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ABSTRACT 

From November 1977 to August 1978, two n e a r - s u r f a c e h e a t e r 
experiments were operated by Sandia Labora to r i e s a t Oak 
Ridge, Tennessee. The experiments were s i t e d in two 
somewhat d i f f e r e n t s t r a t i g r a p h i c sequences within the 
Conasauga formation which cons i s t predominantly of s h a l e . 
Spec i f ic phenomena i n v e s t i g a t e d were the thermal and 
mechanical responses of the formation to an appl ied heat 
load , as well as the minera log ica l changes induced by 
h e a t i n g . The program's ob jec t ive was to provide a minimal 
i n t e g r a t e d f i e ld and l a b o r a t o r y s tudy t ha t would supply a 
data base which could be used in p lanning morp expensive 
and complex v a u l t - t y p e experiments in o ther l o c a l i t i e s . The 
experiments were operated with hea te r power l e v e l s of 
between 6 and S kW for h e a t e r mid-plane temperatures of 
385 CC. The temperature f i e l d s within the shale were 
measured and a n a l y s i s i s in p r o g r e s s . Steady s t a t e 
cond i t ions were achieved wi th in 90 days . Conduction appears 
to be the p r i n c i p a l mechanism of heat t r a n s p o r t through the 
formation. Limited mechanical response measurements 
c o n s i s t i n g of v e r t i c a l displacement and s t r e s s data 
i n d i c a t e genera l agreement with p r e d i c t i o n s . P o s t t e s t 
d a t a , c o l l e c t i o n of which await experiment shutdown and 
cool ing of the formation, include the mineralogy of 
p o s t t e s t c o r e s , p o s t t e s t t r a n s m i s s i v i t y measurements and 
co r ros ion data on m e t a l l u r g i c a l samples . 
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PRELIMINARY RESULTS REPORT 
CONASAUGA NEAR-SURFACE HEATER EXPERIMENT 

1. INTRODUCTION 

The Cona«auga f e s ' t , -*«nd near surface test?; in g e n e r a l , have the 
mmnon poal of confr ih: ; r ine co the fl^^essnent of whether the rnck typ<^ 
i ic '^ lved, in t h i s -.isp s h n l e , can withstand the n e a r - f i e l d thermal load 
from a c a n i s t e r of h i g h - l e v e l nuc lear was te . During such t e s t s , i t i s 
poss ib le rn nb«erve bo'h the thermal and mechanical response of a 
fn raa t ion on a sca le cons ide rab ly in excess of t ha t f e a s i b l e in the 
l a b o r a t o r y , and t o a s s e s s whether the in s i t u environment can be 
sdequst "y nndeled using e n i s t i n g numerical t e c h n i q u e s . Of p a r t i c u l a r 
concern during t h i s experiment vas the a b i l i t y of the formation to 
d i s s i p a t e heat in s i t u , a funct ion of e f f e c t i v e c o n d u c t i v i t y , and the 
ques t ion of whether or not a s i n g l e heat d i s s i p a t i o n mechanism would 
dominate to the extent tha t a r e l a t i v e l y s t r a i g h t f o r w a r d a n a l y s i s would be 
p o s s i b l e . Secondary o b j e c t i v e s included de te rmina t ion of d i sp lacements 
engendered by the hea t i ng process and of whether or not the t e x t u r e of the 
formation was apprec iab ly a l t e r e d by thermal degrada t ion of m i n e r a l s , 
c racking due to thermal s t r e s s e s , or so lu t i on and r e p r e c i p i t a t i o n of new 
mine ra l s by c i r c u l a t i n g ground wa te r . 

At the o u t s e t , i t i s to be emphasized tha t n e a r - s u r f a c e t e s t s are but 
a s tep toward r e s o l u t i o n of the complex problems assoc ia ted with the 
d i sposa l of nuc lear was te . Beyond obvious concerns assoc ia ted with 
e x t r a p o l a t i n g the r e s u l t s of such a sho r t - t e rm t e s t to time per iods of 
severa l hundred y e a r s , i t i s evident chat in an actual r e p o s i t o r y the 
overburden and t e c t o n i c s t r e s s e s would be d i f f e r e n t than tha t encountered 
during t h i s t e s t , and chat r a d i a t i o n e f f e c t s could s i g n i f i c a n t l y a l t e r t he 
chemistry of the system. Never the l e s s , when d e t a i l e d c o n s i d e r a t i o n i s 
given to s imula t ing r e p o s i t o r y cond i t i ons at dep th , i t becomes apparent 
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tha t a l a rge number o£ compet ing processes may o p e r a t e , and t h e r e i s a 
dea r th nf da ta which may be used to p r ed i c t the f i n a l outcome. The 
problem i s fur ther ennfnunded by a v i r t u a l absence of case h i s t o r i e s which 
may ho used to judge l abo ra to ry r e s t s and numerical models to pred i c t t he 
behavior of complex m a t e r i a l s in n a t u r a l s e t t i n g s . The re fo re , if 
underground t-xcavat ions a re unava i l ab l e p r i o r to embarking nn expensive 
and time-consuming vaul t t p s t s , i t would be wise to implement an 
in te rmedia te seep for the purpose of ga in ing some fee l ing for the 
processes which t r u l y a re of g r e a t e s t s i g n i f i c a n c e . The Conasauga t e s c s 
were undertaken to s a t i s f y t h i s r equ i rement . 

Sandia L a b o r a t o r i e s , under c o n t r a c t with the Ocfi.ce of Waste 
I s o l a t i o n (OWI), agreed in the F a l l of 1976 to do n e a r - s u r f a c e h e a t e r 
experiments at two adjacent s i t e s separa ted by 37 meters in the Conasauga 
format ion . The design of the proposed experiment was pred ica ted on the 
fo [ lowing .issumpt ions : 

1, The dimensions of rock exposed to a s i g n i f i c a n t thermal 
flux and r e s u l t i n g thermomechanical s t r e s s f i e l d s 
should be s u b s t a n t i a l l y g r e a t e r than the sca le of a 

3 l abo ra to ry experiment , which is approximately 0.03 m 
( I f t 3 ) . 

2, The temperature 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. 

j . The heater temperature should be less than that at 
which significant minerslogic decomposition occurs 
(assuming that it is much greater than that of a 

potential waste canister). 

http://Ocfi.ce


4. For p r a c t i c a l reasons h e a t e r opera t ing tempernture would 
be l imi ted to the c a p a b i l i t y op cnmmercinlly a v a i l a b l e 
elements . Maintenance of a tempera ture of 600°C would be 
c o n s i s t e n t with assumptions two and th ree as was assumed 
in the o r i g i n a l p r o p o s a l . 

5. A minimum number of d r i l l holes woula be spec i f i ed for 
each s i t e comnensuratt with providing a) a g ross p i c t u r " 
of the h e a t e r induced thermal f i e l d , b) s t r e s s .ind s t r a i n 
l e v e l s , and c) m i n e r a l o g i c a l changes . 

6. The d r i l l hole depth assumed was 15.4 m (50 f t ) for cost 
e s t ima t ion purposes . It was fur ther assumed that the top 
9.2 m (30 f t ) of a l l ho les woLld be c a s e d . 

7. Al1 inp t rumenta t ion d r i l l ho les were to be in the range of 

3.8 cm (1 1/2 i n . ) to 6.3 cm (2 1/7 i n . ) d i a m e t e r . 

S. In a d d i t i o n to " b a s i c " experiments proposed, some d r i l l 

holes and record ing channels were included for instrument 

developmenr . Their purpose would be to permit l a t i t u d e for 

eva lua t ion of s p e c i a l s i t e s p e c ' f i e f ea tu res such as t h e r ­

mal s t r e s s a n i s o t r o p y r e l a t e d to bedding plane o r i e n t a t i o n . 

The Sandia proposal of May 1976, which wan accepted by OWI, did not 
account tor the pos s ib l e presence of water in the format ion . However, 
holes d r i l l e d at the s i t e s subsequent ly made available for t h i s 
exper iment , r e s u l t i n g from a 5-raonth reconna issance conducted by George 
Brunton of OWI, produced water at the r a t e nf about 15 .6/hr from a 20 cm 
(8 in) diameter h o l e . As a r e s u l t , some of the plans requi red 
modi f i ca t ion and r e v i s i o n . Changes inc luded : 

1. A h e a t e r mid-plane temperature of only 385°C ins tead of 
the 600°C i n i t i a l l y proposed. The requirement for he a t i ng 
a c r e d i b l y l a r g e r than l a b o r a t o r y - s c a l e rock mass was 
amply met without going to 600 C C. 



2. Instrument d r i l l liol pn were cored to 10.2 cm (4 i n . ) 
d iameters ins tead of 3.8 t o 6.4 cm (1 .5 to 2.5 i n . ) in 
order to ob ta in 6.4 cm (2 1/2 i n . ) diameter cor*1 for 

1 aboratory s tud i e s . 

3 . The hea te r ho le s W T P p re s su r i zed with a i r to exclude 

wat^r , 

Subsequent s e c t i o n s address s p e c i f i c experiment des ign c o n s i d e r a t i o n s 

and rfs k -i f s , 

11 . SITE GEOLOGY AND HYDROLOGY 

The geologic n e t t i n g o( the Conasauga Near-Surface Heater Experiment 
s i t e IF; shown schemat i ca l ly in F ig . 1. Although subject to c o n s i d e r a b l e 
local v a r i a t i o n , bedding in the v i c i n i t y of the h e a t e r s d ip s gene ra l l y to 
thr> southeast at about t h i r t y d e g r e e s , in addir ion to a general d i p , the 
rocks at the s i t e have been sheared in va r ious d i r e c t i o n s , and in p laces 
have been folded nr crumpled, Al though the bulk of the sediments at the 
s i t e s cons i s t s of s h a l e , the sec t ion as a whole i s a r a t h e r heterogeneous 
assemblage of i n t i m a t e l y i n r e r l ayered f ine-gra ined rocks . Toward the base 
Ot the s e c t i o n , as shown at S i t e One, a dark gray ca lca reous shs le i s 
i n t e r s p e r s e d with l imestone beds ranging from one to several c e n t i m e t e r s 
in t h i c k n e s s . Moving upward, there i s a un i t roughly 3 m th ick c o n s i s t i n g 
p r i m a r i l y of l imes tone , abovp which (as shown at S i te Two) the formation 
c o n s i s t s of t h in l ayers of in terbedded gray-green or maroon shale with 
l e s s e r amounts of s i l t s t o n e . D e t a i l s of thp s t r a t i g r a p h y in the h e a t e r 
ho les at the two s i t e s are i l l u s t r a t e d in Fig. 2. Figure 3 i l l u s t r a t e s 
the appearance of the Conasauga at the hea te r s i t e when recovered in c o r e . 
A sample of thp l a rge core recovered from the cen t r a l hea te r hole i n S i te 
Two i s shown in F ig . 4, As one would infer from the l i t h o l o g i c 
h e t e r o g e n e i t y , the mineralogy and hence chemis t ry of these rocks is q m t e 
v a r i a b l e (Table I ) . In the s h a l e s , i l l i t e , kaol i n i t e , 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 

Illite Chlorite 

Limestone Major Minor Minor 

Vein Calcite- Major Minor Minor 

Gray-Green 
S i l t s t o n e 

Minor Major Major 

Gray-Oreen 
Shale 

Minor Major Major 

Maroon Shale - Minor Minor 

Dark Gray 
Shale 

Minor Minor Minor 

Minor 

Minor 

Major 

Major 

Major 

Tract; 

Minor 

•.."&? 

