157 mm (6 in.) Core From the Bottom of the Heater
Hole at Site Two

The hydrologic setting of the experiment is largely a function of the
climate and fracture network within the formation. Rainfall in the area
is sufficient to maintain the water table at a relatively shallow depth,
usually three ta five meters below the surface. Following a heavy rain,
there is a tendency for the water table to follow the topography and for
water levels near Site One to be higher than at Site Two. Within a few
days, however, this disappears and the three meters difference in
elevation between the sites is no longer reflected by the water table. In
situ permeabilities of the shale are governed predominancly by che
fractures which are highly variable in distribution; consequently, there
are irregular domains of greater or lesser permeability distributed
throughout the area of the heater tests. At 3Site One, for example, a well
23 meters away along strike bubbles readily when D.14 MPa (20 psig) air
pressure is applied to the central heater hole, but it proved virtually
impossible to make transmissivity measurements between the central heater
hole and a hole only 3.3 meters up dip. Downhole television viewing of
the two heater holes reflects the same heterogeneiry of joint fracture
distribution. Over vertical intervals of roughly a meter, the rock may

appear devoid of open joints. One may then encounter intervals of equal



width shawing irregular or folded bndding, fracturing, and nbvisus water
recharge, In spite of thrse complexities, it apprars that averaged
prrmeabilities in the range nf 0.001 to 0,1 darcys would account f€nr the
rocharge rates observed in wells aver the area af the heater site, f
sprcific concern are thr recharge rates in the tws heater heles.
Immediacely following completion of rhese wells they filled at rates nf j6

and 13 f/hr at Sites Onn and Two, respectively.

IIi. EXPERIMENT AND HEATER DESIGN
Thermal Measurements

As indicated in Section [, a significant goal of the experiment was
to neasure the rncrmemoechanical response of the farmation, vith particular
rmphasis on the ihermal {ield measurements. Since the lithelogy alnng
srrike should be similar ar al) locations at a givean depth, thr primary
instrum-ntation was arrayed alang strike. Additional instrumentation was
placed in drill holes on a tine normal to strike to identify <ignificant

remperature field anisorrapy.

Expected temperature fields were calculated during the course of
designing the instrumentation array in arder to help optimize transducer
placement. Published thermal conductivities for the Conasauga shale were
in the range of 0.9-2.3 W/mec.! T specific heat and deneity values were
in the vicinity of 103 J/°C~Kg and 2.3 x 103 Kg/mj. resperetively. Figure 5
is an isothérn echematic showing a predicted temperature distribetion. In
preparing this figure thermal conductivity, specific heat, and density
were assumed to be 0.9 W/m°C, 103 J/°C~Kg, and 2.3 x 103 Kg/mB,
respectively. The heater is a J m long, 0.3 m diameter cylinder.

Operated at 3.8 kW, with a surface temperature nominally 600°C above
ambient, such a heater should produce the chermal (ield shown in Fig. 5 in
a period of 400 days. Figure 6 compares the temperature profiles as a
function of heating time assuming 0.9 W/m°C and 2.3 W/m°C thermal

conductivities.
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Fig. 5. Calculated Isntherms Used in Design of Field Experimoent

Figure 5 alsn indicates approximare thermal messurement Incarions.
(mr can assume that the schematic represents a vertical plane rhrough thr
heater, with the nrientarinn chosen alang =some signiticant direcrinn at &
specific <ite. The mast important measurements are those made radially
nurward at the heater center-plane., However, sufficient thermncogples
were installed to permit more complete determinarinn of isntherm Incarinns
including positions below the heater. The radial coordinates far
thermacouple dril! nnles were chnsen on the ba<is that the mrasuremears
are desired ac< rlose rogether as pncsible whers the temperature gradismts<
are steepest, Thus, near the heater, drill hnles are spaced at 0.5 to 0.6
m radial intervals, Drilling ¢nnsideratinns make it impractical ta have
the holes any clnser together. The drill heles at .25 and 3.45 w provide
a reasonable coverage of the thermal field. Twn thewmocouples are at a 10

m radius ta provide background temperalure meaSurements,
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Stress and Displacewent Measuremeata

Minimal displacement and etress mearuremente were cglled for in the
basic experiment plan. The purpose of these measurements was not to
determine strain and atress fields for a complete comparison with stress
models, but merely to measure the general level of strese and displacement
and to attempt to correlate the two with other changes in the Eormation.
The quoted thermal expamsion valuel of 9 x 107® °c~! ig large enough that
significant displacements should occur at the 100°C isotherm location of
Fig. 5. Three drill holes per site were used for those measurements,
Each contained a combination of vertical displacement extensometers and

Creare stress gauges.



The Creare scress gauge is a vibrating wire gauge activated by a
solenoid. Stress is determined by monitoring the frequency of the
vibrating wire. For application in sofr rocks such as the Conasauga,
emplacement of rhe gauge without some packaging modification presents
severagl difficulties. First, reliable emplacement of the gauge is
difficult. Second, the emplacement stress may be sufficient to deform or
fracture the rock. Third, the stress remaining after emplacement may be

sufficient to cause subsequent plastic deformation in the rack.

To circumvent some of thnse difficulties, the Crearr gauges in the
Conasauga experiments were "set” into 1.5 mm thick aluminum tubing and
pofted prior to installation (Fig. 7). While instailing, this assembly
was fixed in place using an expandable grout. This iacreased the initial
stress on the potted gauge by abour 0.4) MPa (60 psig)., Since the made of
installation differs significantly from the standard procadure, this
measurement is considered to be developmentai and not quantitative in

nature,

1.5mm THICK
ALUMINUM
CYLINDER
tr e L1722 77 777777771
o ///////Ai et [777777777 777777770
POTT'"G/ CABLE

Fig. 7. Creare Gauge Housing Assembly

The displacement gauges selected were vertical extrnsometers, Four
invar rods were anchored at different heights in each of the extensometer
drill holes and extended to the bottom of the casing, where they were
connected to 303 stainless steel rods that joined a potentiomnter at the
top of the casing. Figure 8 is a photograph of an extensometer assembly

showing only one of the four rods used.
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Casing Flange

OQutside
Housing

Potentiometer
l.oad Spring
(removes weight)

