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ABSTRACT 

A« e l c c t r t c ^ I y Jvc:vte<i t^3', !»( ncc:<mt wj^lc sitvAilairt in grani t ic r i c k was 
LontluctucJ to demonst ra te the feasibility of the concept af deep rock nuclear waste 
disposal am! to obtain design data, This repor t desc r ibes the deep rnck dis]K)!»a] 
sys'i!::;s study and the design and mun i t ion of the first concept feasibility test. 
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SUMMARY 

A sys tems study was performed Co compare var ious me'"u*dt* of permanent nuclear waste 
disposal . One of the most promis ing methods was fotind to be bur ia l of solidified, uncontained 
high-level waate in holes dri l led deep into bedrock. Heat generated by the waste would melt the 
surrounding rock, and the molten rock /was te mijtture would l a t e r resolidify into a low solubility 
mat r ix when the heating ra te decayed. A concept feasibility experiment was conducted to demon­
s t r a t e this disposal method and to obtain substantial Input data for analytical s tudies . 

A test ing method was developed by which nonradioactive waste s imulants can be tested in 

represen ta t ive bed rock without requir ing expensive field t es t s with potentially hazardous radio­

active waste. The waste s imulant consisted of s table isotopes of representa t ive waste or chemi­

cally s imi l a r e lements and was heated e lect r ica l ly with a r e s i s t ance heater . The simulant was in 

a cyl indrical hole in the center of a 3 x 3 x 4. 5 foot block of doler i te bedrock. The simulant and 

surrounding rock were heated Co 2400° F BO that the mat r ix became fluid and natural convection 

cel ls were se t up in the mel t . Instrumentation consisted of thermocouples in the melt and in the 

unmelted rock, s t ra in gages , and sonic t r ansduces . The operation of the test was successful, and 

all the des i red data were obtained. Digital t he rma l s t r e s s and heat t ransfer codes gave good 

approximations to the actual t empera tu res and crack pa t te rns observed in the experiment . 

Even though the rock cracked, there was no lo s s of the melt because the c racks were self-

seal ing. Thermocouple data provided enough information to determine the s ize and effectiveness 

of the convection cel ls in augmenting heat t ransfe r . The method of handling liquid expansion used 

in the experiment should a lso be effective in an operational configuration. 

The doler i tc test rock is being sectioned, and the posttest analyses will include (O chemical 

analyses ; (21 c iysta l lograpby; (31 measu remen t s of porosity, leachabili ty, conductivity, and v i s ­

cosity: and (4) mapping of convection ce l l s . The tes t data and posUest analyses will be used (1} to 

de termine the effects of convection, the mixing and stratification of the rock and waste, the degrada­

tion of the surrounding unmelted rock, and the integrity of the raqk/wae 'e matr ix ; (2) to evaluate 

the accuracy of analytical methods and laboratory exper iments , and (31 to visually demonstra te the 

concept feasibility. 

This report descr ibes the initial sys tems study, the experiment design and operation, and shu 

pre tes t analytical ana lyses . The final repor t will contain the test data, post test analyses , and e x ­

clusions. All t e s t s and analyses to date have indicated thai this concer ' should be feasible even 

though some engineering problems were uncovered. 
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DliliP ROCK NUCl.l.Ml WASTJ-: JJJaPUSAL Ti;ST: 
DESIGN VD OPERATION 

Introduction 

Nuclear ruactors can supply a large part of our future energy needs, hut to do so it will be 

necessary to manage radioactive wastes In a manner that pot :s no threat to people- ;*nd environment. 

Or particular Importance are the high-level wastes which remain biologically hazardous for an esti­

mated half million years (Refurcnco 1}, Projected properties of the high-level waste inventory by 

the ye^r 2DDD arc Rlvtta in TnWe I from Reference 2. The last two groupings in the table give t!;* 

quantities of air or water that would be needed to dilute the waste tc a ^evel acceptable for inhalation 

or Ingestion, This convenient measure of toxicity is set by tht il< S, Governments Radioactivity 

Concentration Guide, 

TABLL: I 

Pro jec t ed P r o p e r t i e s of the l l tyh-Lcvol Waste Inventory in the Year 2000 
Baaed on an Accumulated Volume of -170,000 f t 3 of Sobd Waali.' 

Type o fWaa ic 

AH h i g h - l o r el w»»ic 

Toia l f i u l e n p rodec t* 

2 r 

Tc 

C B 

Cs 

03 

OEJ 

135 

m 
Tola? ac(L=iitts 

Th 

P u 

P i ' 

229 

238 

!39 

Am 

C m 

C m 

141 

*44 

245 

Total tfor each p rope r ly ) 
Accumulated by Year 2C0Q 

R u d i w t t v U r f i P " s C i j _ 

150 0M 

H 3 M D 

n aoo l , a 

0.332 

2 ,02 

0.07B6 

l&OliD 

1650 

214* 

a.73fl 

0.31S 

Total ffor each p re Amy* 
After Gr/en .Vumber of Years A cer the V w r 2500 

1003 I 0 4 10 5 • o 6 

20.2 14. "3 4.45 1.51 

4.27 4.15 3. IE C.6&3 

- V *. -

0,392 

2. . I 1 * * 

O.30Q 0.374 

2 . M 1 ' 2 

0.247 1 

0,111 

o.o?a.L 0.01M 0.076B 0.0624" 

34 8 

O.OCOl 

JC.4 

0.005A 

1.57 

0.0453" 

A-

O.COS53 

0.0011 0.0091 0. 034G o.oesi1 

n.tSJ - - -

0.919 I . N 1 0. 2itl -

M . * 1 ?. 13d *. _. 

0.292 0.137 

F i s s i o n p r W u c t i 
AelL-iides 

The rma l power (kW) 

614 D0D 
SO 703 

4.94 
931 242 

2,50 
33 . * 

0.1S3 
IS.4 

ActL-udes 

Inhalation h a i a r d (m a l r l 

6 .60 s 10 
6. E2 i 10" 

I . T i n 10 
2 . 1 6 s 13 

15 
2D 

1.64 l i d 
B. 34 i 10 

IS 
19 1.27 * I? 

7 . 1 * i 13 
:s 
19 

U - O x K 
4 .09 x 1G 

14 
IB 

F i j s i o n produc t* 
Act in iae* 

lncc ihoj* h i c a r d fm water 1 

4 . 9 9 x 1 0 1 * 
2 .17 x 10 1 " 1 

) . 7 3 * 1 0 1 0 

i . 81 * 1 0 1 3 

i . : c x l r 
5.31 3L 10 

10 
12 

1.29 x 10 
2.31 x 10 

10 
12 

2-31 x 
S. 63 x 

10 
10 11 

T t » » e t iu i l Jdt* control the lfiSilalioa haxa rd i t lh< i ad ic» t td t ime . 

Ttre** £u£l i£ t» coatro3 C M la£*»tloa J u u r - d i t ih* l n i i e » : e * t i c * . 



\> ^eeu from Kiguro 1 ifniTii Reference H, fission pmduclK are the must i>*\ic w.i.ste compo­

nent lor the first 5G0 years after the waste is rem^i-ed from, the reactor and the ;uUnnh.'S .^nj their 

M:IUI:IIKT products are the most toxic thereafter. 

I'issn-o products are formed by the ftssion of uranium or plutomum. The most toxic are 

*itrorui'J:r.-r\|, ^esiem-137, and krypton-85. Others whicli arc less towic include zircoaiur.i-33, 

tellurury.-fy, :«liat-139, cesium-135, and technetiu-n-'lu. With 11MS exception of ;odine-12*j, 

which ii;i>, a half life oi 1. SC* x 10 years, the half Hves of the dom.ir.int fission products are gener­

ally less than. 50 years; so after TOO years the fission products' activity is less than 10 the original 

iuvt-; (Reference 2). 

Aciinides fi'aich include radium-225, thoriutn~2"J9, nHiioniuTn-238 ;md -22£. iimcriciJir.-241, 

and cur:„m-244 and -245 are formed by neutron absorption of the uraniurr. or thorium fuel. They 
244 

are all very toxic and have hr.lf live- chat range ft ozzi 17.0 years for Cm tc 24,390 years for 
239 

Pu . It is the actinides that m^ke high-level waste toxic for so many year; 

bj the case of permanent geologic disposal, the mos^ likely haiard would b*; contamination of 

water- If this happened, the ingestion f' zard wovild !>e primarily fro-. Sr anri Cs for the first 

350 years. After 350 years, these fission products decay to a level that wouiu make the nc^nides 
DO 135 °3 

and Tc t Cs , and Zr* the dominant potential hazard (Reference 1J. 

Light water reactors consume 20 tons of fuel rods for each fligawatt year of electricity they 

Generate*, When this amount of spent fuel is processed, about 25 m of liquid high level waste or 

2 m of solid high love! wsste is produced, in 1G70 the annual production of solidified high-level 

waste was only 4. S m /year. By the year 2000 the predicted nuclear electric v̂ ower capacity is 
12 

cxoecte<S to be as high a* 1. 2 x 10 watts. Depending on the predicted power capacity iind thu 

soiid va^te form, estimates of the solid high-lev^l waste production in the year 20DO range from 

1300 m 3;'ycar (Tchle II from References 2 and 2) la I .'50 *n 3/year VTaKc III from Reference •*>. 

The accumulated volume of high-level waste cou*d be as hijjh ay 23, Fi00 ™ by '.iODD «nd ha-'t; a radio-

activity level of 320 gigacurics. Containing or disposing or this quantity of wnsie in > manr.tr that 

is technically feasible and political" J socially acceptable is a serious problem. 

Currently, government high-level waste is being stored as a liquid or slurry m tanks ,-it 

Savannah Rtvcr, South Carolina, and )tenfordt Washington, and as a calcined solid in steel bini 

inside ^nncrele vaults at the National Reactor Testing Station in Malta, Commercial hich-lqvel 

wastes are being stored in an acidic aqueous form in stainless steel tanks at the processing plants. 

Federal regulations (Reference 51 require these tastes to he solidified within 5 years after they 

arc generated and the stable solids to be shipped to a federal repository within 10 year*-. There 

are four basic processes for converting liquid high-level wastes to solids. The characteristic of 

each solid are given in Table IV from Reference G. A borosilicatc glass solid is ,*l-,o formed by a 

process similar to that by which phosphate glass is formed (Reference 1). U has a higher melt 

temperature, thermal conductivity, density, and fission product capacity and a lower leach rate 

than does phosphate glcss. 

http://dom.ir.int
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ID 
Total 
F i ss ion products 
Actinides 
Sr+Cs 

10 

± 
10 1CT 10 i o 5 i o 6 io' 

Years After Discharge from Reactor 

Toxicity of was tes from light water r e a c t o r s 
with 99. 5 percent removal of uranium and 
Plutonium. The upturn at 1 0 6 y e a r s IF caused 
by the growth of daughter products not p r e sen t 
in the original m a t e r i a l . 



TAiiLE II 

Full Cycle Waste Project ions lor the Y^ar 20QQ 

Annml Generation Total Accumulated 

Cut t j jo rv of Waste 
Volume 
(10 3 ft3> 

4B 

Act ivi ty 
(MCi) 

IDD 

Volume 
H O 3 f l S ) 

Act ivi ty 

IE, 000 

P o w ^ r 
0tW> 

Hi£h-itvtl vah&lfled 

Volume 
(10 3 ft3> 

4B 

Act ivi ty 
(MCi) 

IDD no 

Activi ty 

IE, 000 73.&QQ 

CUddLnf hulls 
M i . ? , aollda 

7 L 
&7D 

1.4-
2 . 0 * 

750 
5,atm 

35* 
2&* 

24 .000 

Alpha Hoi Id a Z, 500 75* 25 ,000 4 2 0 ' 650 

B c t a - e a m n t a 
T r i t l a t e d w a t e r 
TrJ t ia tcd BOIWB 
Noble p5P 
Iodine (KU 
Mine, so l ids 

1,500 
4 - 5 
a, i " 
0 ,01 

14, 500 

0 . 2 
14 

310 
0 .001 
0-1 

06,00Q 
30 
as 

1 
150,000 

4 
95 

1,700 
0 .01 
o.e 

3 . 4 
a, soo 

o.oos 
* 

O r e ta i l ings a so, oco 0 . 3 15 .000 ,000 4 . 5 -

•Activity of only Lhe actlnldea are included. 
••At 2200 pal* 

TABLE III 

Est imated High-Level Commercial Waste 

but-lied capacity, 103 MW(E> 

Spent fuel proceBfled. metric :on»/ji-

Volume of hlflh-ltvct liquid waste 
Annual production, 10 galfar 
Accumulated, 10 gal (if not aoLldificd) 

Volume of high-level Waste, if solidified 
4 3 

Annual production, 10 ft / y r 

Accumulated, I d 3 f t 3 

1&0D 2000 

150 1 ICQ 

3,000 81, ,000 

1.0 0,9 

4-4 00 

0.V 

44 

B9 

300 

All of these sol ids a r e stable afl long a s the i r t empe ra tu r e s remain below their p rocess 

to.npcratttrcfi. However, if the p roces s t empe ra tu r e s a r e exceeded, voliUzatiotf of same af the 

constituents has been observed and divitrification takes place, with a resul t ing increase in the leach 

r a t e . At o r above 1200°C J boron and phosphate volit iac from the glasses* TLese solid forms were 

designed for engineered s torage and may not bo the bes t Forms l o r permanent disposaV Engineered 

s to rage Is a tempo *ary method of was te management which i s to be used until a safe method of p e r ­

manent disposal o r elimination can be developed. 

At this t ime engineered s torage i s the safest am! most logical method of harming high-level 

was te . However, it cannot bo used Indefinitely- Aside from the moral aspect of burdening future 

generat ions with our waste , there a r e a lso pract ica l r ea sons tor developing a permanent method 

or disposal . Storage requ i res survei l lance and maintenance, and in the half million y e a r s that th t 

waste is toxic many changes in government, social s t ruc tu re , and t e r r i to r i a l boundaries will take 



(•1ji4'i». Since Biflrjjic racilitiuis must be access ib le , they a r e vulnerable to natural phenomena such 
:*s earthquake**. Hoods, and g lac iers and to man-made destruction including wars and sabotage. 
Any of these occur rences could disrupt survei l lance. It is possible thai 3 disposal s i te could be 
lftwl, The expense oJ perpetual maintenance and rebuilding would be prohibitive. 

TABLE IV 

Charac te r i s t ics of Solidified High-Level J>urcx Wastes 

Pot Calcino Sorav Melt 
Phosphate 

C U t a 
Fluid Bed 
Calcine 

F o r m 
Descr ipt ion 

Calcine cat c 
Scale 

Monolithic 
Micro* 
c rys t a l l i ne 

Monolithic 
Glass 

G r a n n l w 
Arnorphous-

F i s s ion -p roduc t m i d c s , m o l e * Up to 80 Up t o 20 Up to 2S Up to 50 

BulkoenaHy, gi^l L I l o 1.5 2.1 TD 3 .5 2 ,7 to 3.D 1.0 t o L 7 

T h e r m a! conducdv i t j , 
B t u f l h r H l l i r C ) fl.15to0.25 0 , 5 t o 1-0 0 .4 to L O O . l C t c n . 2 5 

Maximum heat , * 7 l i t e r of sol id 65 220 190 70 

Le-chabi l i iy in cold wa te r , 
E / ( c m 2 W d i v > 1-D t o i O " 1 1 0 " 3 : O 1 D ' B 1 0 " 1 lo to'1 1.0 to 1 0 " H 

Hordnens Saft Hard Very hard Moderate 

Fr iab i l i ty Crumbly Tough Br i t t l e Modera te 

J les idual n i t r a t e , w l , % £ 0 . 0 5 £ 0 . 0 0 5 £0 .005 £ 4 . 0 

Volume, Uters/JOOO MWdft) ! 10 2 . 5 1.2 to 3 1.5 to 5 L 5 to 5 

Maximum s tab le t e m p e r a t u r e , *C -9^ .0 Phase separa t ion 
lit - 9 0 0 

Devil r i f les 
a t - 5 0 0 

-GOD 

Conta iner TO i t e r 1*1 S U l n l e u a l ee l Wild iicfll o r 
ota inlesa a tea I 

Mild a teel o r 
flUtnlcss e(eel 

Mild cieet o r 
s t a in l e s s «leel 

The idesl solution would be to eliminate the wastes by conversion to a useful o r at leas t a 

safe ma te r i a l . If tills is not pass ible , the next best solution would be Co permanently dispose of 

the was te . A disposal concept mutit rneet the following criteria, to be acceptable. 

1. Waste must be isolated from present and future a r eas of habitation or visitation. 

Some a reas that a r e isolated today may be cen te r s of population in the future. 

2. Waste must not be placed in any potentially useful mineral deposits . 

3. Waste con not be allowed to enter the food chain, water supply, or a i r supply. 

This can be accomplished e i ther by isolation, containment, or negligible leach r a t e s . 

4. The waste should not be placed ir. natural hazard a reas where there a r e frequent 

natural dis turbances such ™s earthquakes or floods. 

5. The waste should be safe from geologic or cl imatic changes ti . e,, the media 

must be stable J. 

6. The waste form should be radioactively and thermal ly s table . The disposal 

method should accept s tored waste uMch has partially decayed as well as 

fresh waste. 
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I . The waste must he immohiJe itAlG$<r it can onTy move 10 a more desi rable localion. 

fl. Cos t s must not prohibit the use of nuclear fuel, 

0 . The disposal method must be maiirtcnpsice fre^ and not h e dependent on political 

o r social stability. 

l i t cover ability has often been mentioned ^s a des i rab le Feature for a dlepaaa! concept in ca se 
a UEC can be found Cor the waste or a be t te r disposal o r elimination method con be foiaid, However* 
if the u a s t e c a n be recovered intentionally, it is also susceptible to natural o r accidentia! exposure-
Recovered waste oould a lso be used for des t ruct ive purposes or blackmail . 

Alternate Methods of Disposal 

There have been numerous sys tems studies to determine which method or methods of nuclear 

waste disposal meet requ i rements s imi l a r to those se t down in the Introduction (References l r i t 4, 

B, 9, awi 10). T>.e newest and probably the most complete study Is the one being conducted at Ba t te l l 

Korthivcai, The following is a synopsis of the proposed mctf-odfl of elimination or disposal of high-

I t vel nuclear was te . 

Separation 

Extraction of the actinides and long-lived fission products from the high-level waste could s i m ­

plify tho disposal of at leas t par t of the Wfcflto, As shown in F igure 2 from Reference 2t the radiation 

from th^ rerttaini-ig abort l ived waste falls wlUvifi the range of natural radiation in about 600 y e a r s . 
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Effects of separat ing short and long-lived high-level c a s t e 

Transmutat ion 

This method would use the nuclear p roces s to change long-lived radioactive waste to shor t ­

lived waste or stable isotopes by the absorption Of radiation. Used in conjunction vfflh separat ion, 

all waste could potentially be converted to short- l ived I s o t o p e s The Indications a r e that actinides 
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c-.m be transmuted In fission reaciora, hut it appears that fission products will require the use of 
.1 fusion rcacior {Reference 8). Most products of transmutation will SU11 require some means of 
permanent disposal, but the hazard time* wnjld be fikorter. 

Intended Storage 

Perpetual use of engineered storage has been mentioned as a disposal technique. The waste 
would be contained in vaults, mined cavities, or in shielded containers on the surface of the earth. 
Cooling would be by conduction or convection. The waste woyld be recoverable, hut the costs would 
be high, surveillance difficult, and long-term safety qucstionab'e. 

Antarctic Hoekjmd Ice Sheets 

Tne advantages of these locations are that all ground water is frozen, and hence immobile, 
and the ice would coo] the waste. Presently, only people with scientific backgrounds visit these 
areas , and presumably they would take proper precautions. The difficulties are that permafrost 
or Antarctic rock is only frozen to a depth of about 300 metres and the temperatures are not much 
below freezing. This means that the waste- would have to be spread over a large area to prevent 
melting. The waste would - Ic i have to be spread over A large part of the continental ice sheets to 
present melting of the ground-ice interface which co'-rtd Increase Ice How. Compared to the haH-
million years that the waste Ju dangerous, the ice flows a re not permanent geologic formations. 
Transportation to these areas could pose a safety problem, and logia' CH at the disposal site wouM 
bo difficult. Currently, both of these locations are excluded by Internationa! treaty. 