Fig. 1. Geologic Section Showing Heater Positions. S2~l and Sl-1 
are the heater holes at Sites 1 and 2, respectively, SI, 
S2 and OR were early exploratory holes. 
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Fig, 2. Lithologies Present in Heater Holes 

Fig. 3. Conassuga Core - 64 wm (2,5 in.) Diameter 
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Fig. 4. 152 mm (6 in.) Core F rom the Bottom of the Heater 
Hole at Site Two 

The hydrologic setting of tlie 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 to 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 predominantly by the 
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 Site One, for example, a well 
23 meters away along strike bubbles readily when 0.14 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 heterogeneity of joint fracture 
distribution. Ovar vertical intervals of roughly a meter, the rock may 
appear devoid of open joints. One may then encounter intervals of equal 
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width showing i r r e g u l a r or folded b idd ing , f r a c t u r i n g , and obvious watrr 
r echa rge . In s p i t e of thpse c o m p l e x i t i e s , i t appears that averaged 
permeabil i t ins in the range of 0.001 t o 0.1 darcys would account tor thr-
recharge r a t e * observed in wel ls over fh" a m a of the hea te r ^ i f <̂ . Of 
spec i f i c roncf-rn RT-P thn recharge r o f s in the two hpatnr h o l ^ s . 
Immed i a t e l y to1 lowing complet ion of these wel 1 s thoy t i l I"d at r a t e s of 1 fj 
and 13 */hr at S i t e s One and Two, r e s p e c t i v e l y . 

I I I . EXPERIMENT AND HEATER DESIGN 

Thermal Measurement s 

As indica ted in Sect ion I , a s i g n i f i c a n t goal of thn experiment was 
to measure the tii.-rmnmpcbanual response of the formal ion , with p a r t i c u l a r 
r-mphasis on the i henna 1 f i e ld measurement's. S i n e 1 the l i t ho logy along 
s t r i k e should be s i m i l a r at a l l l o c a t i o n s at a giv^n dept n, t hr- pr imar y 
i n s t r u n v n t a t i o n was arrayed along s t r i k e . Add i t ional instrument at ion was 
placed in d r i l l holes on a l i ne normal to s t r i k e to i den t i f y s i g n i f i c a n t 
temperature f ie ld aniso t ropy. 

Expected temperature Eields were c a l c u l a t e d dur Lng the cour Re of 
des igning the in s t rumen ta t ion array in order to help opt imize t ransducer 
pi acpment . Publ ished thermal conductiv it i e s for the Conasauga shal p w r e 
in the range of 0 . 9 - 2 . 3 W/m°C. Tl..; spec i f i c heat and dons i ly va luer worn 
in the v i c i n i t y of 1 0 3 J / 'C-Kg and 2 .3 x 10 3 Kg/m 3, r esppc t ive1 y. Figure 5 
i s an isotherm schematic showing a pred ic ted temperature d i s t r i b u t i o n . In 
prepar ing t h i s f igure thermal c o n d u c t i v i t y , spec i f i c h e a t , and d e n s i t y 
were assumed to be 0.9 W/m°C, 1 0 3 J/°C-Kg, and 2.3 x 10 3 Kg/m 3 , 
r e s p e c t i v e l y . The hpa te r i s a 3 m long, 0.3 m diameter c y l i n d e r . 
Operated at 3.8 kW, with a sur face temperature nominally 600 °C a b o v 
ambient , such a hea te r should produce the rhnrmal f ie ld shown in Fig. 5 in 
a period of 400 days . Figure 6 compares the temperature p r o f i l e s as a 
function of hea t ing time assuming 0 .9 W/m°C and 2 .3 W/ro°C thermal 
c o n d u c t i v i t i e s . 
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Fiji. 5, Ca lcu la ted I«n therms Used in De^i^n of Field txper inifiir 

Figure- > a\sr> i n d i c a t e s approximate thermal mraitirr-tr.fr.t )r>cnt i<*r*«. 
ftrif c,in a^ume that the schematic r e p r e s e n t * a v p r t i r a t planr> through ihr 
h e a t e r , with the o r i en t at inn chosen airing some = i g n i t i c a n t d i r p c r i n n r.t r, 
s p e c i f i c s i t e . The most important measurement s are l'no«e made r-ad in I I y 
nuzwaro at the hea te r c e n f e r - p l s n e , However, *u f i i - irnfc th^r^nc .-Hjpl.-<; 
w'fre i n s t a l l e d to permit more complete de te rmina t ion of isotherm location*; 
inr lud ing p o s i t i o n s below the h e a t e r . The rad ial coordinate^ inr 
thermocouple d r i l ! ho les were chosen on the ba^ i s that the ra^.-t^ur^mr-nr* 

5 r e d ^ i r e d a< r l o s e tngpther as pft<sib!*» wher*1 rhp retnppraturp gradi.-'nr< 
arc «;t pppe«st . Thus , near the h ^ a t ^ r , d r i l l ho l^s nro spaced at 0.5 to 0 .6 
m r a d i a l i n t e r v a l s . D r i l l i n g c o n s i d e r a t i o n s m.nke i r imprac t i ca l to hsvf 
the holes any c l o s e r t o g e t h e r . The d r i l l hnle< at 2.25 and 3.^5 m provide 
a reasonab le coverage nf the thermal f i e l d . Two themncoupl PC a re at a 10 
m rad ius to provide background temperature measurements. 
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Fig. 6. Predicted Radial Temperatures as a Function of Heater 
Power and Time for K = 0.9 W/m°C and 2,3 W/m°C 

Stress and Displacement Measurements 

Minimal displacement and stress measurements were called for in the 
basic experiment plan. The purpose of these measurements was not to 
determine strain and stress fields for a complete comparison with stress 
models, but merely to measure the general level of stress and displacement 
and to attempt to correlate the two with other changes in the formation. 
The quoted thermal expansion value* of 9 x 10"" °C~* is large enough that 
significant displacements should occur at the 100*0 isotherm location of 
Fig. 5. Three d r i l l holes per s i te were used for those measurementB, 
Each contained a combination of vertical displacement extenpometera and 
Creare stress gauges. 
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The Creare s t r e s s gauge i s a v i b r a t i n g wire gauge a c t i v a t e d by a 
so leno id . S t r e s s i s determined by moni tor ing thp frequency of the 
v i b r a t i n g w i r e . For a p p l i c a t i o n in soft rocks such as the Conasauga, 
emplacement of the gaugp without some packaging modi f i ca t ion p r e s e n t s 
severa l d i f f i c u l t i e s . F i r s t , r e l i a b l e emplacement of the gauge i s 
d i f f i c u l t . Second, the emplacement s t r e s s may be s u f f i c i e n t t o deform or 
f r a c t u r e the rock . Th i rd , the s t r e s s remaining a f t e r emplacement may b " 
s u f f i c i e n t t o cause subsequent p l a s t i c deformation in the rock . 

To circumvent some of t he se d i f f i c u l t i e s , the Creare gauges in the 

Conasauga experiments were " s e t " in to 1,5 mm t h i c k aluminum tubing and 

po t t ed p r i o r to i n s t a l l a t i o n ( F i g . 7 ) . While i n s t a l l i n g , t h i s assembly 

was fixed in place using an expandable g r o u t . This increased thr> i n i t i a l 

s t r e s s on the potted gauge by about 0.41 HPa (60 p s i g ) . Since rhf raode of 

i n s t a l l a t i o n d i f f e r s s i g n i f i c a n t l y from the standard procedure , r h i s 

measurement i s considered to be devplopmpntal and not quant i t a t ivp in 

n a t u r e . 

1.5mm THICK 
ALUMINUM 
CYLINDER 

38mm 

POTTING CABLE 

Fig . 7. Creare Gauge Housing Assembly 

The displacement gauges se lec ted werp v e r t i c a l ex tensometers , Four 
invar rods were anchored at d i f f e r e n t h e i g h t s in each of the extensometpr 
d r i l l ho les and extended to the bottom of the ca s ing , where they were 
connected to 303 s t a i n l e s s s t e e l rods t ha t jo ined a po ten t iometer at the 
top of the c a s i n g . Figure 8 i s a photograph of an extensometer assembly 
showing only one of the four rods used . 
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Load Spring 
(removes weight-) 

Fig. 8. Extpnsnmeter Assembly 

Transmissivity I'ieasuremenrs 

To assess the fluid transport characteristics of the formation, 
radioactive krypton-85 tracers were injected into pressurised source 
well''* The time required for the pressurized air to carry the tracer to 
the unpressurized exit well was determined by placing an array of four 
Ceiger-Muller probes at various depths below the casing of the exit hole. 
Prior to the tes t , ground water was removed from the major fractures and 
porous zones 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 i t was 
found that the holes failed to 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 two. The krypton was introduced as a 
pulse from a solenoid controlled gas bottle located just below the casing 
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in the source h o l e . During the t e s t , input p r e s su re and flow (as well as 
the ex i t flow) were monitored cont inuously in order to insure tha t s teady 
s t a t e cond i t i ons w-ire main ta ined . By noting which of the Geiger-Hul ler 
tubes responded f i r s t , i t was poss ib le to in fe r the loca t ion of a 
permeable zone; and by measuring the input and ex i t flow r a t e s as well as 
the t r a v e l t ime, a s e m i q u a n t i t a t i v e es t imate of the formation pe rmeab i l i ty 
between the holes wa* ob ta ined . 

Pressure Measurements 

Gas t i g h t packers were i n s t a l l e d at the bottoms of the cas ings in the 
hea te r hole and in the th ree p o s t t e s t t r a n s m i s ? i v i t y holes at each s i t e . 
Holes conta in ing extensometers were without packe r s , buL were capped with 
a i r - t i g h t f langes at the sur face . Pressure t r a n s d u c e r s (Gulcon 
I n d u s t r i e s , Type GS-631) having a 0 to 0.69 MPa (0-100 ps ig) range were 
i n s t a l l e d below the packer in those holes having packers and below the 
well cap in the extensometer h o l e s . Figure 9 is a photograph of a t e s t 
hole p ressure gauge and parker assembly. 