O Ring Seal

Fig. 8. Extensomeler Assembly

Transmissivity reasurements

To assess the fluid transport characteristics of the formation,
radicactive krypton~85 tracers were injected into pressurized source
weils., The time required for the pressurized air to carry the tracer to
the unpressurized exit well was determined by placing an array of four
Geiger-Muller probes at various depths below the casing of the exit hole.
Prior to the test, ground water was removed from the major fractures and
porous zomes in the formation by applying air pressure of about 0.15 MPa
to the formation overnight and then bleeding the formation back to
atmospheric pressure in the morning. (Following this treatment it was
found that the holes failed tn recharge for a period of several hours.)
After groundwater was removed by the above procedure, all holes, except
the source and exit ones being tested, were capped and a steady state air
flow was established between the rwn. The krypton was iatroduced as a

pulse from a solenoid controlled gas bottle located just below the casing
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in the source hole. During the test, input pressure and flow (as well as

the exit flow) were monitored continuously in order to insure that steady

state conditions wzre mainrained. By noting which of the Geiger-Muller
tubes responded first, it was possible to infer the location of a
permeable zone; and by measuring the input and exirt flow rates as well as
the travel rime, a semiquantitative estimate of the formation permeability

between the holes was obtalned.

Pressure Measurements

Gas tight packers were installed at the bottems of the casings in the
heater hole and in the three posttest transmissivity holes at each site.
Holes containing extensometers were without packers, but were capped with
air-tight flanges at the surface. Prescure transducers {(Gulton
Industries, Type G5-631) having a O to 0.69 MPa (0-100 psig) range were
installed below the packer in those holes having packers and below the
well cap in the extensmmeter hales. Figure 9 is a phatagraph of a test

hole prersure gauge and packer assembly,

Packer

Pressure Casing

(to 30 psig) "lange
) *"""

By rvee- -

Experiment

.'P'r'essure i ] ” ) _Sensing Port
H lransduceI: . for Pressure
© - 100_P_Slg)\ Transducer

Fig. 9. Pressure Gauge and Packer Assembly
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Heater Deaign

Figure 10 im a achematic of the heater showing the relative pnsitinns
of the heated region, an inaulated buffer region through which an unheated
part of the nester elemeat passed, and an air-cooled terminal region. The
body of the heater consiste of 8 sealed cylinder of 304 stainiess steel,
Within the heater are two complete sets of three chromalux tubular hairpin
heating elerentr that are wired in two separate delta circuits. Rated
capacity far each element is 6 kW, resulting in a maximum heater autput of
about 36 kW. Figure 11 is a phntograph of the heater elemeat assembly.
Normal operation invnlved use of only nne three-element set, the other
remaining as backup ian the event of failure of the first =et. During most
of the test period, the external eurface of the heater at rhe midplane was
maintained at 385°C, corresponding to a surface temperature on the
chromalux elements of about 450°C and to total power consumption of
between C and 8 kW.

GRCUND
LINE

TERMINAL
SECTION
AIR COOLED

INSULATED
SECTION

0.2m

HEATER
SECTION
3.8m

N

30m

Fig. 10, Heater Design Schematic
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Fig. 11. Heater Element Assembly

Figure 12 is a photograph aof the completed heater., Two conduits

extended from the heater to the surface. The first carties the neater

leads to the terminal region of the heater, and iz the inlet used for

cooling air for the terminals. The second conduit carries internal heater

diagnostic thermocouples to the surface, as well as serving as the exhaust

for the cooling air.
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Fig. 12, Completed Heater Assembly

On the exterior surface of the heater, thermocouples were affixed on
a vertical line at distaaces of 0,09 m (0.3 ft), 0.77 m (2.5 £t), 1.5 m (5
ft), 2.3 m (7,5 fr), 3.3 m (10.7 fr), and 3.8 m (12.3 fr) from the bottom
of the heater. The exterior thermocouple at 1.5 m (5 ft) was used to coun-
trol heater output during the cxperiment, Internal thermocouples were in-
stalled both in the terminal section (to determine whether overheating wae
ocurring in this critical regiomn), and on the heatar elements themselves
to sid in monitoring the condition of the elements during the course of
the test. The air cooling was provided by a Dayton 12968 fume exhauster,
operating in the suction mode., This exhauster was rated at 200 cfm at

S5-inch static pressure. The measured flow rate on site was about 30 cfm.
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Data Acquisition System

To the right of the instrumentation van (Fig. 13} is the emergency
backup motor generator. The "demand start"” unit begins the generater

within 10 seconds of power interruption,

Fig. 13. Conasauga Experiment Instrument Van

Figure 14 is a schematic of the Data Acquisition System installed in
the van. The system centers about the John Fluke data logger which
converts the millivolt output from the thermocouples to °C and records
thermocouple (TC) channels both or paper tape and the Techtran Cassette
tape recorder., Vertical displacement and pressure data require signal
conditioning prior to entering the data logger. Tue Irad-Creare gauge,
clock, and wattmeter data must be converted to analog format be fore
entering the data logger. 4 microprocessor linked to the John Fluke data

logger controls data output to a DTIC printout terminal.
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Fig. l4, Data Acquisition System Schematic

The terminal has 14 sheets of computer printout paper taped into a
loop, Each sheet has from 11 to 14 channel headings., The microprocessar
controls the initial printout of the data channel headings and subseguent
data printout and printout paper advance so rhat data for each channel

appears sequentially in time,

The two temperature control units are mounted on the wall to the left
of the Dats Acquisition System inetallation (see Fig. 15). The instrument
rack, left bay, top to boctem, contains the Techtran recorder, Irad-Creare
data logger, John Fluke data logger, wattmeter, and J. Fluke extender
chassis. The right bay of the rack contains primarily signal conditioning
equipment. The DTC printaut terminal is in the foreground.