Seabed 

Ocean trenches, ocean tectonic subduction zones, deep ocean abyssal plains, and ocean floor 
sediments have all been proposed as repositories for high-level waste. Possible advantages given 
for seabed disposal a re : O) remoteness from normal human activity, [2) good heat dissipation, 
(3) large di lu t ion and dispersion capacity in the event of a failure, (4J low cost, and (5) possibility 
of mineral buildup to provide additional containment. General arguments against seabed disposal 
include the difficulty of containment because of the corrosive environment and the possibility of 
radioactivity entering the food chain if there is a leaK. 

Convection cooling is lost when waste is buried in sediment or tectonic subduction zooes, and 
the waste muse be treated similarly to waste buried on the continents, in Reference 11 it is shown 
that vertical upward diffusion of uncontained radionuclides through the water is the dominant t rans­
port process where sedimentation rates are low. Deep ocean trenches a re remote, but solid and 
liquid transport rates a re high. The same currents that cause high sedimentation rates to cover 
waste now could uls** uncover them within the next 500.000 yea r s . Little is known about tectonic 
subduction and stable deep ocean seabeds. Some seabeds may have little or no lile and tnay be free 
of currents, but much occanographic research is needed before any definite conclusions can be 
drawn* United Stales and international policies do not Tra i t the disposal of high-level wastes in 
international waters* As more in formation becomes available, these policies may chanfic. 



JJxtraterrestial 

NASA has been Investigating the possibility of using the space shuttle vehicle lr> place* high-
level want* trt an earth orbiL The waste could be either left in ejr th orbit or additional r o c i t l 
Stages could be used to fire the waste into a solar orbit, into the flun, or Into deep apace. Direct 
fiun impact is not possible with today's vehicles (HeTerence 8). Cost estimate3 vary, but this is 
probably one of the most expensive concept* *hat has been proposed. In the event of an aborted 
launch or short-lived orbit, the waste could impact either in the ocean or on the continents. The 
container would, therefore, have to survive the environments of all types of seabed disposal and 
also be shielded in case of a terrest ia l landing. In addition. It would have to be able to survive a 
launch pad abort fire, reentry heating, and earth impact- Waste successfully launched into the 
sun or into deep space would be permanently eliminated. 

Salt 

Disposal of high-level waste In bedded salt is being investigated by Oak Ridge National Labora­
tory* Germany i t working on disposal in Bait domes. Bedded salt has the advantage of being the 
older and more stable of the two formations. Salt beds have remained free of circulating ground 
water since they were formed. However, there Is no guarantee that there will be no circulating 
water in the future and flowing water can dissolve a salt formation- Salt is capable of plastic de­
formation. Any fractures in the salt would be self-healing, and filled entrances to the storage areas 
-+'111 eventualty be self sealing. The salt will also flow when heated by the waste. The extent and 
consequences of the thermal flow are net as yet fully known* Other advantages of salt arc btgh 
thermal conductivity, abundance and wide distribution in the U. S., case of mining, and usual 
occurrence in sclsmlcally stable reg ions Other disadvantages of salt a rc that it is highly corro­
sive and ia normally associated with other valuable minerals. Salt deposits arc <;anQld*red to be 
deep enough (ISO to 600 metres) by some investigators but too close to the surface by others. The 
salt bed proposal has been developed further than any other disposal concept, but there a re still 
questions to be answered. The technical work so far has beon with contained waste, but stainless 
steel and ceramic containers could fail in six months to three years {Reference 12V. The melt 
temperature of the salt (1472° F) surrounding the waste could be exceeded, and the waste could mix 
with the molten salt. The behavior of this matrix la not completely known. 

Sejf_Burj_ftl_ 

References 13 and 14 describe a concept by which containers of high-level waste wculd melt 
their way toward the center of the earth. Ft is proposed that high-level waste be placed in a refrac­
tory container and ballasted if necessary to give the container a higher density than tfK rock it pene­
t ra tes . The container would be placed at the bottom of a hole drilled Into bedrock 0, 5 to 2 km deep. 
The heat generated by waste would melt the surrounding rock. As the container settles, the molten 
rock woke would resolidify, forming a permanent seal- The same hole could be used for subsequent 
containers which would melt their way downward in se r i e s . Analyses performed by Logan (Reference 
14) for 1 and 2 m. diameter spheres with various waste loadings in basalt and granite rock indicated 



thai the containers would penetrate between 0.5 and 50 Km before the he.a generation level decoyed 
to s> level that could be accommodated qy conduction. Jt was predicted that some waste/container 
combinations would penetrate the cruet and enter the irantlc. Although this ia an attractive concept, 
the analytical work must be verified experimentally and heat transfer predictions of the interior of 
the container must be made. The most serious problem is finding a container that would survive 
in contact with the waste and all types of rock above the rosk meH temperatures l22uti-2B9u° F) for 
the life of the decent, which was predicted to range from 5.G to 500 years depending on the depth of 
penetration, 

De&p Rock burial 

In this category of nuclear iraste disposal techniques, waste is isolated by placing it deep into 
bedrock well below mineral resources and water {References 4t 15, 16, and 17), Types 0 f 1-QC\i 

being considered are shales, limestones, and sil icates. The waste would be aged to reduce th& heat 
generation ra te and/or dispersed In the rock sufficiently to prevent melting of the waste and rock. 
The waste could be a contained solid which would be placed in a drill hole or in mined shafts and 
tunnels. Hie entrances would be sealed with a material such as cement which is similar to the 
rock. Jt may be possible to retr ieve waste disposed of in this manner. An alternate proposal is 
to hydrauUcally fracture the lower end of a drill shaft using liquid waste. The waste mixed with 
cement would then fill the fractures in the bedrock and harden in place. The advantage of deep 
rock burial a re that the media in insoluble, has low porosity, is accessible in most of the U. 5 . , 
and is usually not associated with valuable mineral resources . The disadvantages arc that the 
rock is brittle and, if cracked, will not seal itself at low temperatures. It may be possible that 
ground water could raach the waste. 

Peep Hock In Situ Melt 

These deep rock In situ melt concepts place the nuclear waste in deep bedrock similar to the 

Deep Rock Burial concepts but differ in the following respects . 

1. The waste is not cncapsuled, and, therefore, success does not depend on the 
survival of a container at high temperatures for long periods of t ime. 

2. Younger and/or larger quantities of waste are placed in each location so the 
heat generated by the waste 1B sufficient to melt the waste and surrounding 
rock. The diffusion and convection currents cause the molten rock and waste 
to mix. After the heating rates decay to a level lower than conduction losses , 
the mixture will resolidify Into a low solubility matrix. 

All or the in aitu melt concept* have the advantages of low cost, high tomperaiuree during the 
time of high radioactivity which will keep ground water away from the waste, dilution of the waste 
by the molten rock, and final solidification into a glassy matrix with a low leach rate . Safety in* 
creases as the burial depth increases. Disadvantages include possible mobility during the melt 
phase. Some configurations ore more prone to migrations than others. Other disadvantages are 



the possibility of the high temper Mures, wh*ch may cause gases to evolve from the matrix, and 
thermal expansion p rob lems 

The in situ melt concepts differ In (1> the sl*c and shape of the cavity in the bedrock, (2) the 
waste form, and (3) the method of filling the cavity- The Lawrence Livermore Laboratory proposal 
(Reference is) consists of placing liquid wastes in a large spherical cavity- The cavity is a deep 
underground chimney formed by a nuclear explosion and parti call y filled with rubble. Cavities 
would be iTjcated underneath processing plants and filled with liquid waste and water- Heat gener­
ated by the waste would be removed during the fill period by boiling the water. After about 25 years , 
the cavity would be full and the liquid waste would be allowed to boil dry. The heal would then befiin 
to melt the surrounding rock. After 90 years , the conduction losses Into the rock would exceed the 
heat generated and the waste/rock matrix would gradually cool. RosolidificatJon would take turn* 
dreds of years . The advantages of this method a re : waste would not have to be transported from 
the processing plant; some low level waste could be left ir the high-level waste, thus reducing "^e 
amount of separation needed; and the waste would not h?^e to be solidified. Most of the disadvan­
tages stem from the large cavity e l ie (see Appendix Ah The concentration of such a large amount 
of heat in t*ic location might cause high cavity pressures and extensive cracking or upheaval because 
or thermal expansion of the heated rock. The large size also means a long fill period when the waste 
is mobile and the cavity is nonplafltic, more possibilities of failure in th* fill mechanism, and a 
longer period when the matrix is molten, A spherical or short cylindrical geometry is more likely 
to migrate when molten than a re other geometries-

Another- configuration described in Reference 10 is n large flat disc-shaped cavity formed 
by hydraulic fracturing of the bedrock- The wast* i» then pumped Into the fracture in the form of 
a self-curing slurry- The melt would then proceed perpendicular to the fracture. Because of the 
extended surface and smaller volume, the melt period would be the shortest for this configuration. 
Control of the fracture and assuring melt over the entire volume would be difficult. 

The third configuration utiUzfea a cylindrical configuration tftppendix A and Reference 10). 
Holes ranging from about 1 to 4 rcet in diameter, depending on the ttgc and concentration of the waste, 
are drilled deep into bedrock. The bottom port of the holes a re filled with solid high-level waste. 
The hole is then sealed and the Upper part of the hole is filled with cement or similar material. 
After the waste and rock melt, numerous connection eojls will farm or turbulent n&w will develop 
in the \OTI6 column which wiU cause melting to proceed primarily in the radial direction. The time 
the matrix remains molten would be longer than (fte hydrafraced configuration but substantially 
shorter than the large spherical configuration. The waste form would have to be either a solid or 
a self-curing s lurry and consist primarily of high-level waste to assure sufficient melting. 

The waste disposal meth^is described above ax-? not mutually exclusive. Combinations such 
as in situ melt in the rock belo-v deep ocean seabeds, partial transmutation followed by deep iock 
burial, and extraterrest ial disposal or some components of the waste after separation are also pos­
sible^ Xtost seabed and geologic disposal concepts con be used either In a central repository or 
with distributed disposal sites-

IB 
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None "t tticBt- disposal methods a rc dc vol opt.- "olflcitnfty to use at this time; feasibility 
Htudics have not even been completed on most. Many studies have been based on assurnptionfl and 
Include many simplifications becouse of the lack of good Input data- It la, therefore, not advisable 
to completely develop one or the concepts until more LB known abo'jt the mar* promising alternatives-

Deep Rock Disposal (DRD) 

The criteria for selection of an attractive means for hlfih-level radioactive waate disposal 
are safety, reliability, flexibility, logistics, and cost. Preliminary analyses have indicated that 
Deep Rock in Situ Melt disposal meets these requirements, TTie particular design which appears 
to be the most promising is the one in which uncontnlo&d solidified wnate is place in long drill holes 
fieep In bedrock. Since work on this concept is consistent with Sondia. LAboxatorlea capabilities and 
it has not been developed through the feasibility stage, it was selected for farther analyses and teats. 
The configuration shown In Figure 3 includes modifications made a s a result of theae tests and anal­
ysis and represents the basic disposal system now under consideration. 

Fresh Melt Final 
Site Period Disposal 

Configuration 

Figure 3. Deep rock nuclear waste disposal with in -pocc melt 



T rticrmal Analysis 

The initial thermal analysis of deep rock disposal utilized pa ramet r i c solutions of constant 
spher ica l , t ine, and plane heal «oux«es in an Infinite mc<tla. to de termine the approximate concen-
1 ration of waste that would be needed to melt the des i red amount of rock . It was then determined 
if lhcj*r cavity rizea were p rac t ica l r r iaf jve Jo excavating in deep bedro* W for each cwi/J^uratJcn. 
Digital computer p rogram DELT was used to conduct the p a r a m e t r i c Study. This p rogram used 
Equations U-S) which were derived from the instantaneous point source equation (Reference ID), 
Iieat generation ra te s at one year ranging from 80 to 150 h\V/m decayins a s shown in Ficure 4 F 

^nd mater ia l property data from Appendix B. Since It was neces sa ry to average the heating races 
pad p roper ty data, these solutions a r e only approxlmntivna* 
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Fijurt; 4- Xormallzcd heat g-fleroilan ra t e decay for light water r eac to r and hijgh 
tempera ture gas-cooled r e a c t s wastes (derived from Reference 20). 

The approximate t empera tu re r i s e of the rock surrounding a spher ical waste cavity as a 

function *>f t i m e aw* radius i s gl*hen by 

AT BfTKra 
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The temperature r ise around a line source is 

*T ' 4^ * (• l £ ) " < 2 ' 
For mnall value? of z 

Ei<-z) - y M n i - z + ^ z7 . , . {3> 

Therefore, for the large values of time that a re of interest in this case 

i 

\r2) * S " «-^5»^)-^S • 

For a uniform plane source the equation la 

«•*(*) - ( - * ) - * - h * ) 
where 

a * radius of the spherical surface 

C • specific heat 
Ei • the exponential Integral 
K = tl e rmai conductivity 

q = tJtal heat generation rate from a spherical surface 
q ' * heat generation ra te per unit length 
q " • heat generation rate per unit area (includes both sides of the fracture) 
r - radius 
AT = temperature r ise 
x = distance perpendicular to a flat source 
a " thermal dlffusivity (K/PC ) 
y = the Eulep - Maechcroni constant 
p » density 
r = time 

II was faun*" r-iat both spherical and cylindrical cavities could be formed In deep bedrock that 
wotiia result tn suos: *ntla1 rock melt- Not enough was known obout the geometry of a hydraulic 
fracture to assure melt to that configuration. The diameter of the drill hole* for the cylindrical 
configuration using solidified hich-level waste could range from about 0- 3 to 1-5 metres depending 
on the age and concentration of the waste- Very old waste or a very fluid rockfwaste mixture could 
increase the allowable diameter- A low viscosity melt would enhance convection and hence Keep 
peak temperatures to an acceptable level tn a large cylinder. 

The next step ' '»a to ascertain the relative heat-up and cool-down times and the length of 
ttme the matrix remained hot cfler re*oHd!flcalton using an actual decay curve with temperature 



dependent .-unit-rial properties and convection in the molt zone. The CINDA digital computer pro­
gram Was used to make these computuiinns. A one-dimensional version of the cylindrical thermal 
model described in Appendix C was usedr Material properties were obtained from Appendix D. and 
convection wa« computed using the methods described in Append!* D. In the Interest of conserving 
computational time, a typical case was selected and the result* were normalized. Figure 5 shows 
that the retfolidlflcztion time is shout 5. 5 times as long as the melting time vktxi the wast? is one 
year old when It is buried. Melting periods can range from several weeks for young high-level 
waste in very small diameter holes to tens of y^ars for aged waste in large holes. Figure 6 shows 
that thi? centorline tenv<?r:iture remains fairly constant during the melt period because of convection 
and heat of fusion The long period of time that the resolidified rock/wasfc matrix would be at elevated 
temperature is illustrated in f igure 7. The exponential temperature decrease from the 2200* F melt 
temperature would keep the matrix dry for many years- The enact cool-down time for each set of 
initial indUlons is yet to be determined. 

Figure 5. Normalized melt radius 
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Figure 7. Normalized temperatures at maximum molt radius 

It has been suggested In Reference 1 that the actlnides be removed from the rest of the i-
lcvel waste to reduce the hazard lime* Figure B shows that the hesituig duration of the remaining 
fission products plus Sr and Cs is lung enough to melt the rock In ill lhc proposed in situ melt 
configurations. IF the extracted actlnldes cannot be transformed to L short-lived isotope by trans-
Kiut&tlou* they could be buried separately, possibly in a central location, and/or at a greater depth 
Although the heating ra tes per unit volume of the actinldvs is initially low^r th:»n that cf the other 
waste products, Logan showed that the heating rates are high onough to melt rock (Reference 1^*-
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Figure a. Thermal p^irer t i r light crater reactor hifh-Icvel iwas.e», 
Derived from Reference 1, 
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Dispns.il l-ocaticn nnd Cost 

ftefer^ncc 21 dhows the loca t ions , dep ths , and c a t e g o r i e s of b a s e m e n t r eck in the cont inental 

United S t a t e s . Approximate ly t h r e e fourths of the U. 3 . ha s P reca i i i b r i an s i l i c a t e bedrock , about 

half of which Is within 2, OQO m e t r e s of the surface* T!iis v e r y old and s t a b l e bed rock e x i s t s in a l ­

m o s t ai l geograph ica l loca t ions of the U. S. which m e a n s the w a s t e could be d i sposed of r,t o r n e a r 

p r o c e s s i n g p lan t s if d e s i r e d . Another . iHernat ive is to use a c e n t r a l r e p o s i t o r y for al l the h igh- leve l 

w a s t e . A s tudy w a s conducted b y the USGS (Re fe r ence 22) t o d e t e r m i n e if the N'cvada T e s t S i t e would 

be a su i t ab l e c e n t r a l r e p o s i t o r y . P r e l i m i n a r y r e s u l t s a r c not conc lus ive but do indica te that loca t ions 

a t NTS n a y m e e t the r e qu i r e jr. out s of deep rock d i sposa l . 

To d a t e , the deepes t d r i l l ho le i s 9160 m aj;d the deepes t c a s e d 14-inch d i a m e t e r hole is 

4330 TTI. The r e f e r e n c e depth s e l e c t e d fo;^ cos t ing and capac i ty s t u d i e s was 3000 n; which - i well 

within the H u n t s of exis t ing d r i l l ing t e c h n ^ o g y . It was a l a o a s s u m e d that only the bottom IQQO m 

of the hole would be filled with was t e s o the s i t e se lec t ion would not be r e s t r i c t e d and al l the was te 

would be r e m o t e l y loca ted . Table V l i s t s c a p a c i t i e s and ini t ia l t h e r m a l output for a r ange of hole 

d i a m e t e r s . 

T A B L E V 

High-Levc l Was te C a p a c i t i e s and I n i t n l P o w e r Leve l s Based on 1000 m of Fi l l 

Hole D i a m e t e r fm) 
„ _ 0 . 3 0^5 1.0 ' 1.5 

Volume (m > 70 .7 19G 7B5 1,767 

P o w e r p lant capac i ty p e r ho le (GWe - y r ) 35 98 304 885 

Holes p e r y e a r (1080) 4 . 3 1.5 0 . 3 8 0 . 1 7 

Holes p e r y e a r [2D00> 31 .4 11.2 2.8 1.2 

A v e r a g e ini t ia l power thW/mJ B. 1 2 2 . 5 9 0 . 3 '203.2 

The n u m b e r of h o l e s p e r y e a r and ihe p o w e r leve l of h o l e s in the DUO m e t e r d i a m e t e r r ange 

a r e a c c e p t a b l e for deep rock d i s p o s a l . However , a few l a r g e d i a m e t e r holes m a y be needed to d i s ­

p o s e of the aged was t e that ha s been in s t o r a g e and has a lower t h e r m a l output . 

Cost e s t i m a t e s a r e b a s e d on R e f e r e n c e s 23 , and 24 adjusted to IG73 p r i c e s . It i s a s s u m e d 

the ho les a r c d r i l l ed in rerr .ote loca t ions in v e r y h a r d rock to ,i depth of 3000 m e t r e s . The upper 

2000 m e t r e s of the holes a r e a s s u m e d to be c a s e d to p r even t w a t e r f rom leaking into the bed rock . 

Tab l e VI i s a s u m m a r y of the cos t e s t i m a t e s . Was te t r a n s p o r t a t i o n an; f i l l ing c o s t s a r e not in­

c luded. The cos t of uncased ho les i s included only a s a r e f e r e n c e . 