Packer 
P res su re Casing 
(to 30 psig) Flange 

Fig . 9. Pressure Gauge and Packer Assembly 
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Heater Design 

Figure 10 is a schematic of the heatftr showing the relative position* 
of the heated region, an insulated buffer region through which an unheated 
part of the heater element passes, and an air-cooled terminal region. The 
body of the heater consists of a sealed cylinder of 304 stainless s tee l . 
Within the heater are two complete sets of three chromalux tubular hairpin 
heating elements that are wired in two separate delta c i rcu i t s . Rated 
capacity for each element is 6 kW, resulting in a maximum heater output of 
about 36 kW. Figure 11 is a photograph of the heater eleme.it assembly. 
Normal operation involved use of only one three-element set, the other 
remaining as backup in the event of failure of the first set , During most 
of the test period, the external surface of the heater at the midplane was 
maintained at 385°C, corresponding to a surface temperature on the 
chromalux elements of about 450 °C and to tntal power consumption of 
between C and 8 kW. 

HEATER 
SECTION 

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

Figure 12 is a photograph of fho completed heater. Two conduits 
extended from the heater to the surface, the first can ie s the nmter 
leads to the terminal region of the heater, and is 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 a i r . 



Fig, 12, Completed Heater Assembly 

On the e x t e r i o r surface of the h e a t e r , thermocouples were aff ixed on 
a v e r t i c a l l i n e a t d i s t a n c e s of 0.09 m ( 0 . 3 f t ) , 0.77 m ( 2 . 5 E t ) , 1.5 m (5 
f t ) , 2.3 m ( 7 , 5 f t ) , 3 .3 m (10.7 f t ) , and 3 .8 nt (12 .3 f t ) from the bottom 
of the h e a t e r . The e x t e r i o r thermocouple at 1.5 m (5 f t ) was used to con­
t r o l hea te r output dur ing the exper iment . I n t e r n a l thermocouples were i n ­
s t a l l e d both in the terminal s e c t i o n ( t o determine whether overheat ing was 
ocur r ing in t h i s c r i t i c a l r e g i o n ) , and on the hea te r elements themselves 
to aid in moni tor ing the condi t ion of the elements dur ing the course of 
the t e s t . The a i r cool ing was provided by a Dayton IZ968 fume e x h a u s t e r , 
opera t ing in the suc t ion mode. This exhaus ter was ra ted at 200 cfa at 
5- inch s t a t i c p r e s s u r e . The measured flow r a t e on s i t e was about 50 cftn. 

26 



Data Acquisition System 

To the right of the instrumentation van (Fig. 13) is the emergency 
backup motor generator. The "demand s tar t" unit begins the generator 
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 on paper tape and the Techtran Cassette 
tape recorder. Vertical displacement and pressure data require signal 
conditioning prior to entering the data logger. The Irad-Creare gauge, 
clock, and wattmeter data must be converted to analog format before 
entering the data logger. A microprocessor linked to the John Fluke data 
logger controls data output to a DTC printout terminal. 



DIGITAL EXJ. CHASSIS 
MODEL 22MA-AA 
15BC0CHANNEISMUPLX 

TTJ 
IRAO txr 

BOX 
STRtSb 
URAD1 LOGGER 

txr 
BOX 

STRtSb 
URAD1 

Fig. 14. 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 microprocessor 
controls the in i t ia l printout of the data channel headings and subsequent 
data printout and printout paper advance BO that data for each channel 
appears sequentially in time. 

The two temperature control units are mounted on the wall to the left 
of the Data Acquisition System installation (see Fig. 15). The instrument 
rack, left bay, top to bottom, 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 printout terminal is in the foreground. 

Table II is a summary of Data Channels on the Conasauga experiments. 
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Creare Stress . Techtran 
Gauge Logger Cassette Recorder 

Chromalux 
Constant 

Temperature 
Controllers 

Test 
Meter 

B & F 
Bays 
(Signal 
Conditioning) 

F i g . 15. Data Acqu i s i t ion System 

Data Channel Summary 'Jonasauga Shale 
Oak Ridge, Tennessee 
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S i t e Layout 

The s i t e of Che two h e a t e r t e s t s i s located at approximately 
18000 N-S and 39000 E-W on the Oak Ridge area topographic map S-16A (Haps 
and Survey Branch TVA, June 1974). Figure 16A i s a general schematic 
showing the layout of S i t e s I and 2. Figures 16B and 16C are plan 
drawings for the ind iv idua l exper iments , complete with instrument 
summaries, for each d r i l l h o l e . 

11 " \ !!.! !Ii. 

IKS""1 

EI 

,1-6 IMISSUSE 

Fig . 16. (A) Overa l l S i t e Layout, (B) Experiment 1 Layout and (C) 
Experiment 2 Layout 
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CONASAUCA NEAR-SURFACE HEATER EXPERIMENT 

James L. Krumhansl 
G t j l c g i c a l P ro j ec t s Divis ion U'-j~il 

Sandia L a b o r a t o r i e s , Albuquerque, NM 87185 

From November 1977 to August 1978, two nea r - su r f ace hea te r 
experiments were operated hy Irmri i n IiaHnriitnriflS fl^ fafc 
Ridge-—Tennes-see-.—The-ex-periment-o were •cic»di'*in two 
somewhat d i f f e r e n t s t r a t i g r a p h i c sequences within the 
Conasauga formation which c o n s i s t predominantly of s h a l e . 
Spec i f ic phenomena i n v e s t i g a t e d were the thermal and 
mechanical responses of the formation Co an appl ied heat 
load, as well as the m^neralogical changes induced by 
h e a t i n g . Yhe—progr-am' c ; j b j e c t i v e was to provide a minimal 
in t eg ra t ed f i e ld and l a b o r a t o r y study that would supply a 
da ta base which could be used in planning more expensive 
and complex v a u l t - t y p e experiments in o the r l o c a l i t i e s . The 
experiments w*re operated with hea te r power l eve l s of 
between 6 and 8 kfo for h e a t e r mid-plane temperatures of 
385°C. The temperature f i e ld s within the shale were 
measured and a n a l y s i s i s in p r o g r e s s . Steady s t a t e 
cond i t ions were achieved wi th in 90 days. Conduction appears 
to be the p r i n c i p a l mechanism of heat t r a n s p o r t through the 
formation. Limited mechanical response measurements 
consisting of vertical displacement -ind stress data 
indicate general agreement with predictions, Posttest 
data, collection of which await experiment shutdown and 
cooling of thu formation, include the mineralogy of 
posttest cores, posttest transmissivity measurements and 
corrosion dat.i on metallurgical samples. 



XV. EXPERIMENT INSTALLATION 

Thermocouples 

The primary thermocouples used to measure the temperature f i e ld a re 
s t a i n l e s s s t e e l sheathed ch rone l - cons t an t an type E. The thermocouples were 
f i r s t l a id out on the ground for each d r i l l hole and t i ed in t h e i r 
des i r ed r e l a t i v e p o s i t i o n s using p l a s t i c cable t i e s . They were then bound 
to 2 .5 cm diametex PVC tubing using s t a i n l e s s - s t e e l hose c lamps . F i n a l l y , 
they were lowered i n t o d r i l l holes with succes s ive s e c t i o n s of 3m (10 f t ) 
l eng ths of PVC tubing bonded t o g e t h e r . After a i l the thermocouples were 
i n s t a l l e d in the d r i l l h o l e s , grout was pumped through the c e n t e r s of the 
PVC tubes to f i l l the d r i l l holes and cement the thermocouples in p l a c e . 
Grout p roper t i ea a re summarized in Appendix A. 

Sxtensometers 

The extensometers were anchored in p o s i t i o n and the well caps 
i n s t a l l e d . The invar rods s l i d e through 0- r ing s e a l s in the well c a p s . The 
poten t iometer head assembl ies (see F ig . 8) then a t t a c h to the well c a p s . 
Chromel-alumel thermocouples are a t tached to the anchors to permit 
temperature c o r r e c t i o n of the d a t a . They a l so provide added temperature 
f i e l d d a t a . 

Pressure Measurements 

The packers and the pressure gauges ( see F ig . 9) beneath them were 
s e t in p o s i t i o n near the bottom of the c a s i n g s . The p r e s s u r i z a t i o n tube 
and p ressu re t r ansducer cables were a t t ached to the hole cap feed- throughs 
p r i o r to b o l t i n g the caps to the hole f l a n g e s . The packerB were then 
p r e s s u r i z e d to about 0.21 MPa (30 ps ig) . 
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St re s s Gauges 

S t r e s s gauge i n s t a l l a t i o n was d i scussed in Sect ion I I under S t r e s s 

and Displacement , 

Figure 17 i s a schematic of the hea te r i n s t a l l a t i o n . The f inal 
i n s t a l l a t i o n consi srod of rhe h e a t e r with i t s two conduit s to the sur face 
fioing Through: ( 1 ) a R1 ,is<s-wool b a t t , (2) a packer near rhe bor tmi of the 
t a s i n g , and (3 ) the well cap . The Dayton blower draws a i r i n to the p o w r -
1ead condu i t , past the terminal connectors in the h e a t e r , and out of the 
hen te r in te rna l d i agnos t i c thermocouple c o n d u i t . 

h^ 

-r^'&& 

Fig . 17, Heater I n s t a l l a t i o n Schematic 



Figure 18 is a photograph of the heater suspended from an A-frame, 
preparatory to lowering it into the heater hole. No difficulty was 
encountered in lowering either heater. However, at Site Two a bend in the 
hole below the casing, and consequent bending of the conduits, resulted in 
a minor crack developing in one of the conduits leading back ro rhe 
surface. 

Fig, 16. Heater Suspended on A-Frarae Preparatory to Insertion 

Figure 19 shows the installation of the fiberglass insulation as it 
was bound t ightly in place with nylon string. Upon emplacement of the 
heater, the nylon string is cut by passing current through a nichrome wire 
sandwiched between the string and asbestos cloth. Figure 20 shows the com­
pleted installation of the insulation and nichrorae wire string cutter . 
Figure 21 shows the packer ins ta l la t ion. Figure 22 shows the packer in 
more detail just prior to i ts being lowered into the heater hole. 
Finally, Fig. 23 shows the capped heater hole with the two conduits coming 
out of packer seals, as well as a pressure gauge and exterior 
heater-temperature diagnostic thermocouple lead. 
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Fig. 19. Installation of Fiberglass 
Insulation 

Fig. 20. Nichrome Wire String 
Cutter Installation 



1 » V 

Figure 21. Packer Installation 

Figure 22. Packer Close-up 
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Fig 

\ 
\ . 

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

HEATER OPERATIONS 

Heater ope ra t i ons may be summarized by d i v i d i n g the t e a t s i n to two 
t ime p e r i o d s . An i n i t i a l 10-day per iod of t e s t i n g was requi red before 
s t a b l e run cond i t ions were e s t a b l i s h e d because of the in f lux of ground 
water i n t o the h e a t e r h o l e s . This was followed by an eight-month period 
of e s s e n t i a l l y s teady s t a t e o p e r a t i o n dur ing which time i t was p o s s i b l e t o 
a s s e s s the in f luence of the hea t source on the format ion. 