Table II is a summary of Data Channels on the Conasauga experiments.
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Fig. 15. Data Acquisition System
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Sice Layout

The site of the two heater tests is located at approximately
18000 N-S and 39000 E-W on the Oak Ridge area topographic map S-16A (Maps
and Survey 8ranch TVA, June 1974). Figure 16A is a general schematic
showing the layout of Sites 1 and 2. Figures 16B and 16C are plan
drawings for the individual experiments, complete with instrumeat

summnaries, for each drill hole,
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PRELIMINARY RESULTS REPORT
CONASAUGA NEAR-SURFACE HEATER EXPERIMENT

James L. Krumhansl
Gevlogical Projects Division 4537
Sandia Laboratories, Albuquerque, NM 87185

ABSTRACT

From November 1977 to Auvgust 1978, two near-surface heater
experiments ware operated i a i

téges see—The-experiments—wero—cited in two
somewhat different stratigraphic sequences within the
Conasauga fotmation which consist predominantly of shale.
Specific phenomena investigated were the thermal and
mechanical responses of the formation o an applied heat
load, as well as the migeralogical changes induced by
heating. The. pregram's'gbjective was to provide a minimal
integrated field and labaratory study that would supply a
data base which could be used in planning more expensive
and complex vault-type experiments in other localities, The
experiments ware operated with heater power levels of
between 6 and 8 kW for heater mid-plane temperatures of
385°C. The temperature fields within the shale were
measured and analysis is in progress. Steady state
conditions were achieved within 90 days. Conduction appears
to be the principal mechanism of heat transport through the
formation. Limited mechanical response measurements
consisting of vertical displacement snd stress data
indicate general agreement with predictions. Posttest
data, collection of which await experiment shutdown and
cooling of the formation, include the mineralogy of
posttest cores, posttest transmissivity measurements and
corrosion data on metallurgical samples.
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IV. EXPERIMENT INSTALLATION
Thermocouples

The primary thermocouples used to measure the temperature field are
stainless steel sheathed chremel-constantan type E. The thermoncouples were
first laid out on the ground for each drill hole and tied in their
desired relative pnsitions using plastic cable ties. They were then bound
to 2,5 cm diametei PVC tubing using stainless-steel hose clamps. Finally,
they were lnwered into drill holes with successive sections of 3 m (10 ft)
lengths of PVC tubing bonded together. After all the thermocouples were
installed in the drill halea, grout was pumped through the centers af the
PVC tubes to fill the drill holes and cement the thermncouples in place.

Grout properties are summarized in Appendix A.

Yxtensometers

The extensmmeters were anchored in position and the well caps
installed. The invar rods slide through O-ring seals in the well caps. The
potentiometer head assemblies (see Fig. 8) then attarh to the well caps.
Chromel-alumel thermncouples are attached to the anchors tn permit
temperature correction of the data. They also provide added temperature

field data.

Pressure Measurements

The packers and the pressure gauges (see Fig. ) beneath them were
set in position near the bottom nt the casings. The pressurization tube
and pressure transducer cables were attached to the hole cap feed-throughs
prior to bolting the caps to the hole flanges. The packers were then

pressurized to about 0.2L MPa (30 psig).
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Stress Gauges

Stress gauge installarion was discussed in Section I1 under Stress

and Di<placement,

Heater

Figure 17 is a schematic of the heater instaliation., The final
installation consisted of the hrater with its two conduits to the surface
going rhrough: (1) a plass-wnol batt, (2) a packer near the bottam of the
casing, and (3) the well cap., The Dayton blower draws ajr into the powar-
lead conduit, past rhe terminal connectors in the heater, and out of the

heater internal diagnostic rhermocoupies conduit.

fe I AN 1 —y h;r’ - d
=X .

1 P

152 P SITEL 18 2mnd

T8 DEPTH

Fig. 17, Heater Installatian Schematic
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Figure 18 is a photograph of rhe heater suspended from an A-frame,
preparatory to lowering it into rhe heater hole. No difficulty was
encountered in lowering either heater. However, at Site Two a bend in rhe
hole below the casing, and consequent bending of the conduits, resulted in
a minor crack develaping in nne of the conduits leading back ta the

surface.

Fig. 18. Heater Suspended on A-Frame Preparacc-y to Insertion

Figure 19 shows the installation of the fiberglass insulation as it
was bound tightly in place with nylon string. Upon emplacement of the
bheater, the nylon string is cut by passing current through a nichrome wire
sandwiched between the string and asbestas cloth, Figure 20 shows the com-
pleted installation of the insulation and nichrome wire string cutter,
Figure 21 shows the packer installation. Figure 22 shows the packer in
more detail just prior to its being lowered into the heater hole.

Finally, Fig. 23 shows the capped heater hole with the two conduits coming
aut of packer seals, as well as a pressure gauge and exterior

heater-temperature diagnostic thermocouple lead.
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Fig. 20.

Michrome Wire String
Cutter Installation

Fig. 19.

Installation of Fiberglaes
Insulation




Figure 22.

Packer Close-up

Figure 21.

Packer Installation
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Fig. 23. Capped Heater Hole Showing Topside Gauges and Packer
Sealed Conduit Feedthroughs

V. HEATER OPERATIONS

Heater operations may be summarized by dividing the tests into two
time periods. An imitial 10-day period of testing was required befaore
stable run conditions were established becauvse of the influx of ground
water into the heater holes. This was followed by an eight~month period
of essentially steady scate operatioa during which time it was possible to

assess the influence of the heat source on the formation.

Most of the start-up experimentation occurred at Site One as it was
the first te be activated. On the first day of operation, external air
pressure was applied to exclude water from the heater hole. An experiment

was then undertaken to assess whether sufficient steam pressure could be
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geaerated in a heaver hole to aelf-pressurize the cavity, thereby
excluding additianal water. This experiment wam terminated gfter two days
due to packer failure; however, during thim time a presaure nf 0.054 MPa
(8 psig) was generated. It was decided to continue the test with the
application of 0.08 MPa (12 paig) air presaure to the heater hole., This
preseure was sufficient to prevent water from inundating the heater, but
not to completely exclude water from the bottom few inches of the hole,
Consequently, a continuous supply of steam from the bottom of the hole
condensed on the conduits above the heater and dripped to the top of the
heater causing erratic temperature variations on the upper part of the
heater propar, as chown in Fig. 24. Based on the axperience gaiord at
Site One, the experiment at Site Two was started with sufficient air
pressure, 0,19 MPa (28 psig), tn completely exclude water from the heater
hole, Therelnre, that heater's temperature was raised in a mare cantrnlled

manner than had been pnssible ac Site One, (See Fig. 25.)