The l m e t r e d i a m e t e r ho les a r e the l e a s t expens ive , hut c o m p a r e d to the 1Q-H mi l l t aWH 

produc t ion cos t of e l e c t r i c i t y , the DRO d i sposa l ^os t s of h igh - l eve l w a s t e s a r c negl igible . C o s t s 

-*rc a l s o low c o m p a r e d to the e s t ima ted )PD y e a r eng inee r ing s t o r a g e cos t of S3?, 0 0 0 / m L 
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TABLt-: VI 

Cos t s of 3000 m Deep Ro^k Disposal J>ril] Holes 

Hole D i a m e t e r (m) 

Uncased hole (£1,000) 

2 / 3 Cased noTc (51,000* 

Real in is and filling l"P 2 /3 (SI ,000) 

C n s t / m 3 was t e ($1,000) 

Disposal cos i /kWH e l e c t r i c (mi l l s ) 

0 , 3 0 . 5 1.0 1,5 

ADO 1,280 2 ,550 5 ,360 

1,260 1.0SQ 4 , 0 £ 0 14, 70?' 

7 21 ri2 135 

18.2 10.2 5 .3 8.4 

0. 00-1 0.DDZ 0 .001 0 .002 

Conceptual ly , the c y l i n d r i c a l deep rosk in s i tu mel t d i s p o s a l method i s a t t r a c t i v e , and p r e 

l i n i i n a r y s y s t e m a n a l y s e s a r e encourag ing . However , before th i s method could be s e l e c t e d for 

dc \ jiopmr-r.t and ope ra t ion the following g e n e r a l c a t e g o r i e s m u s t be a d d r e s s e d : 

1. The c h e m i s t r y and phys ic s of the m e l t i n j and mixing of w a s t e and ruck m u s t be 

thoroughly unders tood , 

2. Analy t ica l mode l s m u s t be developed o r modified tha t will p r e d i c t DR[> phenomena , 

3 . A c c u r a t e and c o m p l e t e input da ta for the Analytical m o d e l s a r e needed, 

4. All poss ib le safe ty and e n v i r o n m e n t a l p r o b l e m s m u s t oe inves t iga ted , anJ 

5- P r e l i m i n a r y h a r d w a r e des ign and ope ra t iona l p r o c e d u r e s m u s t he comple t ed t o 

a s s u r e feas ib i l i ty , 

Speci f ica l ly , the unknowns and potent ia l p r o b l e m a r e a s a r c l i s t ed in Tab l e VU. 

T A B L E VII 

Deep Heck Disposa l Unknowns and Engineer ing P r o b l e m s 

1. C i rcu la t ion in the moH including 
connec t ive hea t t r a n s f e r and flow 
p a t t e r n s . 

2. The amount of diffusion, mix ing , 
s t r a t i f i ca t ion , so lub i l i ty , and chemi­
cal r e a c t i o n s of the rock and w a s t e . 

3 . Shape and m i g r a t i o n of me l t zone . 

4 . Chemica l compa t ib i l i t y of w a s t e , 
c o n t a i n e r s , and r o c k . 

5. Opt imum was t e fo rm for each type 
of b e d r o c k , 

6. In tegr i ty , so lub i l i ty , and e r o s i o n of 
the r o c k / w a s t e m a t r i x . 

7 . Op t imum s i z e and shape of the d i s ­
posa l cav i ty . 

8, Opt imum age and concen t r a t ion of 
w a s t e . 

0. Hiflh t e m p e r a t u r e c h e m i c a l , mechan­
i c a l and t h e r m o p h y s i c a l p r o p e r t i e s 
of r o c k s . 

10. T h e r m a l expansion c a u s i n g c r a c k y , 
upheava l , o r e x t r u s i o n , 

! l . Gas g e n e r a t i o n , p r e s s u r e bui ldup, 
and diffusion m e c h a n i s m s . 

12. P o s s i b i l i t y of w a t e r s e e p a g e o>nd 
ef fec ts . 

13. Si te s e l ec t i on and b u r i a l depth. 

14. F i l l ing p r o c e d u r e s and s c h e d u l i n g 



Table Vll] contains an outline of the s teps in the development of the DRD concept of high-level 
waste disposal . The intent is to employ analytical studies along with scaled experimental p rograms 
in o r d e r to obtain the maximum indication of concept feasibility p r io r to commitment to very ex­
pensive full sca le t es t s o r exper iments . Functional design and concept proof test ings a r e dVpundent 
on the -"sui ts of concept feasibility studies and hence Steps ]]1 and IV of Table V1JI a r e only tentative, 
The development program could also be terminated if a bet ter solution to the nuclear waste problem 
is found or ir unacceptable safety hazards a r e uncovered relat ive to the DRD concept. 

TABLE VIII 

Deup Rock Disposal Development P rogram 

I. System^ Seeping 

A. Quantities of high-level waste to be disposed of. 

B. Availability of basement rock. 

K Types, locations 
2, Depth below surface 

C. Drilling technology 

1, Cost 
2. Capability 

D. Potential environmental problems 

IL Concept r i s i b i l i t y 
A. DRD experiment s e r i e s 

1. Convection effects on heat flow. 
2. Shape and migrat ion of mel t zone. 
3. Amount of diffusion* mixing, stratif ication, solubility, and chemical 

react ions of the rock and waste . 
•1. Qicmical compatibility of wa^te, cantaincru, and rock. 
5. Integrity, solubility, teachability, and erosion of the rock /was te matr ix . 
6,. High t e m p e r a t u r e chemical , mechanical , and thermophysical proper t ies 

of r^cks and waste . 
7. Degradation and cracking of rock outside mei ; . 
8* Method rock en te r s mel t ' chemical , melting, or mechanical) . 
9, Check of analytical tind numerica l models . 

10* Oieck on experimental models . 
l i . Develop test methods a t high t empera tu res in a react ive cn/ i ronment . 
12* v i sua l demonstrat ion of concept feasibility. 

R. I^ah convection exper iments 

1. Indications of melt geometr ies , 
2 . Indications of melt migration. 
3 . Indications of convection. 

III. Functional pesign 

A. Cor rec t s ize and shape of the disposal cavity. 
B. Correc t waste form for each type of bedrock. 

C. Optiirum age and concentration of waste form. 
0 . Control of thermal expansion causing c r acks , upheaval, or extrusion. 

E. Gas generation, p r e s s u r e buildup, and diffusion mechanisms . 



TABLE VII fCont.) 

F. Potential for water seepage and effects, 

G- Potential site selections and burial depth. 

IT. Filling procedures. 

1- Scheduling relative to reactor locations. 

J. Detailed economic analyses, 
K. Development of analytical convection and geological stress models. 

IV. Concept Proof Testing 

A. Determine which phases can be done analytically, with scaled experiments 
or need full scale tests. 

B. Conduct a scaled hot cell test with actual waste at NHDS, 

C. Conduct full scale test at NTS. 

Systems scoping has been completed, and concept feasibilJJy studies are underway. The 

DRD experiment series consists of nonnuclear melting of waste simulants in several types of bed­

rock and the laboratory tests necessary to support those experiments. Analytical models arc being 

developed or modified and are being checked against data from the experiments. The laboratory 

tests are also pre iding input data for the analytical analyses. The design and operation of the first 

simulation experi lent {DRD-1J is the subject of the remainder of this report. 

Laboratory convection tests congested of electrically melting short cylinders of low melt 

temperature materials such as ice and paraffin to determine Uic sice, shape, and migration of the 

molt in iliese materials. The data were used to verify analytical modes of convection around 

spherical and short cylindrical heat sources. The results of the convection tests are given in 

References 25 and 26. 

Ti;e DKD-1 Experiment 

DRh-1 is tin first in a series of cxperi. ents designed to evaluate the feasibility of disponing 
of high-level uncoi ained solid radioactive waste in deep bedrock using the in place melt conctpt. 
The tests will alsi rovide input data for analysis and a physical example to check the accurcay of 
analytical methods The specific goals of the test series are listed in Table VIII, Part ll-A. Sim­
ulation modisls can ue used to investigate some of the specific phenomena associated with DRD, but 
representative bedrock and nuclear waste or a waste simulant must be used in meaningful feasi­
bility tests. The aterial combination of bedrock and nuclear waste is unique in the following 
respects: 

1. Mechanic 1 response as a function of temperature, 

2. Thermal ^gradation of the granjular rock, 

3. Diffusio: -f the melt into The rock. 



4. Chemical reactions and compatibility, 

5. Pronounced temperature and concentration dependence of the matrix Raylclgh 
number and the resulting aKcctH on convection, 

6 F Altxing and Gratification of the componentB of the matrix, and 

7. Properties of the Solidified matrix. 

Experimental Description 

A preliminary analysis usinff the DELT computer program indicated that granite rock could 
be melted around a cylindrical heater with about a 1,0 kW/ft thermal input. Thifl meant thai a 
relatively inexpensive teat could be conducted using an electric resistance heater surrounded by an 
annular column or nonradioactive waste simulant in a block of bedrock. The conceptual design of 
the experiment is shown BchpjnattcnUy in Figure D, Silicon carbide was found to be the best material 
for a resistance heater in the 

DRD-1 environment. A 2.155-
inch diameter bayonet type heater 
would produce the heal flu* r e ­
quired for the tost. A 3-inch 
diameter, electrically nonconduct­
ing, refractory tube was required 
to protect the heater from the 
molten rock and waste simulant. 
With this diameter, the heating 
length should be a minimum <jf 
2-feet long to minimize end effects. 
A 4- to 5-inch radius melt lone was 
desired to assure convection, to 
obtain the desired rock to simulant 
r&tio, and to allow for a concentra­
tion gradient in the melt. Allowing 
for a rock degradation zone around 
the melt and sufficient virgin rock 
to hold the estp*rriment together, 
the required rock size was found 
to be 3- x &- x 4. 5-feet high. The 
rock was hurled in granitic sand 
for a thermal impedance match and 
for support if thermal s t resses 
cracked the rock- A ceramic tube 
provided access to the rock from 
the surface. 

0.21o 4.1 kWEleclflc 

Thrnnocouph 
Loatfoifi 3d-x~-x 

frtjintf fiii (ml 
Expansion Volume 

Willi SlauUr* 

Silicon brtfde 
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Stfjfn Gage bxAkjcu 

Figure 9. Dcvp rock disposal experiment I 



IJatii Acquisi t ion 

Data acquisition during the teat was accomplished with thermocouples , s t ra in gages, sonic 
t r ansduce r s , and a melt sampling p iper There wure 29 fixed thermocouples located in a radial 
and vert ical a r ray for case in correlat ing with t empera ture gradients predicted analytically and to 
del e r m i n e the effect of convection, as I l lustrated tn Figure ID. There was also a probe the rmo­
couple that could be moved vert ically in the meU which was used to obtain a continuous ver t ica l 
t empera ture profile next to the hea te r tube and to locate the tap or the Liquid in the expansion volume. 
The top of the convection cell was located by the inflection point in the ver t ica l t empera tu re profile. 
Three s t r a in gages were located on the sides of the rock to check the surface s t rain predicted by the 
thermal s t r e s s ana lyses . Strain gage data -were only good until the surface t empera tu res reached 
350° r \ Six ul trasonic LiNO- t r ansducer s were attached to the faces of the rock to locate any c r acks 
that DCcured during the tes t by using acoustic emission and triangulation techniques. A quartz 
t ransducer was placed next to one of the side t r ansduce r s . This pa i r was used for pulse echo in an 
attempt to locate the edge of the me l t zone and the beginning of rock degradation. Through t r a n s ­
mission was used to measured delay t imes through the rock as the t empera ture changed- These 
data were used to ca l ib ra te pulse echo and acoustic emission data. An attempt to co r r e l a t e through 
t ransmiss ion diffraction measu remen t s und thermocouple data may provide a mcthoa of measur ing 

t empe ra tu r e s in a r e a s where thermocouples can not be used. Details of the acoustic in atrv mentation 

a r e fliven in Append!* E. 
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F igure 10. Use of radial thermocouple data 



The sampling pipet w a i used to extract samples of the melt near the end of the tctft to mcpflure 
the amount or rock that had melted. The composition of the sample, and hence the ra t io or rock to 
waste simulant, wan determined using X-ray fluorescence spectroscopy. 

Bedrock Selection 

The rock types selected for the DRD s e r i e s not only had to be representa t ive of bedrock but 
also had to have p roper t i e s that would facilitate tes t ing. The des i red proper t ies were flood tens i le 
strength lo reduce cracking;, high degradation t empera tu re to insure integrity after the tes t , and 
good sonic t r ansmiss ion . Fels ic and mafic granular igneous rocks were collected from var ious 
pa r t s of the United States and subjected to thermal , mechanical and sonic t e s t s . The r e su l t s nf 
these t es t s a r c given in Table DC with the rocks l is ted from the most acidic to the most basic-
Composition and texture of the var ious types of bedrocks a r e given in Appendices B and C of Refer­
ence 27 and Section 1 of Reference 2Q. The s lump t e s t s were used to de te rmine the degradation 
t empera tu res and relat ive high tempera ture v i scos i t ies . Sample b a r s of each rock were supported 
at each end as shown In F igure 11 and were placed in on oven for approximately m c hour at t emper -
a tu res of 800, 000, 1000, 1100, and 1200* C- Post tes t inspections indicated the amount of flow and 
degradation at each tempera ture- A hot s tage microscope was used to de termine the t empera tu res 
when the First component of the rocks melted and the t empera tu res at which the rocks flowed. Con­
vection could be expected to begin at about the flow t empera tu re . Details of the thermal t es t s a r e 
given in Appendix F . 

TAOLC K 

Rocks T*it*d for DRD Experiments 

Duality m ComprtJi <iwt 
Strength 

tpflll 

31,800 

Tensile 
Strength 

(Pfli) 

2,050 

Attenuation 
1 MHE 

(dB/cm) 

22 

Slump 
Temperature 

Firat 
Uquid 

t"F> 

2,210 

now 
Temperature 

<»F> 

California Polnah Granite IBS 

ComprtJi <iwt 
Strength 

tpflll 

31,800 

Tensile 
Strength 

(Pfli) 

2,050 

Attenuation 
1 MHE 

(dB/cm) 

22 i.eso* 

Firat 
Uquid 

t"F> 

2,210 >2,370 

Georgia Potuh Grunite 164 28,400 1,690 22 2,010* 2,100 »2, 370 

Virginia lllfh Q w r U Gnnite 163 30 f SD0 2,570 3 2,190 2,2S0 >3,370 

T C E M GrMMdlorite 165 32,300 3 , HO 2 2,010 2,140 7,370 

New York Granodjorltt 174 31,400 7,760 2 2,106 7,100 >2,370 

Minnesota Movonlte 171 31,700 7,010 1 2,010 7,100 3,360 
California LH&riti 17S 31.&D0 3, ISO 1 >7,010 7,140 2,320 

North Carolkw naWrlte 191 39.4&0 3,OG0 1 >a,ifto 3,100 3,260 

•Fractnr*d 

191 39.4&0 3,OG0 1 >a,ifto 3,100 

All rocks except the potash grani te* could have been used in the DRD test s c r i e s . Two rock a 

which bracketed igneous bedrocks in composition and thermophysical p roper t i e s were selected for 

further tes t ing. These were : (1) doler l te , which was the least ref ractory , the most fluid, and ron-

staled of calcium rich plaflioclase feldspar, pyroxene, and olivine: and [2) hlgti quartz granite, which 

was the most re f rac tory , the moat viscous, and consisted of quartz , orth&clasc feldspar, sodium 
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rich fil,Tf:i<»cl3K<? fclrtff|Kcr, and httitite. Differential thermal anaij HI* f IJTAJ was used to measure 
the melting range of these rock ft. The dolcr t te had a well defined melting point, hut lh* various 
«ri»»ifKjn?ffCA of grani te m^Jted over a 315*F t e m p e ' a l u r c range f Appendix FJ. Data in Reference 2S 
indicate that granular s i l ica te rocks expand 8 to 10 percent during tlie melting p roces s . Expansion 
of this magnitude required an expansion volume in the experiments* Tes ts of the dole r i t e showed 
(he expansion in going from a granular to a g lassy s t ruc ture increased the volume by 13 percent . 

Figure 11. Results of the 12DD" C s lump tost 

Thermal conductivities of bedrock vary great ly even within a givt,! classification, with grain 
s t ruc tu re having a s l a rge an effect as composition (Reference 2D). Figure 12 Rives the conductivities 
of severa l mafic rock* with chemical compositions s imi l a r to the North Carolina doler i te . Gabbro 
is course grained, dolcr i tc is imc grained, and crysta l l ine basnit is aphanitlc. The range of thermal 
conductivities of high quartz grani t ic rock is equally a s large- Viscosi ty data for these rocks were 
not available when the DRD-l tes t was designed. Viscosi t ies of s imi la r rocks were used for bracke t ­
ing Studies. These and other thermophy s teal data for the rocks a r e given in Appendix B. Dolcrftc 
was selected for the first tes t because the lotfor melt t empera ture would facilitate developing the 
new test ing techniques needed for the DRD tes t s e r i e s . It is a lso s imi la r to the manzonile and diori te 
found at Nevada Tes t Site. 
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Figure 12. Thermal conductivity of maftc rocks 

Waste Simulant Design 

Current forms of high level waste have been designed for storage and may or may not be woll 
suited for DRD. However, it was not possible to develope a new waste form for DRD'l , and the 
waste simulant was selected from the existing forms. The primary consideration* in selecting a 
waste form for the DRD-i experiment were a low viscosity to promote good convection and chemi­
cal compatibility with the rock and teBt hardware. The phosphate and borosilicate glass forms of 
waste were selected for testing based on their ihcrmophyslcnl properties. The phosphate glass 
was the most fluid, but it reacted with the oxide refractories it came in contact with, and the P 2 ° t 
vapors attacked the furnace heating elements at the melt temperatures of the rocks- The phosphate 
glass is also more solvable in water than borosilicate glass. The ternary eutectic of borosilicate 
glass is nearly aa fluid is the phosphate glass and is less reactive. The quality of borosilicate glass 
samples was good, and it was selected for the DRD-l test. The composition of the simulant is given 
In Appendix C along with details of the tests and manufacturing. The simulant is made up of stable 
isotopes of high-level waste plus boron and silica. Elements that have no stable isotopes were r e ­
placed with elements which are chemically s i m i l a r Thermophysical properties of the simulant 
are given in Appendices B and G. 

The limited volume in the annwlus around thi? heater made It necessary to have a sin.ulant 
packing density of at least 65 percent. Thta density could noi be obtained with a granular form, 
so the simulant was pressed into semi-annular rings which were stacked around the heater tube 
(Figure 13). A small amount of frit was used at the bottom of the hole to fill Ihc volume under the 
heating tube and bring the quantity or waste to the exact amr.unt needed to fill Ihe annulus to the top 
of the heater when it mulled. Figure 14 shows the 34.250 1b&, of solid simulant and the 1.004 lbs. 
of loose frit used in the experiment­

a l 



Fifi-:rc 13. Pour ing was t e s imulan t in to a mold a t approx ima te ly l8Q0 f l F 

M a t e r i a l compa t ib i l i t y da*a Tor the b o r o s l l i c a t e fo rm of high l eve l was t e w e r e ava i l ab l e at the 

me l t t e m p e r a t u r e of the w a s t e (1500° F), but none was ava i l ab l e a t the me l t t e m p e r a t u r e °* rock 

{220D* F) . The h e a t e r tube and t h e r m o c o u p l e s h e a t h s would b e in contact with mol ten s imulan t at 

2200 D F and with m i x t u r e s of s imulan t and ruck up to a p p r o x i m a t e l y 24DD° F . Ma te r i a l se lec t ion 

for t h e s e two componen t s was based on t e s t s in which cand ida te m a t e r i a l s w e r e i m m e r s e d in mol ten 

s imulan t o r s i m u l a n t / r o c k m i x t u r e s for up to 24 hou r s to o b s e r v e the e r o s i o n . The m a t e r i a l s t e s t ed 

included m e t a l s , ox ides , c a r b i d e s , s i l i c i d e s , and n i t r i d e * . All m a t e r i a l s d iso lvcd a t the h igher 

tertt.pcr;vtures excep t t in a s i d e and p la t inum which showed +\v stftns of a t t ack . P l a t i num aV.fc&lhvd 

t h e r m o c o u p l e s w e r e s e l e c t e d , and a r e c o v e r a b l e p la t inum p ro t ec t i ve shea th w a s p laced ove r an 

a lumina h e a t e r tube. The a lumina w a s used a s a s t r u c t u r a l suppor t and as an e l e c t r i c a l I n s u l a t o r . 