Most of the s t a r t - u p exper imenta t ion occurred a t S i t e One as i t was 
the f i r s t to be a c t i v a t e d . On the f i rBt day of o p e r a t i o n e x t e r n a l a i r 
p r e s su re was appl ied t o exclude water from the h e a t e r h o l e . An experiment 
was then undertaken to a s sess whether s u f f i c i e n t steam pressure could be 
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genera ted in a h e a t e r hole, to s e l f - p r e s n u r i z e the c a v i t y , thereby 
excluding a d d i t i o n a l wate r . This experiment wan te rminated a f t e r two day; 
due tn packer t a i l u r e ; however, dur ing thiR time a p ressu re nf 0.054 MPa 
C8 ps ig) was gene ra t ed . It was decided to cont inue the t e s t with the 
a p p l i c a t i o n of U.D8 MPa (12 ps ig ) a i r p ressu re to the h e a t e r h o l e . This 
p ressu re was s u f f i c i e n t to prevent water from inunda t ing the h e a t e r , bur 
not to completely exclude water from the bottom few inches r>f the h o l e . 
Consequently, a continuous supply of steam from the bottom of the hole 
condensed on the condui t s above the h e a t e r and dripped to the top of the 
h e a t e r causing e r r a t i c temperature v a r i a t i o n * on the upper par t of the 
h e a t e r p roper , as shown in Fi^. 24. Based on the exper ience gained at 
S i t e One, the experiment at S i te Two was s t a r t e d with s u f f i c i e n t a i r 
p r e s s u r e , 0.19 MPa (28 p s i g ) , to completely exclude water from the hearpr 
h o l e . There [ore , tha t h e a t e r 1 s temperature was ra i sed in a more cnnt roI Ind 
manner than had been poss ib le at S i te One. (See F ig . 25.) 

HE*IEimEMtNT|IN1EHM*M 
HE«t£"CJNIST{BIEIT(imtl! 
HE«tEHC»Hl in»ie iTtKHl l l 

HElTthCAMSt(n(ErTEM*Ul 
31 (OaVlTION » l f n R1CUS 

H!DUKE*Ttn»IO 
•»u. locanoxi m*au«o rnow BOTTOM or 

Fig , 24, Heater Response Upon Turn-on in the Conasauga Nea 
Surface Heater Experiment 
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Fig , 25. Heater Response Upon Turn-on in thp Connsaugn 
Near-Surfacp Heater Experiment 

O n e a method for c o n t r o l l i n g vatpr in the nea te r holes had b ^ n 
determined, long-term ope ra t i ng procedures wprp e s t a b l i s h e d . IT was 
apparent that Pven at r e l a t i v e l y high power l e v e l s , hpatpr tempera tures 
approaching 600°C could not bp ob ta ined . It was dpcidpd that *ince thp 
system had s t a b i l i z e d with a hea te r temperature of around 385°C, and sine 
t h i s temperature was s u f f i c i e n t to hpat the des i r ed volume of rock, fur ­
ther p e r t u r b a t i o n should not bp introduced by i n r rpas ing h ra rp r p o w r . 
After t h i r t y days o p e r a t i o n , the power input at the two s i t e s which was 
requ i red to mainta in a 3B5°C tempera ture was between 6 and 8 kW; r h i s de­
f e a s e d very slowly with t ime . S i te Two c o n s i s t e n t l y requi red about 1 kW 
more energy than S i t e One; t h i s d i f f e r e n c e i s ascr ibed to the hear ing of 
g r e a t e r volume of flowing a i r which was requi red to mainta in a higher 
p r e s s u r e . A second consequence of the g r e a t e r a i r p ressu re at S i t e Two 
was tha t i t r e su l t ed in a r e l a t i v e l y dry hea te r hole dur ing most of t he 
t e s t . In con t r a s t to the temperature at S i t e One, Si re Two temperaturps 
a t e i t h e r end of the hea te r were well above 100°C dur ing most of the t e s t 
The thermocouples a t the top of the Si te Two h e a t e r f a i l ed to show the 
e r r a t i c temperature v a r i a t i o n s caused by steam condensing a t the top of 
the hole as observed at S i te One. F i n a l l y , i t should be noted tha t under 
the c o n d i t i o n s descr ibed above both h e a t e r s functioned s a t i s f a c t o r i l y for 
t he e n t i r e t e s t p e r i o d . 



VI. PRELIMINARY RESULTS 

Labora t ory Progr nm 

'.>[ part ir-jl ar rone prn in underground r e p o s i t o r y d e s i g n , i s t he 
a b i l i t y of rhe rock ro d i s s i p a t e heat generated by nur lpa r w,i<!ic without 
incu r r ing unarrpptab 1 e changes in the thermal or mechanical p r o p e r t i e s of 
l he former ion . Cnn^q i^n t 5 y , The pr j nc i pa 1 modeling e f fo r t s for t he 
prORr.ini h.ivp been i l imr rnd toward ma I r h i nj; f ie ld data with pred ir t i (in* 
from t hernial and therm -nor linn ical response code-: . A* input , t he = n rndi"i 
r e q u i r e a v a r i e t y of physical pa ramete r s , h^ncp a l a b o r a t o r y prog-am was 
i n i t i a t e d to measure rlie^e v a r i a b l e s on such ro r e ma te r i a l as was 
nvni 1 al>! e . Heat capac i ty , densi t y, and thermal cond uc1 Lv i ty a re re qui red 
a*: f unct ions of temperature for a simpl e conduct ion sol ut ion in the case 
of Thermal codes . If fli .id motion is al so to be cons ide red , add i i i ona l 
data on p o r o s i t y , permeabil i t y , water content and flu id v i s c o s i t y ar r> 
r e q u i r e d . Mechanical modeling r e q u i r e s knowledge nf thermal expansion 
c h a r a c t e r i s t i e s , el a s t ic pro per t i.es of the format ion , and the f emperar ur*> 
f i e ld as n function of r ime. Had the format ion been re l a t i v e l y uniform 
and d ry , ob ta in ing these p r o p e r t i e s might have been r e l a t i v e l y s t r a i g h t ­
forward . L"n for tun at el y , t h e r e were a number of com pi ic at ions . The var ious 
rock t ypes within the Cnnaeauga are su f f i c i e n t l y di f fe rent and requi red 
separa te determinat ion on each 1 i tho l ngy, a fac t o r aggravated by a pauc i t y 
of com mate r i a l oE s u f f i c i e n t s i z e . Mere d e s i c c a t i o n a f fec ted many 
p r o p e r t i e s far more than o ther changes the rock might have experienced 
over the temperature i n t e r v a l s cons idered for t h i s exper iment . Indeed, 
drying or wet t ing of most a r g i l l a c e o u s samples caused t h e i r complete 
d i s a g g r e g a t i o n . Unless the extent and r a re of d e s i c c a t i o n during a 
l abo ra to ry de te rmina t ion f o r t u i t o u s 1y marches tha t which occurs in the 
f i e l d , a d d i t i o n a l i n t e r p r e t a t i o n i s requi red before such da ta can be used 
in modeling. Consequently, emphasis in the l a b o r a t o r y program was placed 
on a s se s s ing the amount of v a r i a t i o n introduced by f hesp f a c t o r s , r a t h e r 
than a t tempt ing to gain h igh ly p rec i se de t e rmina t ions on a few samples , 

39 



Heat Capaci ty 

Hr .if capae i t i-'s .is a fnnct ion ot temper.iturt; a rc i 11 us t r . i t fd in J* i Ji. 
20. It should be noted tha t there it; a reasonably wide rangf- ot va lues 
and that then ; i s somn grouping by 1 i tho logy . Hcasuromr'nt s wnrc marie 
us i ng a Uupont Modf* i 910 Thermal Anal yKi.*r, and the ac tua l va I u ts u*;ri-
drr i ved by comparison wi th a sapphire- s tandard . As mont ioned prrv ious 1 y , 
wnlrr I'vol ut ion serves as an add i t ion a I rompl i i:at ion and i t s i in pat. I s an-
i nr i nd cd in tho mfiasuremrnts. 'It is probabl n that t h i s i s the cause of 
tho markrd dec I ine noted for some samples hot ween 7 5'J and I 5(J "(,. 

^ w ^ *»-t. ^ ^ 

Fig . 26. Heat Capacity ( c a l / g - ° C ) .is n Function ot Temperature 
C O and Rock Type. (The dark l i n e s r ep re sen t a i r dr ied 
samples . ) To convert to J/"C-Kg m u l t i p l y by A.IE x 103. 

http://tr.it


Figure 2 7 summarizes thermal g rav imet r ic ana lyses done on sampl PS to 
a s sess the magnitude' o£ the problpm. For s h a l e s , we observe an immediate 
loss of sorb»>d water upon heat i n g . At tempera tures above about 450 °C 1 oss 
nt s t r u c t ura1 water from the r l ay minPralR b e g i n s , The decomposit ion of 
I i me st one (CaCo-,) beginning at about 650 °C i s a l so apparent . It would 
appp.ir that shaie g e n e r a l l y loses several percent of i t s weight in 
mois ture at r e l a t i v e l y low t e m p e r a t u r e s , and tha t the o ther rock types 
lose lpuq, Un f o r t u n a t e l y , the maximum sample weight t ha t can be 
handled is 0.5 g. It i s probable that f r a c tu r e s present in l a rge r samples 
uou id rer a in add i t ional water ; a 1 arger sample would be ex per red to sliow 
even g r e a t e r weight l o s s . 

F ig . 27, Wpighv Loss as a Function of Temperature and Rock Type 

4 1 



Spi;c 1 [ i c C r a v i t y 

Tab] e 111 c o n t a i nr, a nummary o £ t h e s p e c i f i c R r - i v i t i e s of t h e ' / a r i nu 

n u k t y p e s a t t h e h e a t e r s i t e . T h e s e m e a s u r e m e n t s w<-re made by t i r s t 

n o t i n g t h e w e i g h t of a s a m p l e and t h e n m e a s u r i n g t h e w a t e r i t d i s p l a c e d . 

A l t h o u g n t h e r e may have b e e n nrmu w - i t e r u p t a k e b y tbi- s a m p l e , i t i-. 

u n l i k e l y t h a t i t was more t h a n a few p e r c e n t ; hnnc r ; t h e m e a s u r e m e n t s a r e 

w e l l v i i!; i n t h e a c c u r a c y n e e d e d [ n r t h e r m a l mode l i n j ; . 