HEATER 1
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Fig, 24, Heater Response Upon Turn-on in the Conasauga Near-
Surface Hearer Experiment
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Fig. 25. [Heatrr Response Upon lurn-on in the Conasaunga
Near-Surface Heater Experiment

Unce a methad for controlling water in the heater hotes had beea
determined, long-term operating procedures were established, Ir was
apparent that even at relarively high power leuerls, heater temperatures
appraaching 600°C could not be obtained. It was decided that since the
syatem had stabilized with a heater temperature of arpound 385°C, and since
this temperature was sufficient to6 heat the deairad volume of rock, fur—
ther perturbarion should not be introduced by increasing heater power.
After thirty days operation, the power input ar the rwo sires which was
rerquired to maintain a 385°C temperature was between 6 and 8 kW; rhis de-
crrased very slowly with rime. Site Two consistaatly required abour 1 kW
more eneTpy than Site One; this difference is ascribed to the heating of a
greater volume of flowing air which was required to maintain a higher
pressure. A second consequence 0f the greater air pressure at Sire Two
wak that it resulted in a relarively dry heater hole during mast of the
test, In contrast to the temperature at Site One, Site Two temperatures
at either end of the heater were well above 100°C during mpst of the test,
The thermocouples at the top of the Site Two heater failed to show the
erratic temperature variations caused by steam condensing at the top of
the hole as observed at Site One, Finally, it should be noted that under
the conditions described above both heaters functioned saticfactorily for

the entire test period.



V1, PRELIMINARY RESULTS

Labaratory Program

Of particular concern in underground repositary design, ic the
ability af the rock to dissipate heat generated by nuclear waste withaut
inrurring unacceprablie changes in the thermal or mechanical propertirs of
the tarmation. Consequently, the principal modeling e(forts far the
program have bern directed toward matching field data with predictions
from thermal and therm -mechanical response codes, As input, these codes
require a variety of physical parametrre, hence a laboratory program was
iniriated to measure these variables on such core materjal as was
avaiiable, Heat capacity, density, and rhermal conductivity are required
as functions of temperature for a <imple conduction <olution in the case
af thermal codes, 1 {Tuid motion is also to be considered, addilional
data on porasity, permeability, water cantent and fluid viscosity are
required, Mechanical medeling requires knowledge of rhermal expansinn
characteristics, elastic properties of the fsrmation, and the remperature
field as a function of rime. Had the formation been relatively uniform
and dry, obtaining the<e praperries might have been relatively straight-
forward., Unfortunately, there wers a numbrr of complications. The various
rock types within the Conacauga are cufficiently different and required
separate determination on each lirhology, a factor aggravated by a paucity
of core material of sufficient size. Mere deciccation affected many
preparties far more tham other changes the rock might have experienced
over the temperarure intervals considerad for this experimenr. Indeed,
drying or wetting of most argillaceous samples caused their complete
dicaggrrgation. Unl=ss the oxtent and rate nf desiccation during a
taboratory determination fortuitously matches that which accurs in the
field, additional interpretarion is required before such data can be used
in modeling., Consequently, smphasis in the labnratory program was placed
on assessing the amount of variation introduced by these factore, rather

than attempting to gain highly precise determinations on a few samplas,
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Heat Capacity

Heat capacities as a function of temperature are ilJustrated in Fig.
26. It shauld be noted that there is a reasonably wide range of values
and that there is some grouping by lithology. Measurements were made
using a Dupont Modei 910 Thermal Analyzer, and the actual values were
derived by comparison with a sapphire standard. As mentioned previously,
watvr evolution serves as an additional complication and its impacts arc
inciuded in the measurements. Tt is probable that this is the cause of

the marked decline noted for some samples hetween 75% and 15G7C.
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Fig. 26. Heat Capacity (cal/g-°C} as a Function of Temperaturs
(°C) and Rock Type. (The dark lines represent air dried
samples.) To convert to J/°C-Kg multiply by 4.1 x 103,
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Figure 27 summarizes thermal gravimetric enalyses done on samples to
assess the magnitude of the probiem. For shales, we observe an immediate

1oss 6f sorbed water upon heating. At temperatures above about 450°C loss

Al structural water from the rlay minerals begins, The decomposition of
limestone (CaCOJ) beginning at abour 650°C is also apparent. It would
appear that shale geaeraily loses several percent af ita weight in
moicture at relatively low temperatures, and that the ather rock types
1nse less, Unfortunately, the maximum ssmple weight that can be

handled is 0.5 g. It is probable that fractures present in larger samples
would retain additional water; a targer cample would be expected tn show

even greater weight lass,
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Fig. 27, Weighv Loss as a Function of Temperature and Rock Type
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Specific Gravicy

Table IT1 centains a summary of the specific gravities of the various
rack types at the heater site. 1These measurements were made by tirst
noting the wcight of a sample and then measu.ing the water it displaced.
Althnugh thece may have been seme water uptake by the sample, it i«

unlikely that it was more than a few percent; hence the measurements are

the accuracy needed [or thermal modeling.

well wy

TABLE 111

Specific Gravity of Cnnasauga Samples

Siltstone 2.7 + 0.2
Dark Gray Shale ISR INY
Limestnne 2.6 3 0.
Marcon and -
Gray Green Shale 2.7

Thermal Conductivities

Temperature dependent thermal conductivities for three care sampirs
of Canasauga Shale are shown in Fig. 28, These determinations were made on
core samples 6.35 cm (2.5 in.) in diameter and roughty 7 cm long. A
heater was placed at one end and a heat flux transducer at the ather. The
sides nf the conre were packed with insulatinnp having a known thermal
canductivity. Thermacouples were placed in the insulatinn and in a series
of small drill hales aleng the axis of the core. From the temperature
gradicat at the cnol end of the sampie and the heat tlux measured oan the
transducer, it was pnssible to directly determine tkermal conductivities
once a steady state had been achieved. These determinations were limited
te less than 200°C, however, by the capabilities n{ the transducer. The
nigher temperature determinations were abtained hy matching chserved
temperature profiles at the hot end of the sample with predictions based
on known input wattages at the heater and tbe thermal properties af the

insulation.
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From Fig, 28, it is apparent that there is a precipitous decrease in
thermal conductivity between room temperature and 100°C during
measurements at ambient pressure, As there are no mineralogic reacrions
at these temperatures, it is probable that this change is caused by
increasrd contact resistance along cracks as the sample dries. In tact,
posttest sample examination, as well as examination of samptes which have
simply dried, reveals the presence of numerous hairline cracks. To test
this hypathesis, a number of rhermal comparator measurements were made ar
room temperature on samples which had been air dried and then rehydrated
overnight in a beaker of water. Increases in conductivity in excess of
thirty percent 6f the dry values were not uncommon with rehydration., It
follows that the magnitude and position of the drop is an artifact of haw
the determination is mede, and that under confining pressure such a drop

might not be observed.