T in oxide was not ava i lab le in tube fo rm. 

The b o r o s i l i c a t e s i m u l a n t r e a c t e d chemica l ly with both the do le r i t e and hifih qua r t z g r o n i t t 

The effects w e r e thai rock e n t e r e d the me l t below the rock me l t t e m p e r a t u r e , and the v i scos i ty of 

Die mel ted m i x t u r e was l o w e r than thai of p u r e r o c k . Hock does nol e n t e r the moJlen m i x l u r e by 
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pure melting until then.* is a large; rock concentrat i * in the nVarturo. Even thon, diffusion and 
mechanical failure of the rock surroiridLifi the melt -one can effect the ra te at which rock en te r s 
the melt . Thin leads to the possibility of tai loring the waste form for J given hedroek to make the 
most fluid molten mixture . For instance, a wantc form without s i l ica should ab H orh Home of the 
excess silica in high quartz bedrocks to reduce the effective rock moll t empera ture to thai r,f the 
remaining rock components. 

Figure 14. Waste simulant hot p ressed semi annular r ings 
and frit used in the DHD-1 experiment 

Experiment Design and Pre tes t Analyses 

The l imited input data and unknowns that crea ted a need for the UHD-I experiment a lso made 

it impossible to accurately predic t the functional r equ i rements of the test hardware or the? environ­

ments to which it would be subjected. The test philosophy was to monitor all cri t ical |>aramctern 

and to design the hardware with severa l op t ions The tes t procedure cou!d then be a l tered during 

the tes t if a change was indicated by the Instrumentation. 
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I V * J^guipmcnt Insta11.it iyn 

Tin- icrtt I M H conducted in Sandin Test Area 111, Albuquerque, -Vew Mexico. This site «as 

selei-led l K v a w u the Rmni l ic noi l had nearly the name in&rrrra) dt f /ssiv i ty us the rock, and pawcr 

supplies ;md rceordine; equipment were readi ly i ivai lable. An elevation view or the test instal lat ion 

is slinttTi in Figure 15. The rook u ;is bur ied 'J feet b*low the surface to assure uni form heat logs 

f rom the rock during JI 45-day Test, This depth viae suff icient because of the lov-- d i f fus iv i ty of the 

roi-k :\n& R^nd. Several inchvs » f fr** flowing, water washed, Ottawa type sand were placed around 

tliu mdk to protect the Instrumentat ion and lead wi res and ED- min imize any surface discont inuit ies. 

\ 6* ini-'h dir.mcter AlulliU.- lube provided access to the top r.' the rock dur ing the lest- A portable 

shel ter which contained die ampl i f ie r and protected the access tube and electronic equipment f rom 

the v k m t m B ffas placed over the rnck . The les t vraa conduced next to the environmental fac i l i ty 

bui ld ing which housed the power supply, ^ I r compressor, and recordinn equipment. Str ip chart 

recorders provided a visual readout dur ing the test. Data \ *crc also recorded on mjgnet ic tape 

fu r d i f i i t i i i dntji reduction af ter the test. 

Figure 15. DBD-1 instal lat ion drawinc 

http://Insta11.it


The la rges t bayonet typo 2. 125'Inch d iameter silicon carb.de hea te r that waa oommerda i l y 
nvahlablc had a 2-i-inch heated section and a 11-inch Mtm, This cninporn^t l imited the sixu of Wvi 
experiment and was a dominant constraint In the design uf the res l of the ha rdware . The maximum 
voltage output of OIL- variable power supply which was readi ly available w:w |30 volw, and (lie heater 
r e s i s t ance at the des i red peaX tempera ture was about 4 . 1 ohm9. This meant that the maximum 
power that could be delivered to the rock would be about -I kW, 3 p r recn t ^r which would be gener ­
ated i n the stem of the hea ie r . Tlie design of the heat pulse was based on ^ 3. na kW maximum 
heating ra te . 

Thermal Analysis and Design 

The 344 node CltfDA dig.tol hea t t r ans fe r p rog ram d e s c r i e d In Appendix C was used to d'jfliftn 
the hyat pulse and predict t empe ra tu r e s in the simulant , rocK, and sand. The thermal model was 
two-dimensional (radial and ver t ical) in cylindrical c o o r d i n a t e and included only the bottom half 
of the rocU A uniform heat source experiment with a molten core such n B DftD- I has ver t ica l 
m a s s t r ans fe r ai-d a ver t ica l t empera tu re gradient which r e su l t s in m a r e radia l heat t ransfer and 
mcl'„ng at the top ol the heated section than at the oottom. However, the cur ren t version of CINDA 
is res t r i c ted to isotropic conduction and has no m a s s t r anspor t option - This problem was c i r cu m­
vented by analytically computing the vert ical ly averaged radia l heat t ransfer by convection and con­
vert ing to an equivalent radial thermal conductivity. I^ils resul ted in the CIXDA program predicting 
t e m p e r a t u r e dis t r ibut ions symmet r i c about the ver t ica l mtdpoint. This e r - o r was not larfii- enough 
to in ter fere with the tes t design. The p rocedures used to compute convection, effective conductivit ies, 
and average velocit ies in the melt a r e defined in Appendix D. The negligible amount of heat input 
that went into the melt a s sensible heat above the mel t t empera tu re (0. n*H percent) and the slowly 
increas ing heat r a t e made It Feasible to obtain closed form solutions Tor the effective conductivity, 
Nusselt numbers , or the ra t io of conduction to convection t empera tu re gradients , were computed 
to be as high as 2, 95 for a 50/50 rock/s imulant mix at an average t empera tu re of 23G0" F. an annual - r 
vrldtn Q{ 1,8 inches, atvd low viscosi ty rack. In the DRD-1 experiment with a slowly increasing heat 
pulse , the a . e r n £ e Inner t empera tu re of thf melt was never expected to exceed 2&DD*F with low 
viscosi ty dolori te o r 26.00s F with high viscosi ty dolcr i te because the increase in malt rad ius and 
hence the inc rease In Hayleigh number and affective conductivity of the m^it nearly compensates 
for the Incn ^se in heat flow. 

The a c t ' i l fluid rjow in the annulus can he approximated by the use of analytical techniques 
snd ejrpcrin^JiWl u*. * from J . W, Llder, E. R. 5. Eckert , \V- G, Carlsfuj, and C- K- Baicfrctor 
fsce r c f e r e r e s in Appendix D). Figure 2 in Appendix D shown the types of laminar cellular flow 
that can be expected in the annular as a function of Rayleich number which )& j measure of f M 
bouyancy. (- ' Inertia I and viscous forces, and tf3) momentum and thermal diffiuuYitics, The maxi­
mum Raylei. h number predicted for the DRD-1 experiment is between 10 and 4 x 1 0 depending on 
the viscoslt> &i the TOCV- There fore , there waa probably only ocve or possdjly two convection cells^ 
Ice m d t i n g s t s conducted by II, C. Hardee an^ W. N. Sallivan (Reference 25) showed the effect of 
convection • the snapc of the melt zone when healed by a fiied cyl indri ra l healine rod. The heating 
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ratio IV:IH (on InVi' to initiate convet-iinn m the ire melt It?^1 sh'th'fi In I'^t'iiri; H>r The moU, a*:nn ••?• 
the d.ifk area In the center , expanded uirifcu mly In the r a ' k l d i r e c t ^ n with he;it huint; Cfmdu.-'tcd 
tliroUKh the liquid. The ice In the leM ?E»owa Jn Figure 17 WIK healed »\ a higher ra te , and heat 
li-itrtrifer in the liquid was by convect ion Th»* liquid moving upward :ilor<£ tin* heater •L-Mr.blished .1 
|K«sltive vertical t empera ture gradient , ' ih is gradient md l i e fixed T .̂eil tempera ture c iuscd more 
heat t " itc t ransfe r red to the Ice at the lop of the. onnulus thai* at the boL?om» which resul ted in the 
inverted conical shaped melt . A conically shaped mel t zone '."as e tp tu ted In the i "ID-1 exper i ­
ment, hut It was not expected to be a s pronounced n_, that iri f igure i 7 . 

Figure 16, Ice melted by a cent ra l heater *lth pur*.- conduction. 
I-ew RayiciGh number . 

P re l iminary s t r r * s analyses indicated a r a m p heat pulse nculd minimize the thermal s t r e s s e s in 
the ro£k during the heatup phase of the leflt. Thermal Gradients ¥'ould bo lowest when the rrok. is 
cool and br i t t l e and highest when the rock is hot and more elastic* A pa ramet r i c study was con­
ducted uslnp the 2-D CIXOA p r o e r a n t i t h s imulated connection to determine L'M? ffferis c>r viscosity 
on the peak t empera tu re and the effects of thermal condui Mvity on the melt radius. "Hit maximum 



Figure 17, lei: melted by a ccntr.il heritor with convection. 
High itayleigh number. 

md minimum rock conductivity curves bracketed the data shown in Figure 12. The two viscosity 

t u r v e s a r e shown in Figure H-l in Apper.dix \i. The r e s t of the mater ia l p roper t ies , i r e given in 

l J pern'ix Hi \ 25-day r amp he£t pulse going from 0 to J . (16 kW followed by ^ 5-day hold at 3. fl8 
i.W w.^ used in the pa ramet r i c study. Figures IB, 1!>, and 20 show the resu l t s of ihi:. study, 
ILHII.II t empera tu re profiles a r e plotted at 5-day in tervals . A\ tlie end of the 25-d.^y ramp, only 
*V 7-inch of r.ick was predicted to melt with high conductivity dolcr i tc , hut 2. 5 inches would melt 
with the loiv conductivity dolori te . Tlic ex t r emes in viscosity of the melt would m;iku l e s s than 
100' F difference in the maximum tempera ture at the surface of the healer tube. Visual and com­
parat ive t es t s nf Uie conductivity and viscosity indicated Out U-t- rock via* osity ivan fairly low and 
the conductivity *cry hid"- Therefore , the melt radius mi(jht be less than dusircd. but the allow­
able heater U-mper.iiure would not be exceeded. Tlie small change in the tempera ture slope at 
K s E \ in V"i)T»iTv 20 shftves \he i*W*i \Tfcptttl;«wt: '.viMch between thv IOCV :VT\*S sand. 

Tlie thernuil s t r e s s analysis «f the OlUJ-1 rock was h.impered by an absence of high temper -

.Uurv tens i le s t reneth -ind c reep proper t i es . Tlie two dimensional analysis discussed in Appendix 
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i;nhi- i lu i l ( I I - I I * IH- r«=*k \-im}i\ ; im; : . i lu^ • t - I L I , \ •_ r u t ;•-'-'••* in iL-'iSion o i - n v/i'Ji :i r - f r i |* hc-M f u K t - t 

%A u:1 l'n- *i- -ir).ir,i _—:i* 11-» .i:u? f u n v t i 1 i»n )>*.•]£ in-», aJr ' i l j on^ l : i vM u:11 .-.uddi-nlv hi.- I: ^n.sfurn.-'J !•< * ' : i r 

TI*PI :• ir- >.1 t u t n * l : -A EUL-II i n r . - u i i i i s 'Vi? 'her : ; i ;0 :.*!•<•-.su* in tti.it :ir<_\t. Tun Stic c rocks fo rmed i i f t r r 

- ' i iu i " " t iMi i hvL'ins would i imp. i j ^U. ' f r o m ihfc toj i L-di;tJx. downwiiiv]' ;trid imv . i rd . V i t enough w^? known 

HIHUJI Uie thon i i ' * I L-xiinn.-iion of Ihu ro tkMi"»stu m a t r i x o r tl^e d<-'jjr;id<.-d roi-k to p red i c t con t rac t ion 

^ rnc^s du r ing rj iwl dmvn. 

Dur ing U:F_l f:cto] rJn\m jjlinst? fit OIL- I L -S I , the jn>wthr wvps j»r: idu:Jly reduced fnr -\ ttnys ^n t i l -iJJ 

of U:u m a t r i x ;v;.iS I IL - I ' IW ::0Q* F to ,il]<i\v Utfie fo r the f»Uiss to :ir.?«:;<1- The power wwa tnefi he-id at 

^00 v;:'(is for 10 days to .insure- the rad ia l t empera tu re ; ; rad ien i ru-n^imed negat ive the s.ime 3< tt 

u a j l i l w i th actual v.-.nMi:. 
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f • • •—t Ik i rdna rt-Jj<;si)'n :mcl Fabrication 

Si' i i- jMl in i hminy opcr;ilionrt were required on the dnler i te block including boring the central 

rt- inrl i dLitnelei a>le Tor the heater and simulant, 3-inch and 6-inch deep holes for thermocouples, 

iiiiri se.its hir lh- sonic transducer I 'OVLTS, Figure 21 shows one of these coring ripe rat ions being 

roiuhieled tin On 7 Of* ]l>. block, 'J'hc suction of the annulus around the heater tube above the healing 

uk-nionl " ; i s usi an the expansion volume for the molten rock and simulant. It was also used to 

-<:iek the extra : :jg,s of simulant needed to f i l l the annul us to the top of the heater when the simulant 

: elted. \ o nth* expansion allowances were made on the rock. For Ihe rest of the test hardware, 

thei nial expansi was a pr ime considerat ion. Thermal gradients between pieces of hardware were 

Lubl;e» and soim ompenents had to operate over ranges as large as 2GQ0°F. 

'A ' V̂ S 

Figure 21 . -Machining fenerations *x\ the rinlcrilc bluek 

TliL' inndif i ' I nayonet s i l lenn carbide heater and the platinum sheathed alumina heritor tube are 

shown in Ft cure J . A subassembly of these components Is shown In FSiTure 23. A n r c o m f u m oxide 

r ing " a s 'milrivil «> the bottom of the heater to center the healer in the tube. The heater support ;md 

*H 



L»1i?rLnr;0 tr-nl aJt.iL-hment u'a* n-dewltfneiJ *•» take hiKhi-r tL-mpur.iture*, r en t e r ihe lopi i.-nrf of tl.e 
I-*.',ttt'r In the tutw, jnd *liortcn the amount of Hi cm utfed feir 'Jiu connector. -\icki?l was flame 
*ni'-i;'ed •* the top <>f the h»atcr for bet ter e lec t r ica l contact . OaW fl»fth\rd c«ppur tif. ntet t t r plattf* 
were H-imped to the heater with 3 segmented alumina «upi»ort bracket and a Htainlcsa slecl huso 
H a m p . Tin; aluminum lead cables were replaced with cop-tcr- The heater could have been lifted 
out ni the tube during the test and replaced If it had been nece*tfary. Also tmmvn in Figure 23 is 
the tubi? support- Tlic heater tube waj grooved near the lop and wan held by a dtauile.ss fltcel hose 
cla.np n'lEJi 4 brackettf which were attached to the upper base plate- The upper base plate could 
have b ten m m e d by the control rods during the teat it more expansion volume were needed- A 
2-inch thick fibtrfrax insulation block centered the tube In the Tinnuluf* nml reduced heat 1QH&C& 
from Ihe annulus. Cool i r e a ' r w a * injected para l le l lo the base plate to remove the heat Gem-rated 
by the upper par t of the hea te r s tem and the heal that e m o r r f the acetSH lube via the lower base 
plate from the top of the roefc. Tlio t empera ture at the hardware In th£ acces s lube was measured 
with a thermocouple, and the a i r flow rntc wag adj', filed to keep thv t empera tu res below 500* F. 

Figure 32. Heater tube with PT-Hh thermocouples and silicon carbide heater 
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Figure 23b. Heater subassembly 



•pu' ft ff'i fir^tt' churriitK^KsjiTc w^a attached to * ^Hiirnted 1 *;Vet ro<i ,irnY wd<, inserted 
llunu^U hiilus in the insulation and basu pl.ites. ThL1 s a m t bales u e r e used for the meli sampling 
pipet- JiHir rilher Pt-i th thermocouples were attached to iht* outer surface of the Pt .ihtuih with 
J't wi re , a& Khorrn in H g u r e s 22 and 24. They were equally spaced (H-inchcs apart) along thi 
hi.-:it»i:u clement. The remainder of Ihc thermocouples placed in and ori the rock, in u i t sundi, and 
in the atTijsji lube were Chromel P-Alumcl sheathed with Inconcl 600. Sauereisen cement was 
ufied to fill the 3-inch and G-jnch deep thermocouple holes in the roek end to secure the t he rmo­
couples. Surface thermocouples were held in place with glass tape backed up by sand. Figure 25 
HI. s thr locations of the s t ra in gages (SG) and sonic t r ansducer s <SXh S-^7 was the location of 
the qunrlz sonic t ransducer . One of the L-iftO- sonic t r ansducer s and i ts spring loaded mount and 
cn;tx letrd wi re in fthawrt in Figure 2fi. A mixture at guilty:?: and indium WHS used to couple the 
t r ansduce r s with the rock. Strain gages were bonded to the rock in 6 locations (Figures 25 and 27) 
and covered with a waterproofing compound. 

Per iodic samples of the a i r coming out of the acces s tube were made, and cooling a i r flow 

r^tcfl were measured In an attempt to de termine types and quantities of gases coming from the rock 

and simulant . The a i r was analyzed using a quadra-pole moss spec t rometer . The tempera ture of 

the a i r coming from the acces s tube was measured continuously, and hydrometer readings were 

taken at Intervals to de termine if and when water l iberated from the rorV entered the access tube. 

Continuous recordings of voltage, cur ren t , and wattage were made. Healer t empera tu res 

could he approximated using the computed res i s t ance and the t empera ture dependent r e s i s t ance 

curves for the silicon carbide hea te r . 

P re t e s t Analytical Studies 

P re t e s t analytical s tudies based on thtj design descr ibed above included rock/s imulant ex­
pansion, t empera ture ve r sus power l imitat ions, and final t empera ture predicat ions. Volumetric 
expansion <si the solid rock during the heating phase of the tes t could have one of two effects on the 
colume available for the mel t . If the inner hot rock did not yield or c reep , ver t ic lc tensi le c racks 
would propagate Inward from the flat sur faces . If th is were the case, the effective expansion 
volume for the mcli would increase hy approximately 3. 2 percent (the volumetric expansion of 
rock up to the mel t t empera tu re ) . This volume would have to accommocatr approximately a 4, 1 
percent increase in sl .nulant expansion up to 2400*F and an IB percent expansion of the melted 
rock. Assuming 1 inch of rock would melt and that t he re would be no outward 1 motion of Che t r acked 
rock sements , only B3 percent of the expansion volume would be used. However, if the inner lint 
rock did yield or crumble and the outer par t of the rock did nnt c rack , there would be an inward 
motion of the solid rock which would dec rease the available expansion v o l u m e In thi*, case , the 
rock and simulant expansion would exceed the available volume by abou» !I0 cubic inches. If th is 
had occurred , the heater tube would have been part ial ly withdrawn and /or the test would have been 
terminated ear ly . 
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Figure 25. Strain gage and sonic t ransducer locations 



FiRiire 26. UNO tfonic t ransducer »nrl spring loaded mount 

The Iwrzline clement, power supply, anu .iiumin,i heater tuftu placed power ve rs . - , t empera ture 
Umitntiuns on the tes t . Since it was only possible to monitor the t empera tu res or the outer surface 
c>r the platinum sheath, t empera tu res artil surface gradients of the alumina tu!>e and the hea te r had 
intu] found analytically* "Oiifl vvus accomplished usine. the T7SLT computer program which predic ts 
t empera ture dropr a c r o s s multiple radiat ing and conducting paps and multiple solid l aye r s for a 
given heat flu*. Figure 211 shows the hea te r t empera tu res as a Function of the thermocouple t emper ­
a tu res on the platinum surface (TC 2 t 3, 4, and 5) for severa l power levels . This curve, the healer 
r e s i s t ance as a Junction ot t empera tu re , ••rn\ the povrer tvupjAv .tiaximntrt voltaft*: v:ert used to ^en-
c ra te the power supply l imit shown in Figure 2J*. Figure 25 and maximum allowable power versus 
t empera ture for the silicon carbide hea te r were used to generate the heater limit line in Figure 2D, 
Tl»e nap between the plat* im and alumina varied from 5. C"*25 to 0. O3&0 inch. Since t.ie platinum 
icmpcra turv U uniform a a p Ion ,*r**i The hcut ) . J Q is constant, the variation m Uiermal 

r e s i s t ance in the gap would cause a variat ion in the t empera tu re of the alumina- These c i rcumfer ­
ential surface gradients , the ver t ica l surface gradient , and the radial gradient cause thermal s t r e s s 
in the alumina tube. Tlie alumina surface gradient limit l ine in Figure 2'* was butted an these s t rc^se : 
With a safely l a r to r of 2 and resu l t s of the T2SLT prediction*. Willi a r a f , o heat pulftp, the only 
predicted limit*':;" factor ira* the jK*u"er supply. 