TABLE I I I 

Spec i £ ic Grav i t y n [ Conasauj.'.a S.vnplf 

S i l t s t n n o 2 . 7 I " . 2 
Dark C r a y S h a l e ? . ; •*• U.4 
L i m e s t o n e 7. (• + fi. 1 
Maroon and 
G r a y G r e e n Sha j e 2 . 7 •* '•>. 1 

T h e r m a l C o n d u c t i v i t i e s 

T e m p e r a t u r e d e p e n d e n t t h e r m a l c o n d u c t i v i t i ?•% f n r t h r e e en r e sampl c s 

of C n n a s n u g a S h a l e a r e shown i n F i g . 2 8 . T h e s e d e t e r m t n a t i n n s were matif nr. 

c o r e s a m p l e s 6 . 3 5 cm ( 2 . 5 i n . ) i n d i a m e t e r and r o u g h l y 7 cm l o n g . A 

h e a t e r was p l a c e d at o n e end and a h e a r f l u x t r a n s d u c e r a t t h e o t h e r . TH" 

s i d e s nl t h e c o r e w e r e p a c k e d w i t h i n s u l a t i o n h a v i n s a known t h e r m a l 

c o n d u c t iv i t y . T h e r m o c o u p l e s w e r e p l a c e d in t h e i n s u l a t i o n and i n a s e r i e s 

of s m a l l d r i l l b o l e s a l o n g t h e a x i s of t h e c o r e . From t h e t e m p e r a t u r e 

g r a d i e n t a t t h e c o o l end o f t h e s a m p l e and t h e h e a t t l u x m e a s u r e d on t h e 

t r a n s d u c e r , i t was p o s s i b l e t o d i r e c t l y d e t e r m i n e t h e r m a l c o n d u c t i v i t i e s 

o n c e a s t e a d y s t a t e h a d b e e n a c h i e v e d . T h e s e d e t e r m i n a t i o n s w e r e l i m i t e d 

t o l e s s t h a n 2 0 0 ° C , h o w e v e r , b y t h e c a p a b i l i t i e s o [ t h e t r a n s d u c e r . The 

h i g h e r t e m p e r a t u r e d e t e r m i n a t i o n s w e r e o b t a i n e d b y m a t c h i n g o h s e r v e d 

t e m p e r a t u r e p r o f i l e s a t t h e h o t end o f t h e s a m p l e w i t h p r e d i c t i o n s b a s e d 

on known i n p u t w a t t a g e s a t t h e h e a t e r and t ^ e t h e r m a l p r o p e r t i e s of t h e 

i n s u l a t i o n . 



IOO mo 500 ?nn 

rEMPEfiarunE C 

Fig. 28. Thermal Conductivities of Conasauga Samples 

From Fig. 28, it is apparent that there is a precipitous decrease i 
thermal conductivity between room temperature and 10Q°C during 
measurements at ambient pressure. As there are no mineralogic react inns 
at these temperatures, i t is probable that this change is caused by 
increasi-d contact resistance along cracks as the sample dr ies . In tact , 
post test sample examination, as well, as examination of samples which have 
simply dried, reveals the presence of numerous hairline cracks. To test 
this hypothesis, a number of thermal comparator measurements were made at 
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 of the dry values were not uncommon with rehydration. It 
follows that the magnitude and position of the drop is an artifact of how 
the determination is made, 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 dist inct (Fig. 29). 
Limestone and those sil tstones in which quartz and feldspar predominate 
over clay minerals show a raonotonic expansion with temperature. In 



samp! r s r i ch in r! ,1 v, liownvrr, t h e r " i s an i n i t i o ] thermal contrac t i 
followed by a slow expansion. Figure 29 con ta ins two types of data 
regard ing tin: bt-'hav ior of arfci 11 aceour, r o c k s . Tiinr.f snmpl"s f.-xhibiti 
shaI low t rough were a i r dr led pr :ar to nf.-isiir^rnc-n; , t baser 'Jidl were 
v i s i b l y wt-t p r io r to fit a r t i ng the run showed several pf'rcent ront rar 
One sampl •• that was mere I y dr i od at room temper at ure showed a : wo p. 
decrease in length during d ry ing . One a d d i t i o n a l observa t ion has b< 
;:n t h- emblem a l. Viand. Some shale samples showf! a s l i g h t thermal 
rxpnns i on pr ior to cn;it rac t in si. In an "nvi ronnf-n t in wh i eh there '-J.-
pl a te ior water to evaporate , it is probab I >-• t LaL th i r, nxpan:; i on WI.I. 
p-Tsi si nnl i I l lie hu iI i ng point ol watnr at vhi ch poi nt cont r -if:t. i on 
be fxpec tod. 

t i on . 

r ' - i ' i i i 

Fig . 29. Thermal Expansion as a Function of Temperature a no Kock Type 

A d d i t i o n a l Laboratory A c t i v i t i e s 

In add i t i on to those a c t i v i t i e s motivated by l lm t:odel ing programs, 
number of s t u d i e s were i n i t i a t e d to charac t..-' '. zr the formation gone-rally 
X-ray d i f f r a c t i o n t r a c e s of a large number of sanipl cs have bee;-, n.icc - th 
r e s u l t s a re summarized in Table I . Analyses oi the gases evolved upon 



hiMting were made using a gas chromatograph-mass spec t rome te r . Water and 
carbon d ioxide were evolved n apprec iab le q u a n t i t i e s , but noth ing was 
observed wii i ch would accen tua te co r ros ion of equipment dur ing the 
experiment . A number of shale samples were examined with a scanning 
el PC t ron microscope. tn some samples , the shear ing which was apparent, in 
hand specimens could be seen to d i s r u p t the fabr ic of the rork down to a 
se t ] - - 'it severa l microns . Heating oi rlir samples did not appear to 
i n l roducr obv ious t e x t u r a l changes ; however, i t must be kept in mind thai 
a SEM operatf-s under a high vacuum, and any t e x t u r a l changes introduced 
morely by water loss would have occurred in both heated and unheated 
sp-.-c in.'ns . for<>s in the rock d id not seem to conta in auth ig^nic miner a! 
^rowt hs . Dun to the nat ure of the core mater ial , i t was noL pojs iblc- in 
obta in r e p r e s e n t a t i v e e l a s t i c and mechanical p r o p e r t i e s in the l a b o r a t o r y . 
Represent at i ve proper t ies were t h e r e tore taken irom the 1 i t e r a t u r e and 
usi^d in subsequent modeling. 

Modeling 

Among a v a i l a b l e computer programs, two have been se lec ted ior 
modeling the observed temperature p r o f i l e s . I n i t i a l concern was with the 
e f f e c t s of bp.it conduction a lone ; consequent ly , p r e t e s t modeling was done 
using CINDA. l when i t became apparent tha t boi1ing and condensat ion oi 
water might inf luence the exper iment , i t was decided to t ry to model 
convect ion by using a code c a l l e d SHAFT^ and by s e t t i n g up bench-scaled 
experiments in a s a tu ra t ed medium of known p o r o s i t y and p e r m e a b i l i t y . 
Each of these e f f o r t s i s b r i e f l y descr ibed below. 

Most of the thermal modeling r e s u l t s repor ted here were generated 
using CINDA, a lumped parameter , and f i n i t e d i f f e r ence code. The node 
geometry p re sen t ly used is i l l u s t r a t e d in F ig . 30. Although the heat 
conduction is t h r ee -d imens iona l , i t i s t r e a t e d here as a x i a l l y symmetric. 
The program may be run using h e a t e r surface temperatures or input wat tage 
as the c o n t r q l l e d v a r i a b l e , e i t h e r of which may be var ied with t ime. As 
mentioned e a r l i e r , steam condenses in the space between the h e a t e r top and 
the packer . This was modeled by assuming a ho le -wal l tempera ture of 100°C 
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along t h i s i n t e r v a l . The program may be used with e i t h e r constant or 
temperature-dependent rock thermal c o n d u c t i v i t i e s . Output, as a tunc t i 
n | t i m r , -s in the form of isotherms and e i t h e r l i r . i ' n r wat tages or i.e-a* 
sur iace t empera tu res , 

G O • ) • ? " '• 
D£OTHIMF.Uf»Sl 

Fig . 30. Node Cec.-aetry Used i n CINDA 

SHAFT was used to i n v e s t i g a t e the na tu re of the convect ion c e l l s 
i n i t i a t e d in the v i c i n i t y of the h e a t e r . A lumped p r o m o t e r , f i n i t e 
d i f f e r ence numerical method i s used to solve t r a n s i e n t heat t r a n s t - r .-;r. 
[1 aid flow equat ions in a porous med ium- Fluid flow is based on Dare y 
flow; heat t r a n s f e r i s by conduct ion plus convert i on. The II n La may 
undergo a phase t r a n s f o r m a t i o n ; :.n t h i s c a s e , the t r ans format ion is the 
b o i l i n g of l iqu id water to make steam. To model a •-•implft best source 
implanted ir a porous medium requ i r e s only a r e l a t i vely s implr node 
geometry (F ig . 31) . With the presence of a cav i ty above the h e a t e r , 
however, the s i t u a t i o n i s far more complex and may exceed the s t a t e nf 
a r t in thermal modeling. Neve r the l e s s , the attempt i s made hy assuming 
tha t the mate r ia l in t h i s region has a pe rmeab i l i t y of 100 d a r c i e s , as 
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compared to the value of 0.1 darcy s e l e c t e d for the rock . Consequent ly , 
steam formpd in the h e a t e r holp may r i s e in to the chimnpy with r e l a t i v e 
past* compared to i t s t r a n s f e r i n t o thp adjacent rock , Bpcausp of the many 
small nodes in thp hpater area and the l a r g e change* in d e n s i t y and 
i n t p r n a l energy dur ing b o i l i n g , the run time p r e s e n t l y requ i red for 
so lu t ion i s longer than the ac tua l time being modeled. The i n t e r n a l 
d e t a i l s of thp code arp bping examined in an e f f o r t to remedy t h i s 
s i t u a t i o n . 

POSITION METERS 

Fig , 31 . Node Geometry Used in SHAFT3 

A scaled l a b o r a t o r y experiment was c a r r i e d out to gain some ins ighr 
i n t o the consequencps of b o i l i n g at depth in a porous mpdia. A 13 cm long 
by 1.3 cm diameter hea te r was emplaced one hea tpr length below the "wafor 
t a b l e " in a p l e x i g l a s s sandbox f i l l e d with water to a depth of 38 cm. 
Colored dyes were in jec ted at v a r i o u s t imes to observe the p a t t e r n of 
convec t ion . A:i a r r ay of thermocouples was s i t u a t e d in a plane p a r a l l e l 
t o , and about 0,64 cm back from, the front face . Temperatures were 
recorded as a funct ion of t i m e . I n i t i a l l y , the h e a t e r was held at j u s t 



below the b o i l i n g temperature for a week to e s t a b l i s h s teady s t a t e 
convec t ion . The temperature was then slowly e leva ted to j u s t above the 
boi 1 ing point , which r e p r e s e n t s more c lo se l y the ac tual si t ua t ion that 
ex i s ted in the f i e l d . Sh i f t s in the s i ze or shape of the convect ion c e l l s 
were noted and the wattage monitored to determine whether steam t r a n s p o r t 
c a r r i e d a s i g n i f i c a n t f r ac t ion of the energy away from the h e a t e r . The 
s i ze and shape of the vapor pocket was a l so no ted . In a d d i t i o n to 
providing phenoroenological in formation, the numerical data wi 1] serve to 
check p r e d i c t i o n s derived from SHAFT. 