Thermal Expansion

As would be expected from their differing mineralogies, the thermal
expansion of the various rock types is rather distinct (Fig. 29).
Limestone and those siltstones in which quartz and feldspar predominate

over clay minerals show a monotonic expansion with temperature. In
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samples rich in ¢lay, hawever, thers is an initial thermal contraction
followed by a slow expansion. Figure 29 contains two types af data
regarding the behavior of argillaceous rocks, Tunse samples exhibiting a
shallow trough were air dried priagr to measurement, thase that wers
visibly wet prior to starting the run showed several percent contraction.
Onie sample that was merely dried at room temperature showed a twn pereent

decrease in leapth during drying. One additional abservation has bearing

wn the problem at hand. Same shale samples chowed a slight ther

rt in whirh thers

vxpansicn prior to cnntracting. In an eaviron

on wonld

place for water to cvaporate, it is probable that this expan
persist ontil the hoiling point o) water at which point contraction would

ke expected.
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Fig. 29. Thermal Expansion as a Function of Temperature ans Rock Type

Additional Laboratory Activities

In addition to those activities motivated by thr madeling programs, a

number of studies were initiated to charact.: lze the tormation penerally.

X-ray diffraction traces of a large number of samples have he

results are summarized in Table I. Analyses ol the gases evolved upon
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teating were made using a gas chromatograph-mass spectrometer. Water and
carbon dinxide were evolved 'n appreciable quantities, but nothing was
observed which would accentuate corrosion of equipment during the
experiment. A number of shale samples were examined with a scanning
electron microscope. In some samples, the shearing which was apparent in
hand specimens could be seen to disrupt the fabric of the rock down to a

scal-« ol several microns. Heating ol the samples did not appear to

introduce obvious textural changes; however, it must be kept in mind that
a SEM operates under a high vacuum, and any textural changes introduced
mcerely by water loss would have occurred in both heated and unheated
sprcinmens.  Pores in the rock did not secem to contain anthigenic miners!
growths, Due to the nature of the core material, it was not possible to
obtain representative elastic and mechanical properties in the laboratory.
Represcentative properties were theretore taken from the literature and

used in subsequent modeling.

Modeling

Among svailable computer programs, two have been selected for
modeling the observed temperature profiles. Initial concern was with the
effects of heat conduction alone; consequently, pretest modeling was done
using CINDA.Z When it became apparent that boiling and cordensation of
water might influence the experiment, it was decided to try to model
convection by using a code called SHAFT? and by setting up bench-scaled
experiments in a saturated medium of known porosity and permeability.

Each of these efforts is briefly described below.

Most of the thermal modeling results reported here were generated
using CINDA, a lumped parameter, and finite difference code. The node
peomerry presently used is illustrated in Fig. 30. Although the heat
conduction is three-dimensional, it is treated here as axially symmetric.
The program may be run using heater surface temperatures or input wattage
as the contrqlled variable, either of which may be varied with time. As
mentioned earlier, steam condenses in the space between the heater top and

the packer. This was madeled by assuming a hole-wall temperature of 100°C
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along this interval. The program may be used with either constant or
temperaturce-dependent rock thermal conductivities. Gutput, as 3 function

nl time, is in the form of isotherms and either hearer wattages or Leat.r

suriace temperatures,

RADIUSMETENS)

[

w

DEPTHIMETERS)

Fig. 30. Node Cecaetry Used in CINDA

SHAFT was used to investigatc the nature of the convection cells

initiated in the vicinity ol the heater. A lumped paramecrer, finjre

differrence numerical method is used to solve transient heat transf.r
fluid flow equations in a porous medium. Fluid flow is based on Darcy
flow; heat transfer is by conduction plus convection. The fluid may
undergo a phase transformation; in this case, the transformation is thr
boiling of liguid water to make steam. To model a ~imple heat source
implanted ir a porous medium reguires only a relatively simple node
geometry (Fig. 31). With the presence of a cavity above the heater,
however, the situation is far more complex and may exceed the state nf the
art in thermal modeling. Nevertheless, the attempt is made hy assuming

that the material in this region has a permeability of 100 darcies, as
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compared to the value of 0.1 darcy selected for the rock. Consequently,
steam formed in the heater hole may rise into the chimney with relative
ease comparad to irs transfer into the adjacent rack. Because of the many
small nodes in the heater area and the large changee¢ in density and
internal energy during boiling, the run time presently required for
solution is longer than the actual time being modeled. The internatl
details of the code are being examined in an affort ro remedy this

situation.

POSIION  METENS

n T v
o s 0 15
POSITION  METERS

Fig., 3l. Node Geometry Used in SHAFT3

A scaled laboratory experiment was carried out to gain some insighr
into the consequences of boiling at depth in a porous media. A 13 em long
by 1.3 cm diameter heater was emplaced one heater length below the "water
table" in a plexiglass sandbox filled with water to a depth of 38 cm.
Colored dyes were injected at various times to observe rhe pattern of
convection. Au array of thermocouples was situated in a plane parallel
to, and about 0,64 cm back from, the front face, Temperatures were

recorded as a function of time. Initially, rhe heater was held at just



below the boiling temperature for a week to establish steady state
convection. The temperature was then elowly elevated to just above the
hoiling point, which represents more closely the actual situation that
existed in the field, Shifts in the size or shape of the convection cells
were nated and the wattage monitared to determine whether steam transport
carried a significant fraction of the energy away from the heater. The
size and shape of the vapor pocket was also noted. In addition to
providing phenomenological information, the numerical data will serve to

check predictions derived from SHAFT.

The mechanical response of the formation is being medeled using the
SANDIA-BMINES code.® The following is a brief description of those
aspects relevant specifically to the Conasauga project. A two-dimensional,
axisymmetric study was made of the stress and deformation fields in the
Conasauga shale heater experiment, The geometry being considered consists

of a 40 meter (radius) by 60 meter (depth) region.

The heater is buried 15 meters deep at the center of the cylinder; it
is assumed to have a length of 3 meters. By definition the hale has a
diameter of 20 cm (1 ft). Details of heater construction were not modeled
in this study since constraint conditions existing between the heater and
the walls of the hole are not well defined. The mesh contains 235
bilinear, quadrilateral, isoparametric finite elements with 269 nodal
points. The elements are concentrated in the region near the heater since
the greatest stress and displacement gradients are anticipated in this
area. Since the elastic properties of the Conasauga shale were not
measurable, reasonable values were selected from the literature® for use

in this analysis:

-

~

o1
"

1010 pa, Ycung's Modules
{(2) ¥ = 0.3, Poisson's Ratio

(3) a=10"3°c, Coefficient of Thermal Expansion
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Future studiers will asqess the sensitivity of theae reaulta to the

material preporoier selected.