Figure 27. Mounted s t r a in gage without protect ive coating 
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Figure 28. Heater temperature versus platinum temperature 

Figure 29- Po»ei /*e-nperaturt limitation* on ORD-' 
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\i the *ji*uiilmn[: of th • to.-it, the heating Ml t increase was not fiM-d hut rould be chan^eii in 
• »li!.iui 1aJt- des i red lomix.T.n-ii-L* gradients . Twenty days into the tost , it wns decided to continue 
ilii' inLT'^'-i' -'t 10D \V/d:iy urujl the maximum level n* nliout 4. 1 kW w;is reached and *n hold Lit that 
Ici.-l r*'- \ days before s tar t ing to decrease p*iwor. The C"\JJA program w,is thyn run usmfl the 
iior-iiin '-'Hi pulse *hoivn in Figure 30 and the mater ia l p roper t i e s given in Appendix H- Low via-
* ii-Hly L;ICI :I high conductivity 

it c iv sMerted Tor the doluri te . •"" ~""* ~~*" 
These predict ions would be used 
in cimj action with thermocouple 
d.it.i !•• ieck the accuracy ol the 
analytic I methods. The pro­
gram v, <a ;ilso run assuming 
pure co' duction in the rr.elt. 
Fifiurv* Jit and 31 shoir fbaf if 
there 1? :o convection, the mnx-
imum tempera ture of the heater 
would bi exceeded. F i b r e s 32 
and 33 G1 >W the predicted radia l 
and v c ti \\\ t empera tu re p ro ­
files w:th convection. At thQ 
end of the heating phnsc of the 
teat , the sand t empera tu res 3 
feet above »r below the rock 
ivaa e\pccl d to increase l e s s 
than 150* K Figure 34 shows 
thf* predict* \, ver t ical ly ave r ­
aged tempci >turc of the melt 
next to the h r a t e r tube. The 
slope of the :rve dec reases 
when cnnvcci. n̂ begins . Tem­
p e r a t u r e predict ions la te in the 
cool down wou 'i he high because 
the thermal ni lei would become 
sa tu ra ted . Fip/ire 35 Rives the 
predicted tempi " i tures at the 
surface of the t • k. 

10 2D 30 40 
Tim a (days) 

€0 

Figure 30. DRD-l design power input 
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Figure 3 1 . Predicted radial t empera ture distributions 
in rock and sand .->5SUJJ-JJJ£ no convection 



ton fi s,iMHt.a,» t» ln»f» im 

MM itGid i.ogo i.oaa 
I f tTfHL L0CMJDH (FCET1 

4.IBB % n 

Fiffiiro 32. Predicted rad ia l (Dmpernturo gradients m iho rock 
and sand with av or oped convection 
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Fipure 33* Predicted ve r t i c i l t empera tu re pradicnls measured 
downward from the bottom of the Jieater 
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Figure 34, Predicted average temperature-time plot of the melt 
next to the heater tube during heat up and cool down 
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Figure 35. Predicted temperature-time plot of the outer surface 
of the rock averaged over the length of the heater 
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t h r a l l * * * atul I'rcUfuin^ry Itaxults 

\ f l t r K\%\ Instrumvnlnlion Whn installed, \Ut s imulwu wan leaded %ml t h t heater vub<s and b a n t 
plate* u t r i ' an >L*itiMmJ, The effcriUo packing density of the nemi-annulur nfmulnfit WnRP in thi? 
.tnnuluit .ir*>und ihtf hea te r l\i>c wa* 1ft pcrcctit, which m a d t It necessa ry to Mack t h t r ings \t> rjhhln 
G. 75 inc-hvri tif '*-' top '»f the rock, a*s shown in Figure 36. Alsft Hhovm in this figure is the heater 
tuhc, plntinum aheiith, .ind t h t thermocouples which w e r e attached to thy tube. The final par t ol the 
;<*<tf£/iilj2y p r io r to hurial consisted of {natalling the insulation and attaching the base pUitcs to the 
hea te r tube (Figure 31), The port far the prohe thermocouple and sampling plpct is shown in front 
of the thermocouple bundle. The ent i re assembly wca then lowtv:d into a 6, 5-fcct deep hole {Figure 
31J). The wooden framework vrsiit used to support the lead \ i r e s and wan removed when the roclt \va& 
in place. Figure 30 shows the rock par t ia l ly covered with sand, jvst prior tv the installation af the 
Mullitc access tube- Tlic hea te r , a i r l ine, and control rods have been added. The complete above 
Ground anscmbly is shown In Figure -JO. The hole is filled and mounded and the she l te r is over the 
acces s tube IFipure 15). Thermocouple junetionB a r e above the flooring and on the control rods-

Figure 36. Simulant and heater tube 
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F i g u r e 37. Br.se p?ate and fnsulat ioa 
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F«»ure 3B. Lettering UKQ-1 into the crouml 
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Figure 39. DRD-1 with heater and control rods installed 
and part ial ly covered with sand 
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The .irtual power input measured at the power supply is fliven in H g u r c 41 , The (rawer 
delivered to the 24-inch hcatine; flection of the silicon carbide heater was 53 percent of the values 
shown. During the last 5 days of the teat, the power supply was operating a\ i ts maximum output. 
Variation In line voltage accounted for the varying power during the five day hold at maximum 
powvr. At no time* during the tent were the hea te r t empera tu re l imi ts o r thy heater tube surface 
Gradients exceeded (Figure 29). All the tes t h a r d * r e survived the tes t and showed nn slgna of 
degradation. All a t ra in fiages remained operable to well above the i r ra ted t e m p e r a t u r e s . One 
sonic t ransducer failed during the test- Thermocouple No. 23 on the outer surface of the rock 
opened on the ZBth day of the te*i- All other thermocouples operated throughout the test . The 
power supply l imit was the only r eason for terminat ing the tes t at 4B days. 

J ! 

1* 

% 

a. 

ID 30 40 
T ime (days) 

Figure 4 1 . DRD-1 pow^r input 

SO GO 

Most of the tes t data concerning melting, expansion of the melt , m a s s t ranspor t , convection 
heat t ransfer , and rock cracking taken during the tes t were obtained by the probe thermocouple 
(No. 2) and the four thermocouples attached to the outer surface of the heater tube sheath (Nos. 3, 
4, 5. and 6), Dally t empera ture readings were taken from the s t r i p cha r t s for ail the thermocouples. 
The dal* Tor Nos. 3 through 6 a r c shown in F igu re 42. At the beginning of the test when heal was 
t ransfe r red through the rock and simulant by conduction and ac ros s gaps by radiation and conduction, 
the t empera tu res of the top and bottom thermocouples (3 and 6) were lower than those of the middle 
thermocouples because heat was lost out the ends as well a s radial ly . Number 3 had the lowest tem­
pera tu re because heat was a lso lost out the top by a i r convection in the expansion volume. Cap s i zes 
around the solid simulant varied; hence, the thermal res i s t ance also varied which accounts for the 
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difference in the U-mporulure* of \on* 4 anil 5, On day 21, the simulant began to naften and Ml 
the («npa ;ind the? t e m p e r a t u r e - of NQH. -J and 5 became nearly equal. TTic level of the top of th.-
simulant alK*i began to drop at day 21 , Convection began at day 26. Thlfl ifl Indicated by a sharp 
r lne In the t empera tu re OL No, J and a reduction In the alopca of Nos. 4 and 5 as heal wan being 
t r ans fe r red vert ically by nvisw t ranspor t from the middle to the top. The slope of No. 6 began to 
dL-ircaau at about day 32 as the convection cell increased in s ize and reached the bottom of the 
annulus. By day 37, the top of the rock had heated up and the vert ical t empera tu re gradient in the 
unmetted rock corresponded to the gradient in the c i rculat ing melt. At this point, a convection 
equil ibrium was reached where the slopes of the four curves remained nearly constant, and the 
t empera tu re changes closely followed changes In the heating r a t e . There was a vert ical t empera ­
tu re gradient from 6 to 4. The tempera ture of No. 3 was slightly lower than 4 because of the end 
l o s s e s . On day -ID during tool down, convection stopped and the two ends once again became cooler 
than the middle-

Before the simulant was completely melted, the probe thermocouple was used to locale the 
level of the top of the simulant. After the simulant melted and circulation began, the probi.- mea­
sured t empera tu res in the melt to locate the lop of the convection cel l , li was a lso used to locate 
any solid ma te r i a l s that entered the onnulUB, Figures 4^ through 48 show the ver t ica l tempera ture 
distributions- in the melt for the days that significant events occur red . The probe hole was located 
• pproKinxatcly 0. 15 inch oHjt from the thermocouples that were attached to the heal tube, flov/cvcr, 

t he re t tas no way of knowing that the probe stayed at exactly that rad ius as it was inserted into the 
ir.elt, so the t empera ture of thermocouple No, 3 is given as a reference , f igure 43 shows the 
probe t empera tu res the 33rd day of the *.cst. The top of the liquid w^s located by the change- in 
dlope of the t empera tu re curve ;md by the res i s t ance of the viscous liquid. The liquid level hat! 
expanded 2 inches *ip into the expansion volume at that t ime. As :he probe was Inserted mto the 
melt, the r e s i s t ance decreased as the t empera ture increased . At a dep:h of 14,25 inches, nppras i -
mately 0. 5 inch below the top af the neater , the slope of the curve r eve r sed , indicating the top of 
the convection eel! . As the liquid moved upward along the heater , the t empera ture increased, giv­
ing the curve a positive slope. Above the convection coif, the t empera ture decreased as heac was 
conducted vert ical ly in accordance with the Laplace equation. l-Iarly on the 3Bth day, the top part 
nf the rock cracked and small amounts or sand ran into the expansion volume severa l t imes that 
day. The c r acks were probably caused by the l a r g e t empera tu re gradients that resul ted when con­
vection t ransfe r red more heat to the lop of the rock. When the relatively cool sand hit the surface 
of the viscous liquid, there was a small region of mixing which caused a c rus t to for"', at the in ter­
face between the sand and rock /wzs tc matr ix , l larly in Ihc cay, the c rus t was too hard to penetrate 
nijh thn probe, but l a t e r in the day it softened enough to permi t the probe to be forced -trough 
{Figure 44), The viscosity Gradually decreased from the top of the c rus t until the liquid was fluid 
enough for circulation at a depth of 12.4 inches. The increase in the convection coll size from day 
33 was caused by the larger t empera ture inc rease (and viscosity decrease) at the top of the melt . 
On day JO fFftfure -15), more sand entered the expansion, possibly caused by the crack opening up 
m o r e , if ver t ica l c racks had opened up, they would have increased the volume and width of the 
annulua. This hypothesis Is backed up by a lowering of the c rus t and liquid level, indicating an 
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inrrt"»M' i " vo lume. T h e r e u\ir p rac t i ca l ly no i n c r e a s e in the ln-i^ht "f the [Lr>nvct:ti"n t-i*]\ even 

though Die t e m p e r a t u r e s incrun. •$- Th i s i nd ica t e s thai the annulus width im rea^ed^ Very l i t t l e 

of the i:.cU w.iii expected tn entci "he c r a c k s b e c a u s e they would he seuled when the v i scous liquid 

reso l id i f i ed as it r e a c h e d c o o l e r ; 'ck. .No m o r e sand ente i ed the .mnulus ;jftcr day -10, .io«i on day 

•iJ i Ki i ; j re -IS) the liquid I t vol [era -0 j e j p n to r i s e again iiuu to expansion of U>c r^ t l t . "Hit* leve l 

nf the sand al^i» r o s e a., it w a s push -d up by the eru: i t . The h ighes t t e m p e r a t u r e at the top of the 

me l t w'iis dur ing day 45 ( F i g u r e 47). However , it s t i l l r e q u i r e d cons ide r ab ly force to jiush the p robe 

through the c r . i s L The l a s t p r o b e r e dinys were* t aken day 47 when the heal ing r a t e s had s t a r t e d to 

(JL'IMM-MSL'P 'Hie r e s u l t was a d e c r e a s e in the v e r t i c a l t e m p e r a t u r e g rad ien t in the convection ^ c l l 

(L-'igurv 4RJ- F i g u r e 40 s u m m a r i s e ; , the bounda r i e s that vfcre located with the p r o b e . Tlic d e c r e a s e 

in the height of the convect ion ce l l n e a r [he end of the t e s t was caused by a d e c r e a s e in hunting r a t e s 

,md an i n c r e a s e in Shu aiuuilus width- The liquid o r c r u s t leve l i n c r e a s e d as rock mel ted und the 

m a t r i x i n c r e a s e d in t e m p e r a t u r e . 
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Tempera tures Ln the unmolttd rock were used to chock the accuracy of the CINDA model and 
will be used in conjunction with posttest chemical , crystal lography, and mater ia l property teste to 
determine the effects of tempera ture in the DHD environment- Figure 50 shows the t empera tu res 
at ycv t ra l radi i . Note that the changes in the tempera ture of the mel t (thermocouple 4, Figure 42) 
caused by #ic initiation of convection a r e nearly damped out at the surface of the rock (thermocouple 
22, Figure 50). Sand tempera tures only ! foot away from the rock never exceeded 525*F, which 
i l lus t ra tes the small volume that v/as affected by the tes t . The radial t empera ture plots which were 
used to check analytical predict ions a r c shown in Figure SI, Interpolation between thermocouples 
4 and 0 was aided by the CfNDA program. Convection during day« 40 and 46 reduced the slope in 
the mel t annulus. Figures 52 and 53 show some of the corre la t ions of test data and predicted t em­
pe ra tu r e s on day 25 before convection s ta r ted . Correlat ion was excellent in the radia l direct ion, 
but predict ions were slightly high in the ver t ica l d i rect ion. Poss ib le e r r o r s in the t e s t data and the 
predict ions , some of which could have been compensating, a r e (1) heat lo s ses up to expansion volume 
and hea te r tube were not included in the mode J, {2} mate r i a l p roper t i e s may not have beetf cor rec t , 
(3) the rock model WDG cylindrical but the rock was a para l le l -piped, and (4) inaccuracies in Instru­
mentation. Predic t ions were not as accura te after convection s tar ted, a s shown in Figure 54, be­
cause ver t ica l m a s s t ranspor t was not included in the model. The maximum e r r o r at any location in 
the rock or melt in predicted t empera ture r i s e s using the average effective conductivity instead of 
actual convection was only 10. 6 percent . 

Ttmo (days) 

Figure SO. Temperature* In the solid rock and sand 
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Cooling ;iir flaw ra te* and inlet and cmtlct t empera tu res a r e given in KiRure 55. Tho^e data 
WLTI' used to compute heating losses in the acces s tube and, in conjunction with hygrometer rcaU-
injjs, to de termine If water l iberated from the heated rock Wi>uld pe rm ' 1 *e through the melt and 
exit through the fill port . 'Hie average wnter loss uul the access tube for severa l flays when par ts 
of the rock i rere above the dehydration tcitipurntum was approximately 0. 5 pound/day. Strict? the 
cooling sys tem was not sealed, Instrumentation was l imited, and sampling was not continuous, this 
figure should be t reated only as a rough approximation, but It does show that mois ture did leave 
the port during the heating phase of the tes t . 
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Figure 55. Cooling a i r flow ra tes and t empera tu res 

Occasionally during the test , gases came from the access tube that were i r r i ta t ing to thi* 
eyes , probably H^S or HCl, but the t imes were too short to obtain a sample . On days 42 and -IS. 
gas samples from the Access tube were taken but no j*ases odier than water vapor and air were 
present-

On days 45, 4fi, and 47, samples of the melt were taken with a s teel pipet. The lube was 

pushed through the c rus t to a level two inches below ihe top of the hea te r . Suction waa then applied 

to the lop of the tube to draw a sample of the melt into the pipct. The lube was then withdrawn and 

sectioned, and the solidified sample «*,is analyzed by X-ray nuorescence , as described in Appendix 

1, On day 45, the ra t io of rock to simulant in the melt was 0. 43 to 1. A sample was also taken of 



the sand abovu the c rus t , and the analysis showed no simulant In the sand. On the 46th Jay, the 
r:iLio of rock to simulant had increased to 1. 22 to I- An analysis oiL the melt sample taken the 47th 
d;iy showed a rock to simulant r a t io of 5- 67 to 1, Although this ra t io indicated more rock had 
melted m one day than had been predicted, t he re were no visible rock inclusions in the pipet o r any 
other evidence thai this was not a representa t ive sample of the mult. Since this was approximately 
the rock concentration in the melt that was des i red and since melting w v uM proceed slowly with the 
constant maximuiri heat input, the heat-up phase of the test was terminated the following day. 

By the 67th day of the test , al l rock tempera tu res were below 3dD°F. The racl' was then iai-

coveri?d and allowed to a i r cool to ambient t empera ture . The rock was crocked on expected, and 

sand had entered the c racks , flowed beneath the base plates , and filled the acces s tube to within 

3 . 2 inches of the top (Figure 56). None of the Interior hardware , including the heater , hea te r tube 

and sheath, and insulation, showed any signs of degradation. The l a rge ver t ica l tens i le c r acks 

formed the 3Bth day of the tes t extended from the center of each s ide to the melt cavity. These 

c racks did not extend into the resolidified melt . There were also two smal l radia l c r acks propagat­

ing from the melt cavity toward two of the c o m e r s . These crocks , shown in the upper and lower 

Icfl quadrants of Figure 56t were about 13 and IS tnches long. The large crack pa t te rns a r e shown 

in Figure 57, The c r acks o r e la rges t on top and form inverted T ' s or Y'e one third to two th i rds 

of the way down from the top. One of the upper sections was actually broken f re t from the r e s t of 

the rack , a s ahQTm in F igure STb. Only one aide WQA cracked at the fcottomv the r e s t were s imi l a r 

to Figure vjc- None of the melt r an out the c racks and none could be seen in the c r a c k s . Apparently 

the c racks and molten g lass a r e self-scaling* An epoxy potting compound was poured into the c racks 

after they were cleaned and inspected so the rock could be removed from the hole intact and sectioned 

for post test ana lyses . 

Figure 56. Top of rock after the tes t showing the c r acks and the sand in the annulus 

71 
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Figure 57c. Uncovered rock showing crack patterns 

Posttest, Analyses Outline 

The posttest phase of the OKU-1 study will begin by sectioning the rock with a diamond saw. 
O-ie half wilt be rcjuincd Tor visual Inspection, and the other half ft-111 be cut Into smaller pieces 
for laboratory tests . The remainder of the URI>1 analyses will Include ttie fattoiving-. 