The mechanical response of the formation i s being modeled using thr» 

SANDIA-BM1NES code .^ The following is a b r i e f d e s c r i p t i o n of those 

a spec t s r e l evan t s p e c i f i c a l l y to the Conasauga p r o j e c t . A two-dimens ional , 

axisymmetric study was made of the s t r e s s and deformat ion f i e l d s in the 

Conasauga shale hea te r exper iment . The geometry being considered c o n s i s t s 

of a 40 meter ( r a d i u s ) by 60 meter (depth) r eg ion . 

The hea te r i s bur ied 15 meters deep at the cen te r of the c y l i n d e r ; i t 
i s assumed to have a length of 3 m e t e r s . By d e f i n i t i o n the hole has a 
diameter of 30 cm (1 ft J. De ta i l s of h e a t e r cons t ruc t i on were not modeled 
in t h i s s tudy s ince c o n s t r a i n t cond i t i o n s e x i s t i n g between the h e a t e r and 
the wal l s of the hole are not wel1 def ined . The mesh con ta ins 235 
b i l i n e a r , q u a d r i l a t e r a l , i soparamet r i c f i n i t e elements with 269 nodal 
p o i n t s . The elements are concent ra ted in the region near the h e a t e r s ince 
the g r e a t e s t s t r e s s and displacement grad i e n t s are a n t i c ipated in t h i s 
a r e a . Since the e l a s t i c p r o p e r t i e s of the Conasauga sha le were not 
measurab le , reasonable va lues were se lec ted from the l i t e r a t u r e ^ for use 
in t h i s a n a l y s i s : 

(1) E = 1 0 1 0 p a , v c u n g ' s Modules 

(2) v = Q .3 ( p o i s s o n ' s Ratio 

(3) a = 10~ 5°C, Coef f i c i en t of Thermal Expansion 
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Future studies will assess the sensit ivity of these rp^uH* ro the 
mate r i a l p r c p r r i e s s e l e c t e d . 

F ie ld Experimental Data 

Thermal Analys is 

I n t r e p r p f a t i o n of the thermal data was d i r e c t e d toward ob ta in ing in 
s i i u thermal p rope r t i p s of the formation, and toward ga in ing an idea of 
the dominait mechanisms of heat t r a n s fpr in va r ious reg ions around thp 
hpa rp r . HIP approach was 1) model thp s i t e assuming conduct ion as tho 
only form of hpat t r a n s f e r , and 2) by comparing c a l c u l a t e d and ac tua l 
isotherms , notP where convect ion appeared to be important . Inferences 
based on t h i s coni pari son WPTP then compared to p r e d i c t i o n s from the two-
phase fluid and heat t r a n s f e r code, SHAFT. In t h i s manner, i t was 
possib le ro judge whether form .it ion p r o p e r t i e s derived from a conduct ion-
only model needed r ev i s ion in 1ight of the prpsence of ground water at the 
s i t e . 

Figure 32 i s a schematic of the temperature f i e l d s p a r a l l e l to s t r i k e 
at S i t e s One and Two 45 and 135 days a f t e r the h e a t e r s were a c t i v a t e d , 
Thp upward opening of the i so therms r e f l e c t s heat t r a n s f e r outward through 
the wal ls of the open c a v i t y between the top of the h e a t e r and the packer , 
F igures 33 and 34 are the r a d i a l temperature d i s t r i b u t i o n s p a r a l l e l ro 
s t r i k e ar the hea te r midplan* at 15-day i n t e r v a l s . I t i s of p a r t i c u l a r 
importance to note tha t a f t e r about t h i r t y days the i sotherms are no 
longer moving r ap id ly outward i n t o the format ion. 
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SITE ONE 
SITE TWO 

FORTY FIVE DAVS OWE MUNOREO ANOTHffUY FIVE DATS 

F i g . 32. Comparison Between S i t e One and S i t e Two Isotherms 
P a r a l l e l to S t r ike 

F i g . 33. S i t e One Radial Temperature D i s t r i b u t i o n 
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F i g . 34. S i t e Two Radial TempRrature D i s t r i b u t i o n 

As a p r e r e q u i s i t e to fu r the r a n a l y s i s i t was necessary to v e r i f y t h a t 
the isoLherm pasi t i o n s in the f i e ld a c c u r a t e l y r e f l e c t e d the t o t a l energy 
put into the format ion over t irae. The f i r s t s t ep in the a n a l y s i s was to 
e l im ina t e the p o s s i b i l i t y t ha t through-f lowing ground water had c a r r i e d 
off a s ign i f ieant amount of the h e a t e r o u t p u t . A comparison was made 
between the i n t e g r a t e d h e a t e r wattage over time and the energy remaining 
in the f c r e a t i o n . Table IV shows the comparison that was computed from 
isotherm pos i t i ons and heat c a p a c i t i e s ( i nc lud ing a c o r r e c t i o n for b o i l i n g 
of th ree weight percent w a t e r ) . The data showed s u f f i c i e n t l y c lose 
agreement that fur ther a n a l y s i s was under taken . I t should be noted tha t 
a f t e r about 100 days the low temperature isotherms had migrated beyond the 
l a s t thermocouple a r r ays and t he r e fo re had precluded fur ther energy 
balance e s t i m a t e s . 
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TABLE IV 

Energy Inpur af Si re Onp (x 1 0 1 0 J O U I P S ) 

Computed From Computed From 

Time Heater Pow*r Isotherms 

30 days 1.8 2 .0 

60 days 3.4 3.2 

105 day; 5.6 5.3 

In ordpr to genera te a conduct ion solut i on for comparison with ac tual 

Conasauga i so the rms , the computer code CINDA was used in conjunct ion with 

h e a t e r tempera tures rpcordpd during the t e s t . It was al so assumed th.it 

the h e a t e r hole was oppn Eor a d i s t a n c e ot 3 niPtrr ' a b o v the h e a t e r and 

that rhp hole walt s OVPT t h i s in tp rva l were to be maintainpd at !00 °C. 

One f inal problem to be overcomp was se!PC t ion of a reasonable in s i t u 

th .p r . - l conduc t iv i ty for use in thp model. Solut ion was g r p a t l y 

f a c i l i t a t e d by the observa t ion that a f tp r t h i r t y day? , both oufpul 

wattagps of rhp heafprs and isotliprm p o s i t i o n s had c t a b i l i z p d R<-> tha t 

s t eady s t a t e heat conduction formulas could bp applipd to thp t i p I d fpst 

d a t a . Using tempprature. g r a d i e n t s in the formar ion at thp h e a l T 

midplanes and assuming the 50°C isotherm to be roughly s p h e r i c a l , if 

followed that thermal c o n d u c t i v i t i e s between 1.3 ( S i t e One) and 1.8 ( S i t e 

Two) W/m°C were requi red to d i s s i p a t e the pnergy put in to thp formation by 

the h e a t e r s . In order to see whether in s i t u water toss had the same 

e f f e c t on thermal c o n d u c t i v i t y , as noted in the l a b o r a t o r y ( F i g . 28) , the 

region c lose to the h e a t e r at S i t e One was a lso examined. A s t e a d y - s t a t e 

l inp-source . approximation ovpr the Temperature i n t p r v a l 100° to 200°G 

ind ica t ed that a t S i t e One an e f f e c t i v e conduc t iv i t y of about I.B W/m6C 

was app rop r i a t e for t h i s r e g i o n . Apparently in s i t u c o n d u c t i v i t y of 

Conasauga shale does not decrease sharply when an area is dehydra ted ; an 

obse rva t ion tha t i s probably r e l a t e d to the confinempnt supplipd by the 

surrounding formation and thp weight of the over ly ing rock. 
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Because both the cho i r e of isotherm loca t i on and temperature g rad ien t 
are to a degree a r b i t r a r y , rhe in s i t u va lues were taken only as an 
i n d i c a t i o n of the range to be cons idered in formulat ing the. model; a 
parametr ic study was c a r r i e d out using temperature independent thermal 
c o n d u c t i v i t i e s of 1.5, 1.75, and 2 .0 W/m°C. Assuming for the moment that 
convect ion plays a minor ro le in the heat t r a n s f e r p r o c e s s , i t follows 
from F ig . 35 t h a t an in s i t u c o n d u c t i v i t y of about 2 W/nt°C would be 
app rop r i a t e to account for the energy imparred to the format ion. A 
comparison between ac tua l and computed isotherms using t h i s 2 W/m°C value 
i s shown in F ig . 36. In the far f i e l d , agreement between computed and 
actual i so therms i s good; but as one might <-xpect, a t t empera tures above 
100°C the re i s a c o n s i s t e n t upward displacement of the f i e ld i sotherms 
that may r e f l e c t the upward motion of steam. In t h i s r e g i o n , t h e n , i t was 
va l id to inqu i re whether convect ion had s e r i o u s l y a l t e r e d the heat flow 
p a t t e r n from whal L'.-'jld be pxppcted on the b a s i s of conduct ion a lone . The 
problem of modeling a heat source in a w a t e r - s a t u r a t e d porous medium was 
t r a c t a b l e using the code SHAFT i f the c a v i t y around the h e a t e r was omitted 
from the model. Figure 37 i s a comparison of the p red ic ted p a t t e r n s of 

mass and heat flux assuming the formation to be i s o t r o p i c and to have a 
permeab i l i ty of 100 m i l l i d a r c y s . As one might a n t i c i p a t e , c lose to the 
hea te r the d i r e c t i o n of f lu id flow was found to be e s s e n t i a l l y v e r t i c a l 
and of cons ide rab ly g r e a t e r magnitude than tha t observed in the far f i e ld 
environment . The energy f lux , however, i s roughly symmetrical around the 
h e a t e r raidplane. This i s expected when conduction i s the only means of 
hea t t r a n s p o r t . Some p e r s p e c t i v e on the problem may be gained by nor ing 
tha t a f t e r s i x ty days , ( the time for which Fig . 37 was computed), ac tual 
hea te r wattage at S i t e One was about 7 kW while the energy consumed to 
b o i l the water involved in the convect ion model was l e s s than 1 kW. Even 
in the region close to trip h e a t e r , conduction was the dominant mode of 
heat t r a n s f e r ; t h i s s t rong ly sugges t s tha t the i n i t i a l e s t ima tes of in 
s i t u c o n d u c t i v i t y need not be revised to include the e f f e c t s of convpet ion 
at the s i t e . 



c'*'M~'ii~swVc,~ 

F ig . 35. Comparison Between Actual and Computed Power at S i t e Onn 

Fig , 36. Comparison Between Actual and Computed Isotherms 
at S i t e One (°C) 
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F i g . 37. Computed C i r c u l a t i o n and Heat Flu 

Mechanical Analysis 

Figure 38 summarizes the RXtensomPter data from Sir*1? One and Two . 

Genera l ly , motion i s e i t h e r u n d e t e c t a b l e , or po in t s tend to movp apar t 

r e l a t i v e to one ann thpr . Re l a t i ve movement ,jas betwppn 10"^ and 10"^ 

cent inefer per cpntimpcpr of anchor s e p a r a t i o n . 