Firld Experimental Data

Thermal Analysis

latrepretation of the thermal data was directed toward obtaining in
situ thermal properties of the formation, and toward gaining an idea of
the dominant mechanisms of heat transfer in various regions around the
heater. fihe appromach was 1) model the site assuming conduction as rhe
only form of heat transfer, and 2) by comparing calculated and actual
isotherms, note where convectinn appearad to be important. Inferences
based on this compariren were then compared to predictions from the rwe-
phase fluid and heat trancfer code, SHAFT. 1In this manner, it was

possible to judge wharher formation properties derived from a conduction=-

only model needed revision in 1ight of the presence of ground water at the

site.,

Figure 32 is a schemaric of the temperature fields parallel to =strike

at Sites One and Two 45 and 135 days after the heaters were activated.

The upward opening of the icotherms reflects heat transfer outward through

the walls of the open cavity between the top of the hearer and the packer.
Figures 33 and 34 are the radial temperature distributions paralini xo
strike at the heater midplane at 15-day intervsls. It is of particuiar
imporrance to note that after abour thirty days the isotherms are no

longer moving rapidly outward into the formation.
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Fig. 34. Site Two Radial Temperature Distcibution

As a prerequisite te further amalysis it was necessary to verify that
the isolherm positions in the field accurately reflected the total energy
put into the formation over time, The first step in the analysis was to
eliminate the possibility that through-flowing ground water had carried
off 2 significant amount of the heater output. A comparison was made
between the integrated heater wattage over time and the energy remaining
in the fcrmation. Table 1V shows the comparison that was computed from
isotherm positions and heat capacities (including a correction for boiling
of three weight percent water}. The data showed sufficiently close
agreement that further analysis was undertaken. It should be noted that
afrer about 100 days the low temperature isotherms had migrated beyond the
last thermocouple arrays and therefore had precluded further energy

balance estimates.
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TABLE 1V

Eoergy Input at Sire One (x 1010 Joules)

Computrd From Compured From
Time Heater Power Isatherms
30 days 1.8 2.0
60 days 3.4 3.2
105 days 5.6 5.3

1n order to generate a conducrion salutian for campari<on with actual
Conasauga isatherms, the computer code CINDA was used in conjunction wirh
heater temperatures recorded during rae test., It was also assumed that
the heater hole was open for a distance ol 3 meter¢ above the heater and
that the hale walls over this interval were to be maintained at 100°C.
One final problem to be overcome was selection of a reasonable in situ
ther. -1 conducrivity for use in the model., Solution was grearly
facilitated by the observarion that after cthirty days, both ourpu
wattages 0of the hearers and isotherm positions had stabilized so that
steady state heal conduction formulas could be applird to the field test
data. Using temperature gradienrs in the formation at the heater
midplanes and assuming the 50°C isotherm to be roughly spherical, it
follawed that thermal conducrivities between 1.3 (Site One) and 1.8 (Site
Two) W/m°C were required to dissipate rhe enerpgy put inte the formarion by
the heaters, In érder to cee wherher in situ water loss had the <ame
effect on thermal conductivity, as noted in the laboratory (Fig. 28), the
region close to rhe heater at Site One was also examined. A steady-srate
line-source approximation over tbe temperature interval 100° to 200°C
indicated that at Site Oune an affective conductivity af about 1.8 W/m°C
was appropriate for this region. Apparenarly in situ conductriviry of
Conasauga shale does not decrease sharply when an area is dehydrated; an
observation that is probably related to the confinement supptied by the

surrounding Eormation and the weight of the overlying rock.
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Because both the choice of isotherm location and temparature gradient
are to a degree arbitrary, the in situ values were taken only as an
indication of the range to be considered in formulating the model; a
parametric study was carried out using temperature independeat thermal
conductivities of 1.5, 1.75, and 2,0 W/m°C., Assuming for the moment that
convection plays a minor role in the heat transfer process, it follows
from Fig. 35 rhat aa in situ conductivity of abaut 2 W/m°C would be
appropriate to account for the energy imparted to the formation. A
comparison between actual and computed isotherms using this 2 W/m°C vaiue
is shown in Fig. 36. In the far field, agreement between computad and
actual isotherms is good; but as one might rxpect, at temperatures above
100°C there is a consistent upward displacement of the field isotherms
that may reflect the upward motion of steam. In this region, then, it was
valid to inquire whether convection had seriously altered the heat flow
pattern from what w2uld be exprcted on the basis of conduction alone. The
problem of modeling a heat source in a water-saturated porous medium was
tractable using the code SHAFT if the cavity around the heater was omitted
from the model, Figure 37 is a comparison of the predicted patterns of
mass and hear flux assuming the formation to be isotropic and to have a
permeability of 100 millidarcys. As one might anticipate, clese to the
heatar the direction of fluid flow was found to be essentially vertical
and of cansiderably greater magnitude than that observed in the far field
eaviroament. The energy flux, howevar, is roughly symmetrical around the
heater midplane. This is expected when conduction is the only means of
heat transpart. Some perspective on the problem may be gained by noring
that after sixty days, (the time for which Fig. 37 was computed), actual
heater wattage at Site One was about 7 kW while the energy consumed to
boil the water involved in the convectien model was less than 1 kW, Even
in the region close to the heater, conduction was the dominant modr of
heat transfer; this strongly suggests that the initial estimates of in
situ conductivity need not be revised to include the effects 6f convection

at the site,
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Mechanical Analysis

Figure 38 summarizes the extensometer data from Sires Ome and Two.
Generally, motion is either undetectable, or points tend to move apart
relative to one another. Relative movement was between 1072 and 1073

centimeter per centimeter of anchor separation.