1- Qiemic.il composition uf the rocl t 'vaste matrix and surrounding porous rock. 
Samples will be taken from a vertical and radial matrix with several checks on 
circumferential uniformity. These tesis will determine homogeneity, stratification, 
and tht- effects of the convection cell. The primary tools for the chemical analyses 
will be X-ray fluorescence spectroscopy, the electron microprobe, and classified 

F 

chemistry. C*her techniques available for analysis til it is deemed riecesfij-;.} include 
atr.ir.ic absorption spectrometry, autoradiography, neutron activation analysis, gamma-
ray spectroscopy, emission spectro^raphy, electron microscopy, ami X-ray ar.d ion 
backseatterinfi, Inscriptions of these techniques are given in Appendix ,1, Several 
standard samples containing various rock to simulant ratios were used to calibrate 
the apparatus which will be used in the chemical analyses (Appendix K>. 

http://Qiemic.il
http://atr.ir.ic


2 Cryntallography of the matrix and surrounding rook, Devitrification and structure 
will be investigated. 

3. Porosity or (he matrix and rock. The actual porosity of thin sections will be mea­
sured- The apparent open cell porosity will also be measured to determine the 
Amount of water that could be absorbed. 

4. J reachability of the nmtri i 

5. TTjcrmaJ conductivity &f the matrix, aurrvundiitg parous rock, and virgin rock. 

6. Viscosity of the matrix at all locations of different composition. 

7- Thermogravimetric analysis to determine the temperatures at which moisture 
and gases a re liberated. 

B. Density distributions in the matrix and Burrounding roc& for input to stratification 
studies. 

>), Circulation patterns and limits of the convection cells, 

10. Limits of the melt flow into the thermal s t ress crack 

11. Fracture pattern mapping and strain gage data correlation with thermal s t r ess 
analyses. 

13. Thermocouple data reduction and correlation with analytical and digital models. 

13. Sonic data reduction. 

14* Integration of ail of tl\e above to describe the deep rock nuclear vas t? disposal 
process. 

The results of those analyses and all the test data will be presented in the final DHD-1 report. 

Preliminary Conclusion* 

\ complete set of conclusions will be presented in the final DRD-1 report when all the analyses 

r£Sts have been completed. Several conclusions con be made at this t ime. These *.re as folio we, 

1. The DRD-1 test concept and hardware were completely adequate and can apparently 
be used fop higher heating ra te and higher temperature tes ts . 

2. Even when average effective convection values a re used, the CINDA heat transfer 
program can give a good approximation of the heat flow in deep rock disposal. When 
the convection subroutine is added to CINDA, it should be a very effective tool for 

DRD analyses, 

3. The Sandfa thermal s t r ess program can be used to predict thermal s t r ess crack- in 

rock. 

7 



4. At least some of the water that is liberated from the rock will exit Irojn the fill 

tube unless some means to stop it m ^dded. 

5. The molten rock/waste matrix expanded up Into the fill tube yven thouah the roc's 
cracked. The same type of expansion compensation could possibly be used in an 
operational configuration. 

5. 77ie molten matrix did not How oat into the thermal stresti cracks. 

1. A long length to diameter cavity for DRD should minimize vortical migration of the 
meli because the vertical temperature gradient te invcrnely proportion.il to the 
L/D ratio. 

3. A low melt temperature g l i ss could bo used to seal the **U tii>e after the rock/wastc 
matrix resolidifies. The surrounding rock would still be hot enough to mcll the gloss 
and i:eep It molten long enougt. to flow Into opening* above the matrix. A glass se^l 
should effectively block any ground water leakage that might occur after the surroud-
Ing rock cools lo below the boiling point or water. 

9. The long cylinder, solid high-level waste concept with *it place melting would mini­
mize the thermal expansion problem and the time the rock/wyste matrix is molien. 
The concept is also versatile in that waste farms con be tailored io different tvpew 
or rock and the me/it size and duration can be varied by changing the hole dinm^'-r 
and the age and concentration of the waste. An an example, a diluted fresh waste 
would be molten for a shorter timo period than would a full strength nged waste, 
even though both h^ve the same initial heating r a t e 

10. .Much of the data from the HRJ>1 test are applicable for analyses of other deep 

rocfc disposal concepts. 

All testa and analyses to date have indicated this concept should be feasible even though some 

gincering problems have been uncovered. 

http://proportion.il
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wwcr* Storage of la rge Quanti t ies of fluclear Waste in Deep S i l i c a t e flock 

References; 1. J , Jt Cohen, A* E. Lewis, and R- L.Braun, "Use of a Deep 
Nuclear Chimney for the In -S i t e s "ncorporation of Nuclear 
Fuel-u^rc-cessing Waste in Molten . U i c a t e Rock," UCRL-
51CW*. 

2 . R. D. K le t t , "Thermal Analysis of the In t ac t Snap-19/ 
Nimbus B/Agena System" EC-RR-71 0353* July 1971. 

3- F . K. P i t t aan , "Plan for the Management of ABC-Generated 
Radioactive Wastes," WASH-1202, UC-70, Jan. 1972. 

**• Memo, R. D. Klet t t o V- L. Dugan, "Melting of Rock Around 
a Column of Reactor Waste Products ," dtd, Dec- Ik, 1972-

Reference 1 propoeco a cethod of peraanent nuclear waste disposal in deep under-
ground nuclear forced chicmeyo. Chirmeys would be forced about 65OO ft* below 
the surface in s i l i c a t e rock- Hie s izes of the chimeyc could range free a 
35 f t - radius uavity irith k£$ rubble forced by a 5 *T explosion to a 65 f t . 
radius cavi ty with 66J& rubble forced by a 30 ?CT b l a s t - Hopefully, the sequence 
of events would be as follows- Liquid waste and water would fcc added t o the 
cavity / o r 25 yea r s . During the f i l l period the waste and surrour,dinc rock 
would be kept a t 212"F by the bo i l ing water- Th- steaas would be broutfit to 
t he surface, condensed, and recycled. At the end of the 2£ yeav f i l l period 
when the cavity I B f i l l e d , the waste would be cllowed to bo i l dry and the In­
l e t s would be capped. The temperature would then r i ce and c e l t the rubble 
end surrounding rock- I t i s assuped tha t the waste w i l l d x with and dissolve 
in the rselted rock. Melting and ralxing would continue for about 90 years u n t i l 
the conduction losses through the so l id rock exceed the heat generation r a t e of 
the waste. At t h i s t i c e t he nijcture would gradually begin t o so l id i fy from the 
outer surface . After severa l thousand yearc, so l i d i f i ca t i on would be eonpletc 
and the waste would be in an insoluble s i l i c a t e rock r a t r i x -

There are several problecs tha t are associated with the bur ia l of la rge 
q u a n t i t i e s of nuclear vacte in a s ingle loca t ion t ha t are not ccntloned in 
Reference 1 . During the 25 year f i l l perJod, radioact ive p a r t i c l e s , c tcaa, 
and vapors are continual ly being c i rcu la ted above ground- I f a leak occu c 
in any of the pinching, subs tan t ia l amounts of radia t ion could be released 
because there i s no way of turning off the heat t ha t generates the Gte&2< 
There i s a l so no proof tha t the cooling water w i l l nix with the waste in 
such a caraer Vaax, f o i l i n g w i l l be f a i r ly uni forc throughout the pool of 
vnste in the ca ' r i ty. 



Temperatures, t i n e s , and molt radii precepted in Reference 1 cay not be valid 
bee&Jcc of gross s implif icat ion used t o compute them. I t *as assumed t ha t 
afti-r the f i l l per iod, the en t i r e l i qu id core c t ab i l i zec a t the melt temp-
,-tunj of -ocfc (1920*?) and that a l l the host that i s generated in t*iL- l i q u i J 
i - ^ ' t b ^ r conducted avay through the co l i J rock or celtfi adjacent rock. Thic 
- o - l l isnly hwipcr. i f there vac on I n f i n i U convection coeff ic ient and e i the r 
•r.^inite colter, rock conductivity or I n f i n i t e c i r cu la t ion r a t e s driven by a 
-ere po ten t ia l - The other «xtr-.iKc wcjl i be t o assume tha t a l l the heat in the 
F.olter, core lis t ransferred by .unduction- Using methods derived In Reference 
* i t was found tha t the temperature of the r o , * and nuclear vast.: in .he center 
of a r on-c i rcula t ing core would be v e i l above the vaporization temperature of 
tm- M t t r f a l - If the vacte U not uniformly dispersed in the molten rock, pea* 
t e rp - r a tu r -^ in - la rge core vould become excessive I f na tu ra l c i r cu la t ion r a t e s 
-.re net Mgh- Another possible se j ree of gas in the cavity would be the helium 
£i.T.erated by radioact ive decay-

Possibly the grea tes t danger in burying large quai>titie& of waste in one 
locat ion i s the large loc*l thermal expansion of the molten core and 
surrounding rock, Ths increase in volume with the smallest quanti ty of 
waste mentioned in Reference 1 would be 2 .7 x 10? f t 3 . This Figure vac 
computed assuming no heat t r ans fe r t o the rock during the 25-year f i H 
ppriod. 'Che volumetric coeff ic ients used for the sol id was 1-kG x 10"^ 
("F" 1 ) and 5-0 x l0"5 {*F"~) was used for the l i qu id . A 10£ expansion 
from a c rys t a l ine so l id to the l i qu id phaEe vae used* "Hie thermal expan­
sion could r e s u l t in tvo codes of radioact ive re lease . I f a l l motion 
vcjld t e in the upward d i rec t ion , there vould be enough expansion t o 
cause an upheaval of the surface, one mile in diameter v i th an average 
he.ght of 1*23 f t - A dieturban r t e or t h i s magnitude could rupture feed 
l i n e s t o the cavi ty and damage buildings located near cav i ty . Expansion 
would a l so cause s t resses in the rock surrounding the cavity and pressures 
vould b u i l t up in the cav i ty . I t i s conceivable tha t t e n s i l e cracks could 
propagate from the top of the sol id rock dovn t o the molten cavity f o l ­
lowed by an excursion of radioactive lava- Even i f the colter, rock and 
waste did not bsv*e=h the surface, but only reached the va te r t ab l e , there 
could be contamination because i t i s not known i f the vaste wi l l be solu­
b l e in the ro^k ratrix or even i f i t v i l l oix-

The current AEG posi t ion on permanent s torage, as s ta ted in Reference 3* 
i s any concept must be tes ted using a prototype and the vas te must be 
recoverable in the event of unexpected leakage or indicat ions of future 
leakage. I t would be very d i f f i c u l t t r design a meaningful experiment 
o* a l a rge underground storage because of she large ;*hyeical Gize of 
the affected rock and the long t r ans i en t of t l c e . IT anything did go 
wrong, recovery of 2.2 x 1CA^ lbs c. iralten radlooctiv* rock and waste 
frota 6^00 f t below -he ear th surface would be a s izable task . 

Most of the po ten t i a l problems associated v i t h the proposal in Reference 1 
rtem f r r ^ t he l a rge volume, l a rge quanti ty of concentrated aea t , and the long 
f i l l t ime. The deep hole concept outlined in Reference k appears t o be a more 
feas ib le Cleans or geologic d isposal . This nethod vould consis t or d r i l l i n g a 
deep 10 inch hole in to bedrock, placing so l id i f i ed waste ir. the bottom part of 
the hole , arri then seal ing and r e f i l l i n g the hole- Ho cooling would be required. 
The trailer .—- couplod v i th a lever average age of t he waste a t the t i = e the 
hele H sealed vculd g rea t ly ,-tdu=c the s i s * of the mel-, sor.e and the t i i e the 
rock remains molten* The w a l l e r s l ^ reducoc the temperature of the molten 
care ar.d allows a la rger percent of the heat to be ccnductcl Into tne so l id 
rock. The surrounding rock may ĥ - able to absorb the smaller change in volume. 
Although the deep hole concept look*promising, the f e a s i b i l i t y study has not 
beet: etx;pleted-



APPENDIX B 

MATERIAL PROPERTIES 

«W2 



APPENDIX B 

MATERIAL PROPERTIES 

The properties of rocks and soils vary with composition within a given classification, moisture 
content, con fining pressure* compaction, temperature, degree of vitrification, and grain size of 
crystalline rocks. In addition, the quantity of rock data is very limited. Some of the data presented 
here were obtained by tests conducted on sampK" of the rock being used in the DPD-1 experiments 
Uee Appendices 7 and G}. However, mpal rf th« data H-'ert obtained Srom ReteioncBB ZB through &Q 
and 33 through 3a and were for rocks which were similar . -- thosj ralng used in th* Dt-.D-l e x p e r t 
menu . Although some at these data are questionable, i t : ' - .icved tfu-i hey are the best available 
at this time. 

Granitic Sand 

t> ' 120 lb / f t 3 

T • 2200 to 2400" F m 

T C F 1 K(B* ufhr ft "F> C (Btu/lb *F> 

a 0,53 0. 16 
400 0.51 0.21 

1100 0.46 Q.21 
teoo 0.46 0.29 

2200 0.47 0.30 

2400 0.40 0 .32 

OtUw.i Sand 

p * 110 lb/ft 1 

T ' 3100*F 
m 

T ( ' F ) K<Btu/hr It •F> 
0 0-225 

400 0.254 
1100 0.353 

1800 0.457 
2200 0.509 

C (Btu/lb *F> 
-E 

0.15 

0.21 

0.20 

0.30 

0.31 



Jet M is t f p o l c r i t e ) Ropfc 

o = 191 l b / f i 3 

H = 144 H tu / ] b 

T = 2100 to 2300*F m 
Speed of Sound = IT, 500 f t /sec 
Sonic Attenuation * 1 db /cm at 1 MHz 

T(°F1 C {Btu/lb °H 

0 0.1S 
100 0.1B 
200 0. 19 
400 0.22 
1100 0-27 
2000 0.30 
2300 0-32 
3000 0.34 

The repor ted thermal conductivities of doter i te vary by as much as a factor of three at some 

tempera tures* Reference 29 s ta tes that the conductivity or igneous rocks is a s dependent on the 

(Train s t ruc tu re as on the chemical composition. The following conductivities a r c a compilation of 

data for the high conductivity doier i tes which typify fine grain, high density doler i tca . 

TPF) K(Bt u/hr ft ' PJ 
0 1.35 

1500 0,74 
2000 0.58 
2200 0.02 
2500 0.96 
3100 1.95 

Viscosi t ies of liquid basal t and doler i te vary great ly with smal l changes Ln composition. Figure 
B- I gives the viscosi t ies of two basal ts that bracket most of the doler l te viscosi ty data. Doleii te, which 
is granular , would follow the crysta l l ine curve until the rock mel t s . Viscosi t ies below the melt t empcr -
a tu-es a r e not needed for convection studies but a r c of in te res t for the a n a l y s t of expansion and creep-

Volumetric 
JTj*F) Expansion Irom 7 7 a F VM 

212 0 .16 

392 0 .40 

?S2 0. fl7 

1112 K3S 

1472 1.91 

1832 2 .49 
2192 3-22 



Volumetric expansion during melt = 'J to 13 percent . 
Volumetric expansion of melt = 5-fl t o 5 0 . 2 x l o ' ("K ), 
Rrvom tempera ture compress ive str t i igtb - 30,400 nsi . 
Room tempera ture tensile strength - 3,000 psi . 
Room tempera ture modulus of elasticity = 9. 0 x 10 psi . 

1000.0 

u 

3] 
O 
V 
(0 

100.0 

10.0 : 

1.0 

0 .1 

~ 1 

Glass 
Crystalline 

1600 1800 2000 2200 2400 2GQ0 2800 3000 
Tempera tu re T F ) 

Figure B - l . Viscosi t ies of basalt and dolorito 

Salisbury _<High__ Quartz Gran i t e )^ock 

p = 163 l b / f t 3 

l l f = 144 B tuHs 
T - 2200 to 2500 ° F m 
Speed of Sound - 17,100 ft/ sec 

Sonic Attenuation a 3 db /cm at 1 MHz 

T V F ) KfBtu /hr ft e F | C <BtnHb *r> 

0 1.35 0. 16 

300 0 , 9 1 0 .20 

ROu 0.6B 0 .16 

1500 0 .57 0. -'tf 

2000 0 . 5 7 0. 30 

2400 0.G2 0 , 3 2 

3000 0 .70 0 ,34 



T C F ) j i ( l b / s c c ft) 

3370 270 - 60,00D 

2550 67 - 11 ,000 

2730 11 - 3 ,300 

The va lue s given b r a c k e t the v i s c o s i t i e s of the v a r i o u s types of g ran i t e . Sa l i sbu ry i;, probably 

one of the m o r e v i s c o u s types of g r a n i t e bccaJ&e of the high q u a r t / content . 

T { P F ) 

SOD 

1063 

1500 

2000 

V o l u m e t r i c 
Expans ion f rom 77° F tfr) 

0.72 

L.32 

2 .08 

2 ,45 

Z. B6 

V o l u m e t r i c expansion du r ing m e l 7 - 1 0 pe rcen t -

V o l u m e t r i c expans ion of me l t = 3 . l x 10 ( ° F ). 

Roajn t e m p e r a t u r e c o m p r e s s i v e s t r eng th = 30 ,500 p s i . 

Room t e m p e r a t u r e t e n s i l e s t r e n g t h - 2 ,570 p s i . 

Room t e m p e r a t u r e modujus of e lap*i ; i ly = 1 1 . 2 x 10 p s i . 

P la t inum 

T{ e F> K<Btu/hr ft 

4] 
° F ) 

L i n e a r Expans ion 
f rom 77° F <%> 

0 

e 
77 

K<Btu/hr ft 

4] 
° F ) 

L i n e a r Expans ion 
f rom 77° F <%> 

0 0 .10 

500 42 0 . 1 7 0. 11 

2000 SG 1.10 0 .24 

3000 84 1.92 0 .32 

Aluminum Oxide 

T ( a F ) K ( B t u / h r ! l D F ) 

77 19 .0 

500 11-6 

2000 3-6 

3000 3 . 6 

L inea r Expansion. 
f rom 77° F tfl) 

0 

0 .20 

0 .64 

1.30 

0 . 7 5 

0 . 7 5 

0 . 4 3 

0 .44 

Sil icon Ca rb ide 

T t ° F ) 

77 

1000 

2000 

3000 

L inea r Expnii&lon 
from 77° F (ft) 

0 

0 . 26 

0 .56 

0 .90 

0.85 

0.B0 

0. B7 

0 78 

66 



Zirconium Oxide 

T(°F> 
Linear Expansion 

from 77° F (%) 
0 

C 

77 

Linear Expansion 
from 77° F (%) 

0 0.77 
1000 0.55 0-54 
2000 0. DO 0.38 

3000 1.24 0.47 

301 Stainless Steel 

Linear Expansion Trn from 77° F (%) 
500 0.40 

1000 0.9O 

1500 1.55 
2000 2.20 

Borosi l icate Nuclear Waste Simulant 

p = 169 l b / f t 3 

Slump tempera ture *» 1300*F 

Flow t empera tu re * lfl50°F 

T[°F) V Ptu / lb °F) K(Btu/hr ft °F) 

0 
V 

n . i 6 1.35 

500 0.23 t . 1 5 

10DD 0,26 0,94 

1500 0.2B 0.74 

2000 0.30 0.5B 

2200 0.31 D.62 

2500 0.33 0. 96 

3100 0.34 1.95 

Tlie following viscosi t ies were efltimated by visual comparison with liquids 
v i scos i t ies . 

T f F > u (lb/sec ft) 

1B0O 2.7 

2000 1.0 
2? 00 0 .40 

2400 0.16 



V o l u m e t r i c 
T C F ) Expansion f r o m 77* F J?#> 

212 0. 172 

302 0.419 

572 0.686 

752 1.03 

880 1.39 

V o l u m e t r i c expansion or me l t - 9. 0 x 10 {*F ). 
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APPENDIX C 

THERMAL ANALYSIS OF DRD-J EXPERIMENT 

Saudia laboratories 
A p r i l 16, 1974 

R, D. K l e t t - 4734 

i 
¥ 

B. M. Brake - 1543 

Thermal Ana lys i s of DRD-1 Experiment 

Reft 1. Gaaki , J . D.» Lewis, D. R.» and Thompson, L. R . , 
"Chrys l e r Improved Numerical D i f f e r enc ing Analyzer 
for 3rd Genera t ion Computers (CINDA-3G)," Tfl-AF-
67-2B7 > Chrys l e r C o r p o r a t i o n , Space Div i s ion* Hew 
O r l e a n s , L a . , October 1967. 