I n t e r p r e t a t i o n of these da ta was hindered by the l i m i t a t i o n s imposed 

by the extremely complPX na tu re nf the bedding pianes and j o i n t p a t t e r n 

p resen t at the s i t e . N e v e r t h e l e s s , i t was poss ib le to get reasonable 

agreement with the spnse of expectpd motion, if not the magnitude, when a 

uniform p o s i t i v e thermal expansion was assumed along with an i s o t r o p i c 

formation. In the V-Bhapfid region extending h o r i z o n t a l l y from thp h e a t e r 

midplane (see Fig . 39) , ex tens ion is p r e d i c t e d , and was in fact observed. 

Above and below t h i s r eg ion , compression i s pxpectpd. Howpver, due to thp 
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p.iuc it y of i n s t r uin^nt .it ion in t h i s arr*n , it i ̂  n i t possib I " to v r i f y 
uhPthr>r t h i s motion occur red . Had fhr> formation c o n t r a c t e d , r a t h e r than 
r-xpandfd , t ho bound a r ir*« bo t woo n thf two rop i ons would romni n in th" s a w 
p o s i t i o n , but tho s^nsn of motion would liavf b ^ n r e v r r s n d . A positive* 
•b^rmal f»x pension b<"l ow 100DC i s a l s o c o n s i s t e n t with tli<-- qcanl data 
ava i lgb ln from thf Crfarf gauges ( F i g . 40) for that period of t imo whr*n 
the gauge- housings WPTP not b^ing af f fc t^d by tfmpcraturr* changes . TV' 
d i sc repancy bmwpon fhn f i H d data and t hn infer red behavior basr*d on 
l abora to ry moasurnm^nts again i l l u s t r a t e s thf important ro!r* played by thr> 
loss of watpr dur ing l a b o r a t o r y mfasurnrnonts on a r g i l l a c e o u s rooks, it i s 
a l so apparent that only in th<* immr'ci iat o v i c i n i t y of t hr* hea te r wil l 
s ign i fie ant d i sp l acr-m^nt s occur , i r re-spec t i.vn of wh^thpr expansion or 
c o n t r a c t i o n accompanies hea t ing of th<* formation. 

<E RELATIVE EXTENSION) 
(C RELATIVE CONTRACTION) 

Fig . 38. Summary of Vort ical Extonsometc-r Data(holr> numbers 
and PxtPriRoniPtPr anchor l o c a t i o n s arr» ind ica ted in 
the above key) 
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F I R . 39. Predic ted Regions of Vor t ica l Extension and Compression ( v e r t i ­
cal and h^r i zontal dimensions are in motors) 

il MtiWU «. '1-W -U[r, 

Fig. 40. Summary of Horizontal Croare Gauge Data. Zero degrees, 45 
degrees, and 90 degress denote the angle between the gauge axis 
and a radial vector from rhe heater hole passing through the 
gauge. The bottom trace shows the temperature at tho gauge as a 
function of time. The useful portion of the stress (positive) is 
noted in the radial direction as is predicted by calculation 
assuming a positive thermal expansion coefficient. 
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VII . SUMMARY AND CONCLUSIONS 

i'h'1 Conasauga Experiments wi^rr not intended ' o fo l l y answer the 
complex ques t ions forwarded by the needs of nuclear wa^re d i s p o s a l . 
Rather, the experiments were made to iden t i fy phenomena tha t may be of 
importance to the d i sposa l problem, and may, indeed , i n d i c a t e a reas w<i"f' 
furore research would be most h e l p f u l . There js s u r p r i s i n g good a^reemrnt 
between thermal models and f ie ld d a t a . It w,is concluded, for i n s t a n c e , 
that many of the p o t e n t i a l l y troublesome fea tu res of t h " s i r e proved 
l i t t l e t r o u b l e . From the s t u d y , i t seenss safe to g e n e r a l i z e , t h a i , except 
where ground water c i r c u l a t i o n t.s demonstrably g r e a t e r or the in s j ru 
contact r e s i s t a n c e on cracks s u b s t a n t i a l l y h i g h e r , simple conduction 
models wi l l su f f i ce to g ive an accura te p i c t u r e of the heat d i s s i p a t i o n 
c h a r a c t e r i s t i c s of lhe format ion . It i s 1esi c1 ^ar that such simpl i f yi ng 
assumptions can be made i n modeling a formation '^ mechanical r ' - s p i n ^ . 
Indeed, the tox tura l v a r i a t i o n s from one l o c a l i t y to another in a " s h a l e " 
are s u b s t a n t i a l ; they are probably of s u f f i c i e n t importance t o r e q u i r e 
add i t i ona l t e s t i n g before a general p i c t u r e can emerge. I t , t h e r e f o r e , 
seems app rop r i a t e to review some of our exper iences as they p e r t a i n to the 
des ign of future experiments and, where p o s s i b l e , to recommend add i t i ona l 
e f fo r t where i t would be p r o d u c t i v e . 

S i t e Se lec t ion 

A number of major c a t e g o r i e s of a r g i l l a c e o u s rocks may be defined on 
the b a s i s of I) t ex tu rn (bedding , j o i n t i n g , e t c . ) , 2) mineralogy ( i l l i t i c 
v s . monCmor i l lon i t i c ) , and 3) o the r parameters such as organic and s u l f i d e 
c o n t e n t , or hydrologic s e t t i n g . In choosing a s i t e for an experimentj 
careful cons ide r a t i on should be given wherher those fac to r s governing 
parameters of concern a r e , in f a c t , determinate, in e i t h e r a s t a t i s t i c a l or 
i nd iv idua l sense for the volume of rork to be affectod by the t e s t . Given 
the v a r i a b i l i t y of a r g i l l a c e o u s r o c k s , i t i s a l so evident tha t a v a r i e t y 
of geo log ic s e t t i n g s r e q u i r e t e s t i n g before g e n e r a l i z a t i o n about the 
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behavior of a p a r t i c u l a r p roper ty can be made, Considerat ion should br> 

given to the s t a t i s t i c a l s i g n i f i c a n c e of running Two t e s t s in even a 
r e l a t i v e l y w e l l - c h a r a c t e r i z e d geologic s e t t i n g . In terms of s imula t ing 
repos i tory cond i t i o n s , as opposed to code veri. f icat ion t e s t s , i t i s 
obviousl y pro fe rab le to pick a s i to at depth , in a mine . For experiment v 
not involving la rge q u a n t i t i e s of r a d i o a c r i v e m a t e r i a l s , one might 
i n v s t i ga t e th" possib i 1 i t i es presented by coal , s a l t , or uran ium mines in 
which shale i s exposed. Even in the event of a n e a r - s u r f a c e exper iment , 
s i t tng in an abandoned quarry or s t r i p mine is p r e f e r a b l e to a s e t t i n g 
where several meters of so i l must be pene t ra ted to reach bedrock. 
Regard ing the spec i f ie probl em presented by mode rat e 1 y j n i nted rock" , sor^e 
unders tanding may be g.-lined by choosing a region where j o i n t s a re 
r e g u l a r l y spaced at i n t e r v a l s of One to several f e e t . One might then 
ca r ry out seal ed (beer'.i) experiments on j o in t ed bl ocks and use t h i i 
response to model the expected disp? acement , thermal conduct i v i t y , e r r . , 
from a f u l l - s c a l e hea te r exper iment . By c h a r a c t e r i z i n g ind iv idua l j o i n t e d 
b l o c k s , i t should be p o s s i b l e to gain a s t a t i s t i c a l p i c t u r e of the degree 
of v a r i a b i l i t y in j o i n t - s u r f a c e c h a r a c t e r i s t i c s over the s i t e and frr*n the 
f i e ld t e s t a s sess whether t h i s sor t of j o i n t s e r i o u s l y a l t e r s rock 
behav io r . In the case of a pe rvas ive ly j o in t ed and bedded formation, it 
i s evident that such an approach i s not a p p l i c a b l e ; i t may be that the 
only opt ion a v a i l a b l e i s that a l ready c a r r i e d out in the Conasauga 
Experiment. At the o the r ext reme, the p o s s i b i l i t y of an unjointed shale 
has yet to be assessed experimental 1y. In t h i s i n s t a n c e , i t i s probable 
that only a montmori l1oni t ic shale wil l be found that has a s u i t a b l e 
t e x t u r e , and that water loss wil l play a s i g n i f i c a n t ro le in i t s behav ior . 

Heater Design 

Although the Conasauga h e a t e r s have performed s a t i s f a c t o r i l y , 
severa l mod i f i ca t ions would be h e l p f u l . At p r e s e n t , i t i s thought 
necessary to cool the. terminal region of these h e a t e r s by c i r c u l a t i n g a i r . 
It would be p re f e r ab l e to have a more c o r r o s i o n - r e s i s t a n t terminal s e c t i o n 
and to e l imina te the cool ing a i r a l t o g e t h e r . In any c a s e , a d d i t i o n a l 
thermocouples should be i n s t a l l e d atong the va r ious metal appendages 
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If.id ing to the h e a r e r . '!>»='r" shoul d be si;f f i c i f-nt I herrnocoupl r.s ro pTmi t 
a r igo rous r a i r ill at ion if the h "-at rrarts for al ong tho«in wmbp rs . 
Addit ional thr-rmocoup'os on the hea te r sur face would be helpful in 
del inoat ing act UP'1- s u r f a r " t "mprrat ures , a par ame t or of snmo cons idorab lo 
ronmrn nynn in simple thermal final ysos . L)osigning -in in l»rna l hoat'-r 
element array wou Id resul I in more uni form IK-a for Mir f f l f t emporat ures or 
perhaps in a d i st r i.but ion more ropresr-nt at i v of I hat oxp'-c tod on 11 if 
ox; I'rnal •iur f ace of an act ual wast e rani st or . In ret rosport , t ho doi.M ••• 
redundancy o! ho af ing el ojnont s in I \\n Conasnug a IK-a I r-r s •s f̂in •= I o bo 
unnecessary . No no o [ t ho ho at i ng "1 omont •; have f ,ii I "d to dat o nnil '-v-n 
undor t ho ox I romnl y wot rond i I ions of t ho Conasauga Kx per intent I ho r " " T V ' 
ho at ing c a par it y provod unnecessary . F i n a l l y , it i c a I so n e m scary i o 
have a ^ood cont ro l on what I ho hea te r wattage is at a l l t iroes, s i . i to 
energy ba lance? a m one of the more usoful chocks on format ion b ' -havior . 