Interpratation of rhese data was hindered by the limitations imposed
by the extremely complex nature nf the bedding plamas and joint pattern
preseat at tha sita. Neverrheless, it was possible ta get reacanabie
agreement with the sense of expected motion, if not the magnitude, when a
uniform positive thermal expansion was assumed along with an isotropic
formation. In the V-shaped region exrending horizontally from the heater
midplane (see Fig. 39), extension is predicted, and was in fact obsarved,

Above and below this region, compression 1s expected. However, due ro the
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paucity of instrumentatinn in this area, it is nat passibin tn yerify
whether this mation accurred. Had the formatian cantracted, rather than
expanded, the boundaries betwsen the twn reginne would remain in the same
position, but the sense of mation would have been reversad. A positive
tharmal rxpansian belaw 100°C is alsn consistent with the scant data
availabie from the Creare gauges (Fig. 40) far that period af time when
the gauge housings were not being affected by temperature changes. Thre
discrepancy between the {ield data and the inferred behavior based on
faboratory measurements agsin illustrates the imporrant role played by the
loss of water during laboratary meagsurrments on argillacesus racks, It is
also apparent that only in the immediate vicinity of the heater will
significant displacements occur, irrespective of whather expan<ion or

contraction accompanies heating of the farmatioen.
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VIl. SUMMARY AND CONCLUSIONS

The Conasauga Experiments wore not intended 1o fully answer the
complex questinns farwarded by the needs af nuclear waste dispnsal.
Rather, the experiments were made to identify phenomena that may br of
impartance ta the dispacal prablem, and may, indeed, indicate areas where
furure recearch would be mnst helpful. There is surprising good agreement
between thrrmal models and firld data. 1t was cancludod, far instance,
that many af the potentially troubiesemr features af the sitn praved
Tittin trouble, From the study, it seems safe ta geaerralize, that, except
whore ground water circulation is demnnstrably greater or the in <iru
cantact resistance on cracks substantially higher, simple canduction
madels will suffice to give an accurate picture af the heat dissipation
characterisrics nf the formarion. It is lrss c¢lear that such =implifying
assumptions can br made in modeling a formation's mechanical rospansn.
Indrad, the textural variations from one locality tn annther in a "shalo®
arr cubstantial; they are probably nf sufficient imporrance Io reqguire
addirional trsting befare a genaral picture can emerge.  It, thorefore,
serms appropriate ta review same of our oxperiences as they pertain to the
design of futura experiments and, where possibin, o recommend addit tonal

r€fart where it would be praductive.

Site Selaction

A number af majar catrgories of argillaceaus rocks may be defined on
the basis of 1) texture (bedding, jointing, atc.), 2) mineralogy (iltitic
vR. montmorillenitic), and 3) other parametors such as arganic and sul lide
content, or hydrologic setting. In choosing a site far an exprriment,
carrful consideration shauld be given whether those factors goveraning
paraweters of concern are, in fact, detrrminate in either a scatistical or
individual sease for the volume of rock tn be affected by the trst., CGiven
the variability of argillacenys rocks, it is alsa evident that a variety

of geologic settings requive testing before generalization about the
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behavinr af a particuler proprriy can br made. Consideratinn shoyld br
given to the statistical significance of running two tests in even a
retatively well-characterized gealogic setting. In ferms of simalating
repository conditinne, as opposed to code verification trsts, it is
obviously prefrrable o pick a site at depth, in a mine. Foar nxperimenis
not invalving large quantities aof radicactive materiale, one might
investigate the possibilities presented by coal, <alt, or uranium miaecs in
which ehale is cxposed. Even in the event nf a near-surface experiment,
siting in an abandoned quarry or strip mine is preferable to a seiting
where several meters of soil must be penetrated to reach bedrock.
Rrgarding the spocific problem presented by moderately jninted rocks, some
underatanding may be gained by choosing a region where jaints are
regularly spaced at intervals of ane to several feot. One might then
carry out scaled (brrcl) experiments on jointed blocks and use this
respanse ta model the expected displacement, thermal canductivity, efc.,
from a full-scale heater experiment. By characterizing individual jninted
blocks, it should be possible to gain a statistical picture of the degree
of variability in jnint-sur face characteristics aver the site and (rem the
field tnst assess whether this sort of joint serijously alters rock
behavior. In the case of a pervasively jointed and bedded formation, it
is evident that such an approach is not applicable; it may be that the
only aption available is that already carried out in the Conasauga
Experiment . Ar cthe other extreme, the possibility of an unjointed shale
has yet to be assecsnd rxperimentally, In this insranen, ir is probable
that only a montmorillonitic shale will be fnund that has a suitabln

texture, and that water laoss will play a significant role in its behaviar,

Heater Design

Althaugh rhe Conasauga heaters have performed satisfacenrily,
several modifications would be helpful, At present, it is thought
necessary to cool the terminal region of these heaters by circulating air.
It would be preferable to have a more corrosion-resistant terminal section
and to eliminate the cooling air altwgether., In any case, additinnal

thermocouples should be installed atong the various metal appendages
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leading to the heater.  fhurs chauld be sufficient thermacnuples ro permj
a rigornus calculation Jf the hoat transfer alnng thesn membere.
Additinnal thrrmacoup’es an the heater surface would be helptul in
delincating actua! surface temperatures, a parameter af eme considerable
concern pyen in simple thermal analyses,  Dbesigning an internal heater
element array  would result in mare uonifarm heater surface temperatures or

perhaps in a distributinn mare representative of that expected on the

external curface of an actual waste canister, In retraspect, the doubls
redundancy ol heating rlepente in tiie Conasanga healnrs seems 1o bo
unnecessary.  Nenr al the heating elements have failed 1o date and cven

under the extremnly wet conditians of the Conasauga Experiment the resorye
heating capacity preved unnrcessary., Finally, it i< alsn nerescary ta
have a gand cantral on what the heater wattage ks at all times, since

enrrgy balancrs arn one ol the mare useful checks on farmarion hrehavior,

In the nperatian ot the experiment, 2 number af probiscms arnse dus 1o
the presence af a cavity above the heater, Initial attempts ta decrrase
the size of this space by placing a packer at the base af the casing
proved unsuccesstul, and develapment af a reliahle packer may be ancded in
futurs experimentation. An alternative pnssibility is that ol hack-
filling the holr. The use af cement (or this purpsse clearly precludrs
hreater rocovery, However, if fine sand interspersed with thin layers of
(less permeable) clay were us<ed it might bn passible to apen the hale with
a jet nf compressed air (or water) in the rvent af an emrrgency ar at the
conctusinn of the exporiment. 1{ during a future test an npen cavity is
to remain above a heater it should contain sufficiernt thermocouplies 1o
ensure that the temperature distributisn throughout the cavity may be

measured .