2 . G a b r i e l s o n , V. K . , "HEATHESH-71: A Computer Code 
for Genera t ing Geometr ical Data Required for S tud ie s 
of Heat T r a n s f e r in Axis yntac t r i e S t r u c t u r e s , * 1 SCL-
DR-720004, September 1372. 

CIHDA (Ref. 1) I s a d i r a e n s i o n l e s s , m u l t i - o p t i o n , systems cha ­
p i t e r computer prograzu A network r e p r e s e n t a t i o n of a phys i ca l 
problem p re sen t ed t o the program may be so lved by a v a r i e t y 
of methods- Subrou t ines wi th in the program a r e a v a i l a b l e 
for handl ing v a r i a b l e b o u n d a r i e s , v a r i a b l e m a t e r i a l p r o p e r t i e s 
and me l t ing phenomena. HEATMESH-71 (Ref* 2) provides a con­
ven ien t beans of c o n s t r u c t i n g t h e networX-

The d o l e r l t e rock used in t h e DRD-1 exper iment was modeled 
a3 a c y l i n d e r wi th 1-5 f t r a d i u s , 2.25 f t long (bottom q u a r t e r 
of r o o k ) . Ottawa sand 1.5 f t t h i c k surrounded t h e rock and 
g r a n i t i c s o i l completed t h e model t o a t o t a l radiu; of 15 f t . 
A hole fo r the h e a t e r and waste s imulant with r a d i u s of ,2 f t 
and leng th of 1 fc a t the top of the 2.25 ft l eng th was i n c o r ­
pora ted I n t o t h e model . Heat was app l i ed a t the Inner su r face 
of t h e s imulan t ( .675 I n . t h i c k g l i f i s ) . 

A t r a n s i e n t thermal a n a l y s i s u s ing i m p l i c i t forward-backward 
d i f f e r e n c i n g (Crank-Hiehoison method) waa then performed. 
Var iab le m a t e r i a l p r o p e r t i e s were used in the a n a l y s i s . Severa l 
hea t pr ~j.se* were used dur ing t h e cour se of t h e a n a l y s i s in 
o r d e r co p r e d i c t thermal g r a d i e n t s in t h e rock and t o de termine 
r - ^ s i t i o n of t h e melt f ron t a s a funct ion of t ime . LINDA 
o ^ j not i nc lude chemical r e a c t i o n or convect ion wi th in t h e 
c a v i t y and as a r e s u l t sooe I n a c c u r a c i e s r e s u l t . Comparison 
of CINDA p r e d i c t i o n s with thermocouple r eco rds ob ta ined dur ing 
the h e a t i n g phase of t h e t e s t a r e w i th in 1 p e r c e n t . Cool-d^wn 
p r e d i c t i o n s a f t e r the h e a t e r uas tu rned off a r e a o r e i n a c c u r a t e 
probably because 15 f t i s no longer i n f i n i t y . 

http://~j.se*
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A P P E N D I X D 

P R E D I C T E D CONVECTION IN D E E P HOCK DISPOSAL EXPERIMENT 1 

Sandia Laboratories 
dale February 15, 19lh juuvawao*. Hr* Mr«<D 

^' t < -r,.r -'/'{'St 
I'DT* R. D- KLett - 1*73̂  

subject Predic ted Convection ^ r ^ c P ^ 0 c ^ bifipical Experiment 1 

Ref: 1, Memo, R- 0. K l e t t , kTS1*, t o D i s t r i bu t ion , d td . July 13, 1973, 
nubjoct , "Deep Roch Dicpoaal Ecpcr iaen t . " 

2. T- Kuraoe and A- R» HcBirney, "PrOpertlen of EOEC 

Cora=n Ignccjc RucKc ar.d Tbe l r Helta Qt High T t spe ru tu res" , 
Geological S h i t t y cf rtoerlco B u l l e t i n , Vol. & , Ho. 1 1 , 
Koesbe r 1973-

3- S. p . Jlarfc, J r . , "EandbDck t*" r . i y ° l c a ^ ConntartD", The 
Geological Society or America, 19#>. 

**. J . W- Elder , l a m i n a r Free Convection in Q Yuri l e a l S lo t " , 
Journal of F lu id Mechanics, Vol. 9 3 , Par t 1, 19^5-

• j . J> V, " dsr , "Turbulent Free Convection in a Ve r t i c a l S lo t " , 

JcAirr 1! . F l u J V jhon icu , Vol. 23 , Par t 1, V&5-

6, E. R. fik Ec* f a/id K» H. Drufce, 3r*t

 HAnalytiD or Ifcat and 
KaSi Tranflfer", BcC—w-fiill, Krv V ^ , 1972 

7. S. T. HEU, "^nfil^cerlng Kwt Trmnerer", D. Vn-. Nomtrand 

Coepanv, 3 « Yorh, iVoj . 

3 . H. R. E- Etfccrt w=d W. D. Carlccr,, N a t u r a l CcnvocUon Jr. an 
Air l aye r Inclosed betveei, Tvo Ver t i ca l P l a t e s with Different 
Tefiperatu^-eiT, I n t e r n a t i o n a l Journal of Heat and MatE Transfe r , 
Vol, 2 , p , 106, 1961-

9* G- K- B a t c h t l o ^ "H« t Transfer by Free Convection across a 
Closed Cavity betveei* Ver t i ca l Bnjndariefl a t Different 
Tmpera tu rea" , (J jar ter ly of ApplJeJ t f a thcu t l c j t . Vol. 12, 
ffe- 3 , October 1£5*. 
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10- J . W, FMrr. '"NuEioricral ExpLT*£<U'ts '''-'-'-' rVtu Convection .n 
a Vt- i l l^ i l Sit*'-", JourtJil af Fluid Kt-thii^cc, Vcl • 21*, 
Part 4 , 3-TG6. 

11 . h- Li C'-rmii. \ J G C or MitJitT^t Jea3 KcJeline ir, D^temilnjf*e 

:r. in i l t - ' r : : G l a ^ I-I-lt-r"', ^ E E ?rsr.s:, cr; IT.*.-o - =V an i 

rof-peratur^ *r-! Cc:;ve:^iv« Flcv P"-r.;<_-= for ar. Slv-Tti-is Gla^:. 

:fcBL>-'iiglatur£ i 

p 
D s= Annuluc Visltti ( t t ) 
e - ; £ . £ (rt/ooc*-) 

Gr * Crasher Nurib«r " D g 3 ^ r / v 

K * Thumal Conductivity (BTU/D<:<: f t *F) 
K " srfWttvtf Conductivity ncrocc Amiulus I>ue t o Convection (BTU/SL-C 

ft DF) 

L - Ajmulus HL-IEM U'O 

?r * P r a r d t l : , ^ i-r - C . L A 

r , = Ir.r.or P£:U'-c r-i" AT^UIUE (ft,) 

^7 - T ^ - ^ r a i u r e 3ra^ ' . t f ; t n^rcc^ Ar-v.:!:::; ( c ? ) 
i; = y* Ic r : t y f r^ / t f . - ) 
U = Aver'Aflt Vclc*;!^ (Ct/1:1:7) 
Y = DJctaiice M'fl-^iircil ElQrlzvi.tally across ftn Enclosure ( f t ) 
a * Th«*nr.al DlffucIvi ty " K/^ C ( f t / s u e ) 

g - Volumetric Thcmal Expansion (°F ) 

= Viscos i ty ( l b / n t r r t ) 

v = Klrj'jMtic VlEcoElty - u / e (f** / cue) 
* DirriGity ( l b / f t 3 ) 

In tho design of the DHP*1 ''xperiTsent deEcr>l">J '^ Hcrrr'-flcc 1. i t WQ^ 
ut 'cftsary t o know 'Jip ;;us^r2t Ifusber (hL/K) or the prr-.-p'-ivp t-onrluc-
",:v::y &--TC2S th<fc =c!t^r, fthr^l^E, A --.iferts h « t *»-rrv ^xj:<.'r:=^r-t 
rjrJ-, as r ? 3 - l r.ai v i r t u a l tfioc trar-crer ar.i a vcrt iroL ^ ^ = p ^ — : : i r e 

eradi- 'n ' r r 'E t l t l r ^ In tOfr? m a ! a l hea: T.rarsfer ar.d i r l t i r g a'- ".nt- t t p 
cf :!io -c-zk *-har. a'. t?.i- Jo t t c= . Kc^^vt>r, 'J"-' rurnrr.* v^rsJcr c r Ĵ;(? 
CIMIA i i ^S ta J heat ' . n r s f ^ r p r t ^ r a i 'JCt-J tC ?rrdJ ; - v ^ D - l •»-zp-_rst,.reE 



f,vn, (jnjy hutidli- jsel.rnpjc rtx Ju t : l e v li'his 3 Ji,' '-fl'_ , ' a -|.''! ro' . f;:..il'.r 

in Eft" m+-lt ;orif' 

Setae of ttif propcrtl-.G or <„he vacLt* ciisuiant and rc^y. I*L* i,.i yv-

i/JCh tfce csaifjffrjir, and trlniiaum vlTeaci ty or dol*>riit.- Q r l i 'afl&ali r,clt-t 
(iter". 5 and 3 ) . V i sccc i t i e s of tht? cStiiV'lQnt vt?r«J estimate y v i sua l 
conp&ricot; with l l q ^ i ^ s cf y.ncuft v i s c c s U l o c TUe &.pprQpr: v i s* 

=os5tlec of the rosh and cJfliulflnt ore sHoVrj Jn Fi^urr; 3 . T - s i 
^K^afdTJr, ar^d d-:r.= Lt i te or '_!;*? Ble^lor.x ^o-^ ^ - E I T : . ' , - ! ty 0'. r. >':£--
All e ther p rope r t i e s ^crc f ree Ref •?.-<?:.? *s £ 3rd 3 . 

lt"DO,0 

100,0 r 

u u 

1 0 , 0 r 

1500 1800 2000 22D0 2400 3600 3800 3DD0 

F i g u r e I- DRD-J V i s c o s i t i e s 

J . V- Eltfor cefitfueteii l abora tory t e c t * phys ica l ly sicillflr *^ Utt±-*I 
e tccpt rp r f i j ie j btTintlarifu (Her. & and 5)- Onr npparotjt; contJfiteJ 
c r a '•.TTlcnJ ar.ruiuc of f l u ; J ni*h a L/o • 1 S , } and * \AlfQn hrftt 
f l m a'. th# inner bcurnlary w»Ll< Dihrr cosingjratior.fi v r r e p a r a l l e l 

•-r*.iCttl xiniTcrs ' . e s^cn ta fe piit*G i*tft L / 0 m i g l n g f r e t IZ »_c 6Q* 
Hi 1 *"Uiid* vpre e*dicnl p a r i f f l n and 2 /1 stoke tfjliccr.f o J l - Rayl^lfih 

file:///AlfQn
http://cosingjratior.fi


r.w&er= rar^ td ."rcc : * r s :Mr. 1^ '-= P-3 * ^ - E 7 d p r r ^ : - J ' "a ' ' '^ •" 
fia < IC the tcrapcrn<-urf r i r l d (-atlcTL'.'S tnplaee *fl equa ' icn Qjt a wLtir 
u n i c e l l u l a r c i r c u l a t i o n i 5 present (Fig- £ a ) . For lCr <; fci < j * 10 J 

l a rge temperature g rad ien t s grcv near the vflllc and a uiiifamj v e r t i c a l 
temperature gradient tc cclfibUGhcO \n the Ul te r io r region. AX atoutit 
fin = ^ x 10 the i n t e r i o r region generates a cteody ueeondnry new 
s t a r t i n g ot the b a t t e n (F ig , 2 t 0 , At about Ra=6 x 10 the Geccttidnry 
Clo'j occupies the e n t i r e I n t e r i o r region (Fie- 2 e ) ' H**r R& - 10 
t e r t i a r y r i owbeg inc . a ^ l l e r reverse rlow co l i c develop : n the weak 
shear l aye r between the cecendsry c e l l s (Fie- 2 d ) . The f lov begins t o 
become unsteady a t Ra s= 20 , Turbulence befiinn a t the VaDs of the 
annulvc wltii Q c r i t i c a l fci = & x 10 ( n / t ) (F-") • The middle of the 
i n t e r i o r becorces turbulent near Ra =* 10 ( D / L ) . 

(a) (b> 

R - 3 x 10" 
3 

4 x 104 G x 10' 

F i g u r e 2. ^ a i u r a l convection s t r e a m l i n e s in an ;xnnirtua vrtlh a W D - IB^S 

A g«v! apprci l ta t lo . - . '-C iht- avemfie * r r c s ' : v c radial conduct ivi ty acrQtfi 
a .zom'ectiES annulur tha t agrevfi v u l l with t i d c r ' c expor t e r : t a l i r J 

a n a l y t i c a l vnrfc ear £e feur-J u s i s e Figures 12-1** irt Reference 6. 
e l a t i o n (Her. 7) wkjc?i glvns opproxlzately the =ar:e r e su l t r. in the 
Ra range oxrcc t td in tilt ffc©-] experiment i s : 

**i 

^ - o.03> (to)" 3 2* (j?) 
1/5 

( 1 ) 



!jr*:-K ^ r l u ' l v i J h a J r - 1 ( t ^ 1 - , Gr = K Q ) - anfjtrrical f i ^ a * " * ^ from 
llit-'&-a s ^ tu in^ i n c l u d e 

^ ^.u ( s r ; - (?)""' (a) 

o.i« fcr)-» ( f ; l A , « * < & - < ic* f*J 

Tlvfr? tquatioris n2cc og.-L-c f a i r l y Veil vi t l i JwrL-rcKcc 6 if fin 1c 
subs t i t u t ed fur Gr- Hone of th^ce uqu&Ucno Qecount for tlio vwrt icol 
Ynrlfltion in heat Clt^H 

Iti the DRD-1 oKperinicnt only a n r g J J g l t l c amount of the t&tal kvet ir.pv 
£Of= ^-t"' HIP -vZ'. a- 3c: ;s- l le neat attv* ' - n c l i temperature- There­
fore , - t -£ pcEc!blc "C ?!i:3 *_hr averaro £L*I' radifca t, J a funct ion cf 
t l n« and hoAtlng ra te for a fixed h e a t h s p ro f i l e using CINDA -<nd pure 
conduc t ion Since 1ho Inrt'*" radius of the annulus Is f ixed, the n e l t 
temperature ir, fU'.-d, and tru* hea t ing rate lc increased very clovly 
(Fig- 3 ) , t lw following equation can be c&lved aJnajltancoucly with any 
cf ?$**,•% tens 1 thrOush t or uf*h Figure :^-J* in at-Vi-c^w? t 
t o fjnd J-.* cf fee iJvc -cr .ductivHy ( K J as a function of tercjJt'r&turc-

lo 
l l i - T *"* 

*= * • TFT w > 

ILa'cl i^ 0 ' " (flwf, 9} developed un vquatior for Ui«> ve loc i ty p r o f i l e in 
fu j l^ aevelcpL'd p r i ca ry f los in a v e r t i - i l vnciofiurc. Althou^i i t 1E 
U n i t e d to Rn < 10 , uniform v i s cos i t y i-i the enclosure , a l i n e a r 
temperature g rad ien t , and fu l ly develops* H w ( i - c , no end e f r c c t c ) , 
•t : 5 J s e f j l in f l n i a rough apprc^izat:-:". t o the average ve lor i ly* 

In t eg ra t i ng Ba tchc lo r ' c equation 



» - £ * £ < - I > t - * £ 
the average ve loc i ty i s 

U = 0.0053 ^ 2 - ( * ) 

Veloc i t ies tt*1^ e f fec t ive i?aii3uctlvlt:es f e r tfc* 3R2-1 C,*F?--^T;C,':* - ' T > 

predic ted using the following input da t a . 

t = 2 rt 
V - 0.21 ft 

Condition D ( f t ) 
-033 2-5 

Outer T (*Fl 
Beginning or S l m J a n t Melt 

D ( f t ) 
-033 2-5 1800 

Beginning or RocK Welt .083 2-9 2200 
jC/^C R c ^ nr.d Si=!ilnr^ -lb 5-5 £200 

7 o H^>= t o 1 S ib i l an t •35 '-.0 2200 

h viiQ found uc ln^ GIHIJA and the heat pulse i» Figure 3 

i 

0 5 10 15 20 25 30 

Time > l i ys l 

40 45 

F i g u r e 3 . DRO-1 hea t P ul&* 



Tlit- catofQl p ropcrUec for tl*j &eltr, *c re : 

D = 1CS l b / r t 3 

£ * 1-1 * 10"* ' F ' 1 

j = I63 l b / f t 3 

9 = 9 ,^ 1 0 " 5 ' F * 1 

Rp_ch and .Stiau^fljat 

u fron Figure 1 

T ( T ) K fBTU'hr f t T ) C p frw/lb T ) 

15QO O.'flv Q.2.S 
2000 P,5B 0,30 
22CG o.Sl 0.31 

£50C C.56 C.33 

The resultcs of the DRD-1 tionvccUon study using Reference £ and Equations 
6 and 8 a re mjiniiarized In the following Table. 

fta 
1.83 

^iE 
1 . ^ x 101* 1.83 4 -17 C.211 1 . ^ x 101* 

2.7Z J . 1 9£ c a j j 
T-G£ * 1Q4 

£-1*7 X 10^ 
a.95 £. .36 0.670 T-G£ * 1Q4 

£-1*7 X 10^ 2.10 1, ̂79 0.230 
T-lU x 10 5 5*70 I*. T3 2-729 
£-25 J I 0 5 i . # 3. 51 Z.9& 

J^Lt T f ' P ) 
1^-0 

*F f*P) 
Sirrjlor.t 

T f ' P ) 
1^-0 2BC 

SJjTJlart £3^5 1 * p"v 

^0 /50 ViW M Stack S3^a 32Q 
50/50 High M Roch 21*00 uoo 
Low M floeH 330 0 360 
Jfitfl j fi:^ 2k2Q V*C 

TfceEf a»d intermediate da - po in ts **re ueed to genera te the e l e c t i v e 
rallal ' . thsrrcal conduct iv i ty or the molten ulciulnnt and rocfc tha t *ere 
used in the CllIDA program t o p r e d i c t Muv-1 tOTpemture t . 

Vita tii*! h«Lt pulse ieCined In Figure I, t t e r a t e o r Increase ( n Kfi *Jt? 
t o cm Increasing ar.rnilus v id th near ly secpc^Eatec for the Increasing 
heo* ri i ix, v i t h tlit rcFj.lt the JrAer annulus ticperotur*? Chou]d c^ver 
except htortut 2^0Q*F Aivifcg th* t c t t L£ thi; rack ffolLcus tlio lew v l scac i ty 
curve o r ,'600*F Tor the high v i s cos i t y curve. 

There nre several r enneaen tE t ha t a re needed before a n a l y t i c a l or 
TT\i=erical ce'Jiodc car. be uced to accura te ly p red ic t deep reck nuclear 
^fcste cttA-*c-lon- These inc lude : 

http://rcFj.lt


1. Tht- a b i l i t y to handle tuo en t e r t a in v.'th d i f f e r en t propcrHec tha t 
react v i l l i each other-

2 . The a b i l i t y t o analyse cceplcx ahnpec with boundaries tha t chfljirje 
because or molting, chcaical r eac t ion , and/or • e c h a n , « J degradation 

3 . Inc lus ion or v e r t i c a l heat an JKLGG trtLnaV';V* 

h. Acquis i t ion of b e t t e r G a t e r l a l propertl*?': a a a funct ion of tempera­
tu re and preDDure. 

The numeric methods developed by the glace Industry for the ana lys i s of 
Rla^E furnace convection (flefG. 10, 11 , and 22) might "be adaptable t o 
deep rocK dlcpocal* However, an inter im meacure t ha t would be useful 
Tor ana lys i s and decign would be a convection Eubroutlnt for CINUA 
t h a t includes maEii t r anspo r t an4 the option of switching input data,. 