In t ho ope rat ion of I ho ox per intent , a number nf proh i ^ms sroso ,\x,t. i ••> 
the presence of a cavi t y above the boa t e r , I n i t i a l gt r nmpi s to doer en so 
the sizn of t h i s space by piac i ng a pac ker at t ho base of t he ens i ng 
proved unsucross tul , and dove Iopn<->nt of a re I i able par ker may be ,if<HH i n 
future experiment at i on . An a l t e r n a t i v e p o s s i b i l i t y i s that of back­
f i l l i n g the ho l e . The use of cement for t h i s purpose c l e a r l y prec ludes 
h e a t e r recovery . However, i f fine sand in te r spe r sed with th in l a y e r s •-> f 
Closs pormeable) c1 ay wore used it might be possi ble to open the hole with 
a jo t of compressed a i r (or water) in the nvnnt of an emergency or u\ I he 
concl us ion of the oxpor iment . If dur ing a future tost an open cav i t y i ^ 
to remain above a hea te r it should contain suf f ic ien t thermocouples to 
ensure t ha t the temperature d i s t r i b u t i o n throughout the c a v i t y may he 
measured. 

Si to Ins t rumenta t ion 

Due. to budget l i m i t a t i o n s , thermal ins t rumenta t ion at the Conasaugn 
S i t e s was not e x h a u s t i v e . In r e t r o s p e c t , i t i s appa ren t , tha t some 
sensors should bn omplaced along al1 four p r i n c i p a l d i rec t ions and 
p r e f e r a b l y along somn of the 45 degree d i r e c t i o n s as w e l l . A complete 
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" " . s o r a r ray is par t ic ul ar 1 y import ant in an a n i s o t r o p i c med ium Uinrn 
ronvnerivn f luid flow may be expected to play a par t in heat t r a n s f e r . In 
add i t ion to thTmocouptn 1 ; located at 0,61 m, 1.2 m, 2.1 m, and 3.3 n , i t 
would al^o b<> highly d e s i r a b l e to hdve a means of sensing h e a t e r - h o l e wall 
temper at u r c ; .ind t hnrmal coup! PS at rad i i of 4 . 5 , 6 .0 , and ? . 6 merer s . As 
far ,ie depth of emplacement is r o n r r r n ^ d , coverage should extend from 
several meters below the bottom of the hea te r to a depth shallow enough so 
t bar i i will he poss ib le to cl OSP i he i s n t h n r a s in upward d i rec r ions . It 
should be noted that d r i l l i n g of fh" hea te r hole 0 .6 mPtnrs from an open 
inst r urrrnnt at ion hoi e did not r e s u l r in broakth rough d e s p i t e the f r i able 
n.-.t \.:v of t he Conasanga lorm.ir ion . 

In s i t u dererminat ion of the mechan ical response of a fonr.at ion is 
roost m a d i l y approached by measuring the acrual d i sp l acom^nt s tha t occur 
in the ( i f l d . A number of v e r t i c a l exiensometers wore em placed at var ious 
depth 1; in trie Conasauga t e s t ' s ; houpver, t h e i r number was wholly inadequate 
to c h a r a c t e r i z e the response of a geologic s e t t i n g as complex as rhar at 
the Conasaui;a s i t " . On rhe b a s i s of Fig. 40, ]) i t i s apparent that the 
posi t i ouing i s most c r i r i c a l within a meter of the cen t r a l hea te r s i t e , 
and, 2) I ik" the thermocouples , the a r ray should extend over a 
cons ide rab le hor izon ta l and ver t ic al extent . In the Gonasauga t e s t s , the 
attempt was a l so mado to mpasur" the in s i t u s t r p s s p s in rhree ho r i zon ta l 
:t i rec t ; ons . Un fort un at el y, such measurements invar iabl y depend on a 
d isplacement measurement and an equat ion r e l a t i n g t h i s d i s p l a c em^rit to 
s t r e s s . In a d d i t i o n , probi ems unrn encountered in Rett ing the gauges at 
the bottom of a d r i l l ho l e . The number off s t r e s s gauges was a l so 
inadequate to c h a r a c t e r i z e the behavior of that complex geologic s e t t i n g . 
It fol lows , t h e r e fore , tha t in the immed i a t e future. , work should be 
d i r e c t e d towards developing r e l i a b l e in s i t r displacement measurement 
t echn iques . If the ope ra t iona l problems could be overcome by choosing the 
s i t e j u d i c i o u l y and by dovnloping appropr i a t e measurement t e c h n i q u e s , i t 
would be h igh ly d e s i r a b l e to run a s e r i e s of t e s t s to determine whether 
e x i s t ing computer codes are capable of pred ic t ing at 1 east the 
displacement i f not the. s t r e s s , even in a very simple in s i t u geomotry. 
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Inst runiont at i on Ijovelopmont 

Stimna i- ies of tho i n.idoquac if s notod in the -,grocr<d i nj; p/i^"^ or 

oncount o r^ i duri ng HIP f if 1 d ing of the tos t ,irf : 

I . More rol i ab le the rm neon pi nt a f roqui. ro<j for t f i f i I ast i n£ in 
(>xcr";« o| cpvnral month". An . i l t n rna tp mot hod oC implant ing t h e r m o c o u p l e 
may be rofjn i rod . S"voral import ant thormocoupl os wor" lost dtir i ng tho 
t ' - s t . It is poss ib lo that cor ros ion of rho ! iierrnocoupl o sheaths was 
nrrnni unted by ( ho si rongl y basic oiivi ronrnont , Th i s co r ros i on apparonl1y 
rcii i l tPil from thf sho.it h i b" i ng gronlnd in pi arc . A l t e r n a t i v e l y , a 
t omper.it ii re grad ient 1 f s e v r s l hundred decrees over several mot ors may 
havo rf i i i l tod in one ond becom ing suf£ i c iont 1 y anodic to occo lo ra to 
cor rot: i on oE what i * normal ! y a r e l a t i v e l y i nert not at . 

2. A r e l i a b l e moans o[ measuring hoa to r -ho lo wall temperatures 

witliour d i s t u r b i n g boat t r a n s f e r is d e s i r a b l e , 

3 . More devnl opment al research i.s necessary bn £oro wo can adoquat o | y 
measure a format ion ' s mochanical rospnnso. F i r c t p r i o r i t y , however, 
should bo given to do vol oping a syst om capabl o of measuring 1 ar oral as 

wo 11 as v o r t i c a l d i s p l acements in tho wal 1 s of open hoi os bTausf. t h i s 
problem is e a s i e r to solve than that of measuring t t r n ^ . Noxr, tho 
problon of st ross dotorminat inn should rocoivo a t t o n t i o n . It should bo 
kopt in mind t ha t a) tho system must oporato in tho £io]d with i t s 
a t tondant wind and woathor, b) measurements must bo made ar depths of many 
motors in holes but a few ron t imo to r s i .i d iamotor ; c) some hnlos may havo 
a p ressure t ight cap, d) tho c o l i b r a t i o n must remain good ovor severa l 
hundred degrees cent i grade and o) i t roust bo poss ib lo to anchor tho down-
holo par t of tho sonsor in rocks which may bo of a h igh ly f r i a b l e n a t u r e . 

4 . An adap ta t ion of tho krypton-85 t r a n s r o i s s i v i t y appara tus to a l low 

for pe r iod ic de te rmina t ions dur ing tho course of a t e s t without d i s t u r b i n g 

the cond i t i ons of the t o s t would be most in fo rma t ive , p a r t i c u l a r l y i f i t 

were developed in conjunct ion with an acous t i c sens ing system for 
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d e t e c t i n g cracking wi th in the formation. This would he lp us determine 
when s i g n i f i c a n t changes had occurred foltowing a t e s t of severa l month". 

5. I t would be helpful to develop a heat flux t r ansduce r capable of 

wither and ing the r igors of a down hole envi ronmenl and capable of 
func t inn ing at severa l hundred degree.p cent igrade . Obv ious ly , a means o f 
imp!ant at ion i s a l s o r e q u i r e d . 

Laboratory and Modeling A c t i v i t i e s 

In the f i e ld of rock mechanics , the mechanisms r e s p o n d ble for 
displacement and f r a c t u r i n g when the s t r a i n r a t e s a r e very slow, r e q u i r e 
invest igat ion and incorpora t ion in to pred ic t ive models, At p r e sen t , the 
e f f e c t s of in s i t u s t r e s s e s , j o i n t i n g , and bedd ing are a l so l a rgo ly 
unexplored. In the f ie ld of ma te r i a l p r o p e r t i e s measurement, the 
importance of doing the t e s t s in such a manner that the conf in ing p ressu re 
and ra te of dehydrat ion match the f i e ld s i t u a t ion has been c 1 ear Iy 
i l l u s t r a t e d . I t i s a l s o evident t ha t s tandard eng ineer ing measurements 
c a r r i e d out on a smal1 number of samples wil l not s u f f i c e to g ive a 
p i c t u r e of a n a t e r i a l ' s behavior that i s adequate tor the purposes of 
waste management. The e f fec t of time, has not been adequate ly s t u d i e d . 
Chemical reac t ions involving s i l i c a t e s are t y p i c a l l y s i u g g i s h ; t o 
a c c e l e r a t e the r e a c t i o n s by using e levated temperatures involves the r i s k 
tha t n o n r e p r e s e n t a t i v e mechanisms may dominate the behavior of the sample 
dur ing the t e s t s . At the e a r l i e s t poss ib le d a t e , long-term l abo ra to ry 
t e s t s a t modest tempera tures and p res su res should be i n i t i a t e d . In 1ight 
of Our present lack of detai le .d knowledge, i t i s encouraging to remember 
t ha t r e l a t i v e l y simple models could be used t o f i t much of the Conasuage 
thermal d a t a , and that the empi r ica l parameters deduced from t h i s f i t were 
g e n e r a l l y favorable for the purposes of waste d i s p o s a l . 
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APPENDIX A 

Grout Spec i f i ca t ions 

Th" g rou t s used for the Heater Experiments were designed to 
provide a m a t e r i a l which i s a reasonable match to the thermal 
condur t i v i r y p r o p e r t i e s of the rock in p l a c e . The cedent content wa^ 
reduced by the use of f lyash (or Pozz) to keep the cur ing tempera ture 
of the grout below 150°F so that i n s t r u m e n t a t i o n cab l e s would not be 
damaged. Two percent gel was added to reduce s e t t l i n g and bleed Ing 
before harden ing . The s tandard grout was 502 cement/502 Pozz (by 
volume). For the holes con ta in ing s t r e s s gauge*, expansive g rou t s 
were designed by s u b s t i t u t i n g expansive cement for par t (o r a l l ) of 
the Class A Port land Cement. 

The weights of each m a t e r i a l to provide 1 rubif muter of grout 

s l u r r y are l i s t e d below (kg /n r of g r o u t ) . 

Standard Oak Ridge 

50/50 Poss Expansive 

Class A Port land Cement 607 366 

Chem St ress Cement - 241 

Chem Comp Cement 

Flyash (Pozz) 472 472 

Gel 21 21 

Water 620 620 
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Thf physical p r o p e r t i e s for a l l g rou t s Art1 as fol lows: 

Density 1.69 g/cm 3 

28-day linconfined Compressive 
S t reng th 27.6 MPa 

Coefficient of Thermal 
Expansion 13.2 "C" 1 

Thermal Conduct j v i t y , ]6°C t o 
6«°C 1.1 W/m'C 
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