Site Instrumentatinn

Due to budget limitations, thermal instrumentation at the Conasauga
Sites was not exhaustive, In retrospect, it is apparent, that some
sensors should be emplaced along all four principal directinns and

preferably along some of the 45 degree directions as well, A complete
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scnear array is particularly impnrtant in an anisotropic medium vhere
canvective fluid (law may be expected to play a part in heat transfer, In
additian to thermacouptes tocated at 0.6t m, 1.2 m, 2.1 m, and 3.3 m, it
would alsn be highly desirable to hdve a means of sensing heater-hnle wall
remprratures and thermal couples 5( radii af 4,5, 6.0, and 7.6 meters, As
far ac depth of emplacement is cancerned, coverage should extend from

seyrral meters belaw the bottam of the heater ta a depth challow enough so

that it will ke peassible tn clinsr the isntherms in upward directinne., 1t
cshnuld be nated that dritling nf the heater hale 0.6 meters from an aprn
instrumentation hole did not result in breakthrough despite the friable
aature af the Canasanga {armation.

in situ determinating of the mochanical response of a foarmation is
mnst readily approached by mrasuring the actual displacements that accur
in the {irld. A number af vertical extensameters were emplaced at various
dopthe in tae Conasauga tnsts; howaver, their number was wholly inadequatre
ta characterize the respanse nf a gealagic setting as complex as rhat at
the Conasauga site, On the basis of Fig. 40, 1) it is apparent that the
pnsitisuing i< most critical within a meter of the central heater site,
and, 2) iike the thermacouples, the array should nxtand over a
considerable harizontal and vertical extent., In the Canasauga tasts, the
attompt was aleo made ta measur~ the in situ stresses in three horizental
directions.  Unfortunately, such measurements invariably depend on a
displacement measurement and an cquatinn relating this displacement tn
stress,  In addition, problems were encountered in setting the gauges at
the battam af a drill hole, The number of stress gauges was also
inadrquate to characterize the behavier of that complex geclogic setting.
It fnllows, thernfore, that in the immediate future, work should be
directed towards developing reliable in sirc displacement measurement
techniques. [f the operational problems could be overcome by chaosing the
site judicinuly and by deveioping appropriate measurement tecbnigues, it
would be highly desirable to run a series of tests ro detemine whether
mxisting computer codrs are capable of pradicting at leasr the

displacemenr if not the stress, even in a very simple in situ grometry.



Inst rument at inn Development

Summaries af the iaadequacies noted in the procediag pages ar

oncnunt eved during the firlding nf the test are:

{. More reliable thermacouples are required fac tests lasting in
excess of ceveral months, An alternate method of implanting rherinncouples
tay be required.  Several impnartant thermacauples were last during the
test ., It is passible that cavessian al the thermacauple sheaths was
acceatuated by the sirongly hasic envirenment, This carrasion apparently
resubted from the sheaths being pronted in place, Alternatively, a
temperature gradient of several hundred degrees oyer several meters may
have resulted in one end becaming sufficiently anodic ta accelrrate

carrasinon af what is narmally a relatively incrt metal.

2. A reliable means of mrasuring heater-hnle wall temperatures

without disturbing heat trancler is desirablier,

3. More developmental research e nncessary before wo can adrquately
meacure a formation’'s mechanical response, First priarity, however,
should be given to develnping a system capablie of measuring lateral s
well as vertical displacements in the walls of open hales brcause this
problem is casier to salve than that of measuring stress, Next, the
problem of srress determination should receive artention. It should be
kept Ln mind that a) the system must aperate in the firld with ite
attendant wind and weather, b) measurements must be made at depths of many
meters in holes but a few centimecers o diamrter; ¢) 20me holes may have
a pressure tight cap, d) the calibratinn must remain gasd over <overal
hundred degrees centigrade and e} it must br possibie to anchar the down-

hole parr of the sensor in rocks which may be »f a highly friable nature.

4. an adaptation of the krypton-85 transmissivity apparatue to allow
for prrindic determinations during the course nf a test without disturbing
the conditions of the test would be most informative, particularly if it

were developnd in conjunction with an acoustic sensing system for
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drtecting cracking within the formation. This wnyld help us determine

when significant changes had occurred {nllawing a test af several monthe,

5. It would be heipful ta develap a heat flux transducer capable of
withstanding the rigors of a down hale enviranment and capable of
functinoning at several hundred degrees centigrade. Obviously, a means of

implantatiaon is aleo required,

Labaratory and Madeling Activitiecs

In the field af rock mechanics, the mechanisms responsible far
displacement and fracturing when the strain rates are very <slow, require
investigation and incarporation into predictive madels. At present, the
ecEfects of in situ stresses, jointing, and bedding are also largely
uanxplaored, In the firld of materia)l properties measurement, the
importance of dning the rests in such a manner that the confining prescure
and rate of drhydration match the field situatiaon has been clearly
illustrated, It is alse evident that standard engineering measurecments
carried out an a small number of samples will not suffice to give a
picture of a material's behavior that is adequate for the purpases of
waste management. The cffect of vime has not been adeguately studied.
Chemical reactions involving silicates are typically sluggish; tn
accelerate the reactions by using elevated temperatures invelves the risk
that nonrepresentative mechanisms may dominate the behavisr af the sample
during the tests. At the carliest possible date, long-term laboratory
tests at modest temperatures and pressures should ba initiated. In light
of our present lack of detailed knowledge, it is encouraging to remember
that relatively simple models could be used to fit much of the Conasuage
thermal data, and that the empirical parametnrs deduced from this fit were

generally favorable for the purposes of waste disposal.
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APPENDIX A

Grout Specificatiens

Thr grouts used for the Hester Experimenrs were designed to
provide a material which is a rrasonable match to the thermal
conductiviry properties of rhe rock in ploce., The cement cantent was
rrduced by the use of {lyash (or Pozz) to keep the curing temperature
of the grout below 150°F so that instrumentation cables weuld not be
damaged. Two percent gel was added to reduce settling and blerding
before hardening. The standard grout was 50% cement/50% Pozz (by
volume). For the holes containing stress gauges, expansive grouts
ware designed by substituting expansive cement Eor part {or all) of

the Class A Portland Cement.

The weights of each material ta provide ] cubic meter of grout

slurry are listed below (kg/m® of grout).

Standard Oak Ridge

50/50 Poss Expansive
Class A Portland Cement 607 366
Chem Stress Cement - 241
Chem Comp (;ﬂ.ment - -
Flyash (Pozz) 472 472
Gel 21 21
Water 620 620

65



kA e

&6

The physical prapertiers {ar all
Density

2B-day Unconfined Compresaive
Strength

Corflicient of Thermal
Expansion

Thermal Conductivity, 16°C top
68°C

grauts arr aq

1.69 g/em?
27,6 MPa
13,2 ¢t

1.1 W/m"C
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