Ac lEprcved ce t jods ar.d b e t t e r proper ty data be :^ce a v a i l i b l e , they v i i i 
be checked aga ins t the r e c u l t c or the 3RT3-1 experiment. 
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APPENDIX E 

ULTRASONIC INSTRUMENTATION 
FOR DEEP ROCK DISPOSAL EXPERIMENT 

SANDJA LABORATORIES AllVDUriQUf- NTW MrilCOr l l f ( lMDtf r UlirOtNtftj TONOPAH, HMl&K 

ID , Ralph H, Richards, 4733 UAM, August 8, 1973 

'to- . John H. Gieske , 9352 

suutci, Ul t rasonic Instrumentation for Deep Rack Disposal Experiment 

Deep Rock Disposal Experiment &l w i l l be Instrumented with s ix 
u l t r a son ic LiNOo t ransducers . The t ransducers uLLL be pos i ­
t ioned on Che outs ide s ix faces of the rock so tha t the follow­
ing three u l t r a s o n i c experiments can be ca r r i ed out during the 
t o t a l time the rock i s being heated and cooled; ( l ) u l t r a s o n i c 
pulse Echo, (2) Ul t rasonic Through Transmission) and (3) Acoustic 
Emission. 

(1) Ul t rasonic pulse Echo. Two of the s ix t ransducers w i l l 
be placed opposite each o ther on two opposing v e r t i c a l faces 
of the block so t ha t Che u l t r a s o n i c waves exc i ted by the two 
transducers w i l l propagate toward the center of the rock- The 
u l t r a s o n i c waves w i l l be r e f l ec t ed back toward the t r a n s ­
ducers fron which they were i n i t i a t e d a t the in te r face of the 
c y l i n d r i c a l cav i ty or c e l t zone a t the center of the rock. 
The aaae two t ransducers which i n i t i a t e d the waves are then 
exci ted by the re turning waves and the delay t ine for the 
waves t o t r a v e l the fu l l round t r i p from the outs ide surface 
of the rock to the ins ide surface of the taelt zone w i l l be 
measured on an oscil loscope* Proa the measured delay t ine 
and data on the temperature dependence of the ve loc i ty In the 
rock one can then ca l cu la t e the d is tance from the outs ide 
surface of the rock to the ins ide surface of the melt zone 
a t any time during the course of the experiment. 

(2) Ul t rasonic Through Transmission, The remaining four 
t ransducers w i l l be placed in opposing pa i r s one each on the 
remaining four faces of the block so t ha t they w i l l be in a plane 
which la perpendicular to the propagation d i r ec t i on of the two 
pulse echo t r ansduce r s . Theae t ransducers w i l l be used to 
measure the delay time of the u l t r a s o n i c wave exci ted by one 
of the t ransducers and received by the o ther transducer d i r e c t l y 
opposite i t . In t h i s caae, thv* d is tance between the two t r a n s ­
ducers la known and the average v e l o c i t y of tne u l t r a s o n i c 
wave in the rock between the two transducers c»n be ca lcu la ted 
M9 a furcHon of the temperature which w i l l be read by the 
thermocouples placed in the rock. This data w i l l be used 
both for the evaluat ion of the pulse echo and the acous t ic 
emission d&ts. 



(3) Acoustic BntgBign, All s i* transducers wi l l be used as 
receivers during t n e ^ i o e the pulse echo and through transnis*-
fllon determinations ate not being made. IE and when an in te r ­
nal e ra*occurs a t any time during the experiment and a t any 
location in the rock, acoustic waves w i l l be sent in a l l direc­
t ions of the rock a t the same titne. The ul t rasonic waves 
arr ive at different tiroes at each of the six transducers and 
the delay t ioe differences of the waves brtveen each xif the 
transducers wi l l be recorded. Froa the delay t loe differences 
and the data of the velocity versus temperature In the rock, 
the location of the root of the crack wi l l be ascertained by 
tr languidtion techniques. 
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APPENDIX F 

HIGH TEMPERATURE BEHAVIOR 
OF CANDIDATE ROCKS 

Sandla Laboratories 

OJIP November 7, 1973 L^,^D. r cai.-..™ 

•a R. D. Klett - 4734 

irqrti it- J / E a g a n and E. K. Beauchamp - 531G 

5„b.fci High Tempera tu re Behavior of Candidate Rocks 

To a s s i s t in the selection among the candidate rocks Tor the Deep Rock 
Tiftfl waste disposal tes t , a number or h igh- tempera ture testa were pe r ­
formed. The tes t s included a "s lump" test , hot-stage microscopic 
examination, and differential thermal analysis (DTA>. 

Slump Tes t s 

The slump tes t , in which a bar is allowed ID deform in ilescLrc under 
its own weight, is intended only to provide a rough idea of the v i s ­
cosity and other mechanical behavior of tue ma te r i a l s at high temper ­
a ture . (If the b a r s were g lasses or other ma te r i a l s with a l inear 
s t r e s s - s t r a i n r a t e dependence, this tes t could provide a q u a l i t a t i v e 
vta easi ly de terminat ion , ) 

The exper iments were run w r amples 1/8-inch thick and approxi­
mately 1/4-inch wide. The were supported on the ends, with a 
2- 1/2-inch unsupported tengtu. fhe b a r s were held in a zirconia 
se t t e r box which was placed in the furnace entrance and gradually 
moved into the furnace to r educe thermal shock of the samples . 

The samples a r c identified as follows: 

1A - Je t Mist 
IB - Berkeley 
A - Academy Black 
B - Dark P e a r l 
C - S i e r r a White 
D - Cold Springs Green 
E - Charcoal J lack 
F - Salisbury Pink {1200 'Ctes t only) 

The first run was at BOO'C f ° r 1 hcr:r, So deformation was observed 
in uny sample . Color changes were observed, par t icular ly Jn B and D, 
which turned light brown. 
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The samples from the firai run were rirrun a* DOD'C for 105 minutes. 
Examination in situ showed that only the Sierra White had deformed 
(*- J /16-inch beam deflection). When the samples were cooled it was 
apparent that the deformation was not caused by plast ic flow. The bar 
simply became BO friable that it fractured under i ts own weight- The 
I B , A, and B samples were also friable but somewhat s t ronger than 
the C sample . All samples showed color changes. Most looked bleached. 

Measurement of the thickness n* the C b a r showed that it had expanded 
from .1261 to ,1305 inch. Similar , but smal le r , expansions were o b ' 
served in all other samples except 1A. Evidently the mica phase had 
decomposed and expanded to fracture the g ran i tes . 

For run number 3, samples were held at 1000°C for 1 hour. As in the 
900* C run, the C sample deformed and became very weak. Beam deflec­
tion was **-. 100 inch. The b a r a lso warped. All other samples except 1A 
were very friable at the end of the run. Samples B and D were slightly 
warp e a " . IB a highly subjective tes t in which the b a r s were twisted between 
the f ingers, the samples ranked in s t rength a s follows: 1A highest; then D, 
A ( E, B, I B , and C. Again, measurements of thickness changes showed 
Chat all samples except 1A had expanded. 

In run number 4, at 1100° C, the C sample slumped all the way to the 
container. On cooling, the mate r i a l was very friable. The B sample also 
sagged (^1/B-inch) but was s t ronger than after the 1Q00°C run. Apparently 
enough of the mate r i a l had melted to bond the gra ins together. Samples A 
and E did not sag but were friable. Sample D did not sag but warped. 
Sample IB sagged about II16-Inch. Sample 1A did not slump but was sub­
stantially weaker than for lower t empera ture runs , though s t ronger than 
the other ma te r i a l s . It was a lso the only sample which did not expand 
during the run. 

The resu l t s of run number 5 (at I200°C for 1 hourl can be aeon in Figure 
F - l . No A sample was available for this run. Samples IB, B, C, and E 
all slumped to the bottom of the container . Sample D warped but did not 
sag- All but sample 1A wore glossy after the run, indicating that some of 
the crys ta l l ine mater ia l had melted and formed a g lass . All samples were 
c lear ly l e s s friable than after the 1100' C run, apparently because of the 
g lass bonding. Sample E was obviously the most fluid, to the point that 
surface tension rounded all edges and c o r n e r s . 

In a separa te run at 1200°C a sample of Salisbury Pink slumped to the 
floor of the zirconia container after 30 minuates . Subsequent examination 
of the cooled sample showed l a rge melted a reas p-arrounding l a rge unmelted 
crysta l l ine g ra ins . 

Hot Stage Microscopy and DTA 

A hot s tage microscope was used to de termine the t empera tu res at which 
substantial liquid i s formed. The tempera ture was determined by placing 
a Pt-Pt lORh thermocouple tn contact with a fragment of grani te . The melt­
ing of the rock was observed near the point at which the thermocouple con­
tacted the grani te at a magnification of - 6 5 X so that individual gra ins could 
be easily resolved. Since grani te is composed of severa l types of c rys ta l s 
it do t s not have a well defined "melt ing poiut- " The data in the accompany­
ing table notes the t empera tu re a t which "substant ia l" liquid is present . 
This may be interpreted as the point at which many of the more refractory 
grains a r e surrounded by a melted phase or at which a la rge number ol 
g ra ins have bubbles formed in them indicating that they have melted. The 
flow tempera ture indicates the t empera tu re at which movement of the grains 
occur red . 



Figure F - i . Slump teat at 1200 tC for I hour 

Tabic F-T- Summary at Hot Stage Microscope Observations 

Substantial 
Liquid Flow 

Temperature Temperature 
Granite °C °C 

Je t Mist 1150 - 1173 1250 
Salisbury 1230 >J30D 
Academy 1175 127S 
Cold Springs Green 1150 >1300 
S ie r ra White 1310 >1300 
Charooal Black 1200 1250 
Dark Pea r l 1170 1270 
Berkeley 1150 >130D 

(Black a reas ) 

Another way to determine the melting points of the rocks is to measure 
the heat effect associatca with melting using differential thermal analysis 
(DTA1. Generally, a peak corresponding to adsorption of heat at the melt-
ing point of a particular crystalline phase will be observed for each crystalline 
phase. The DTA curves for Salisbury Pink Granite and Jet Mist are shoivn in 
Figures F-2 and F - 3 . in a complex material, such as granite, the peaks may 
not he well defined. The endoihermic peaks associated with melting of some 
crystalline phases Jn the Salisbury Pink granite, for example, a re not resolved 
because the crystals melt very slowly. The abrupt changes in the curve a re 
associated with a change in the effective thermal diffuuivity of the specimen 
brought about by melting of one of the constituents. 
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Figure F-2 . OTA tr&co of Faliabory Pink Granite. Heating rate 10'C/mln-
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Figure F - 3 . DTA trace of Jet Mist Dolerite. Heating rate lO' /min. 



Sampled of Jet Mist and Salisbury Pink were examined by X-Ray Diffraction 
to determine the crystalline phases (G. Gay - 5525). Owing to the complexity 
of the rock, identification of each mineral shown in Table F-Il is not absolutely 
certain. 

Table F-U. Composition d Granitic Rocks 

Salisbury Pink Jet Mist 

at quartz Diopside 
(Pyroxene) 

Oligioclase 
f Potass ium Feldspar) 

Hedenbergiie 
(Pyroxene) 

Micro clinc 
t Po tass ium Fe ldspar ) 

Bytownite 
tP\agit>cla&e Feldspar} 

Biolite 
CMLca) 

Bytownite 
(Plagloclase Feldspar) 

Density of Melted Rock 

Tabular values for granitic rncka indicate thut volitnc increases of the 
order of 10ft occur on melting- Since this volume Increase will Increase 
the melt level in the Deep Rock Test, \i ifl important to determine th& 
magnitude of change. Samples of the Jet Mist were melted, held at temper­
ature long enough to eliminate mo-r bubbles, an^ then quenched. The resul­
tant glass density was 2. 69 g m / c m ^ Initially, the Jet Mist had a Jensity of 
3.05 g m / c m 3 . 

Comments 

On the baala of ttar slump tests M«re, it nV.ght be assumed ihat the lowest 
melting granite was the Sierra White. However, when the results of the 
experiments In the hot-stage microscope are considered, it is clear that 
although the Sierra White and the other granites which deformed easily con­
tain low molting phases, they also contain refractory materials which pre­
vent complete melting at lower temperatures. On the other hand, the Jet 
Mist does not deform even at 12Q0*C but melts essentially completely at 
125Q'C to give a fluid melt. (It also is the strongest of the materials at 
high temperature, apparently because it contains little or no mica.) If the 
choice among these materials w Q B made on the bas*s of maximum fluidity 
at the lowest temperature, the Jet Mist la the best material . Charcoal 
Black is apparently next best (with Academy Black a close third). 
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APPENDIX C 

SYNTHESIS OF FUEL WASTE SlMfJLAJ*T 

Satfa 
daia October 5, 1973 «buamiqu*, N#W >***« 

Uom E- K. Beauchacp a*fl fl- J . TJregorr-'- 5316 

jubjoci Syntheaie of Fuel Haste aijnuleJit and asfractory COTpatibiUty 

Qlaga Malting BrpariaentB 

Preft£&tly> f lsaloa prOducta a i e f^aereJly *e*wed frtta r e a c t s 
fue l (a f te r "turalna* oaly 9 fta&il f rac t i t t t of tbs f \ « l ) by u * 
ftuir* frocfi£«. The vsete i s i n i t i a l l y in the form of ati aqu«au0 
•ol.MU.ari Of {primatiltfj nitrate. aalta» 11M cQBipaaitian. of the 
solut ion varies with reactor typ* and with Che t ine the fuel u 
exjoaed t o the reactor eovironwut. A typical compooitioa, and 
th* one cftoaan by b a t t e l l s Horthveat (EJW) for moat or t he i r 
* s » r i n e a t e en DOildiflcation Qf viBte> la ahonn in lable I -

lhe priaary eoooidflra.tiQn In ajrntbeaiiioe o* f w l uajte eioulant 
for the f i r a t deep rode disposal experiment lo that the • imUint 
haw lov yiacoai t j oo tha t coovectlve heat t ransfer tan be ptc*pUd. 
She Tirot t r i a l Belt* were node Uflic% a. phdep&fcte addition, t c give 
a £1*** v l th the canpoaltlon flh^vo In SttbH H , Dae approximates 
the orthophoaphate melt* examined by BAV Tor use In atainiean s t e e l 
container*. 

She phosphate gl*aa Belted eaaiiy and use very f luid above 1000*C> 
ffouenr, I t vlgnrouil j attached tewt of the oxide refractor iee tba.t 
i t contacted and destroyed the ftolybdeniai d ia l l l c lda heatlog e l e w a t s 
in the Belt ing furnace apparently by vapor transport of l£&5* 5>e 
p l i t l i i i * crucible used t o melt th* g l u s abo«d no ligQi of a t t ack . 
Blue* t h e n ^ i aJao aoaa concern t ha t the r* l* t l r a iy high so lub i l i t y 
of phosphate £U*ies in water «ieht "afce i t d i f f i cu l t t o handle 
aaafrLe* in p o e t - w i t analys is , I t appeared worthwhile to t r y • o l t i n g 
a boroai l lcate g l u a . 
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Table I 

HgTEHEBCE WASTE COHP0SITHM1 FU-G 

( ^ c l u d i n e High Vapor Pre&mire HaterSnlB) 

P rocpr s Ua*te 

i l H i e r . l 

Stol«-c 

Ha 

2.0 

Fe 

0.5 

F l n r i o n P roduc t s 

Cr 

O.0ii5 

Lleaent Ito itl»0 Sr 

toles 0.095 O.QZ2 0.027 

Element Y*R=(CeJ Zr Eu(Fe) 

folCfl 0,203 0.106 0.059 

Element Ag Cd 

Hole? 0.002 0.002 

AotlnidtG 

Element Np(U) U*Fu(U) Am*Cm{Ce) 

Holes o.ooas 0.05^ 0.0022 

Hi 

o.oco 

0.027 

Rh(Co) 

0.0L0 

O.C^ 

Pd{Hl) 

0 .032 

Rb(K) 

0 .010 

Te 

0 .015 

Table : [ I 

PROPOSED FUEL WAST2 3DWMUT fORTUOFHDSPHAiE MEL?} 

Oxide Holes Batch Additive 

Ka^O 1,0 
"*2™3 

toft 0.280 Ttft 
Grft 0.033 C r 2° 3 

1110 0.052 lilQ 

* * > 3 0.L17 Moo 

SrO 0.027 SrCO 

B*0 0.027 BaCO, 

v> 0.032 V»3 
*°2 0,106 Zrf>2 

CoO O.OLO CoCO 

w, .0625 w,(u 3o 3) 

V»J 0.021 V>3 

PO,. 

0.163 

2.017 

Ce0 2 

HH.IUF0, 



TOc tfrrtce oT Urf coapoMtiun for Vhc b o r f » l l l ^ l * EIOEB m i oade 
on the basic of Uw ternary p h u e aiagran for the ^ £ O » ^ ? 0 ? * 5 J & E 
nystefl. As *eea in Fig* 1. tbe lovect melting point for tfie #jst*= 
i s a ternary eotee t ic a t 3*0*C The boroaillcat© Celt *ao bade try 
j*nla£ics UK fc?0 a t the rospoflitlcn of t*L eutect lc v i th an 
e^iriwOent m l e Trvctlcn or tfce mixture of oxidea ta the fuel want*. 
Eie ce l t coc-posltion i s t n e same an that shown In Ifeble I I except 
that the PO^ In replaced with l . J moles of 2tf>$ and 3-0 •»!*= of SiOg. 

fcj,0 6,0, - ^ ' 

tajO^fcjO, • **• 

B,P| 

*H0*&A 

Figure i . System N a 2 O - B 2 0 g - S i O 2 

Like tb& phooptULtfl glaau* the. boraai l ic*te glaaa in very f luid a t 
1000'C, with a vlocooity estimated a t 50 poise, The change in viscosi ty 
v i t h temperature ip not extreinely rapid - - a t B0Q*Cthe glass I S probably 
D t l l l » W j the DqffteTiiTia point , i . e . , leoa than 10* poise-

GcoeraHy tbe bartmillcaca glass quality la good, flo devi t r i f ica t ion 
(c rys ta l l i za t ion) has been observed and deed (bubble) content baa been 
low. In tbe f i r a t a : I t , ouae aegregatiojj occurred, apparently becaun* 
of 5ettlir.fi* of high density batch constituents to the bottom of the 
crucible In the early atagec ol melting. However, with manual o t i r r inp 
a t Interval ' . , the glass booogen ^ity van great ly improved In subsequent 
• c i t s . The glass ]s nearly bla^k; thin sections are dork brown with & 
green t i n t . The expansion curve for the glaoa i s shown In Figure 2 , 

Clan a-ffcf rectory Compatibility 

X-> tbe deep rock t e a t , the oolteii fuel s isuiant v i l l be contactitkg 
the beater tube and never*! thermocouple j rotect ion tubes. In an 
attempt to find a sui table refractory material for these interfaces, 
4joo= staple compatibility t es t s were performed by i n * r a i n g candidate 
materials in the borOEillcate glass and observing the i r erosion. "DK 
materials tested included 96* and 99,0£ (M>~99) alumina, porous 
zlrconia, dense (hot-presfiedj sirconja, s i l icon carbide from a broKen 
Globar element, boron n i t r i de (iPEflJ, molybdenum d i s l l l c l de flame' 
sprayed QD a mplybdcnua rod. t i n oxide and p l a t i n g . The glass v u 
held in a p l a t i n i a crucible. 

the alumina and t i t con ia bebnjred similar ' All fl-amplea anowed 
moderate to s even at tack oxter t** hrn. u , 1200""C and 1300"C 'typically 
for glass attack hi refractory oxides, erosion uas enhanced a t the glass-
a i r in te r face . 

Die oolyWenut d i« ; i^ - ide and SiC sacrples completely dissolved - i t h i n a 
fen noun of dj*a*r*ico. Ine boron n i t r ide alao dissolved rapidly. Bov-
vrcr, nei ther the t in coldc nor the pAattaiai efcoved any sfgn of a t tack. 

http://5ettlir.fi*
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Figure 2 . Expansion c u r v e for boroBlUc&tc wnato simulant glass 

Qo the basin o t these r e s u l t s I t wafl reccBtocoded t h a t p la t inun-
ohcathed thornttcouplBE be iiaed and t h a t the p ro tec t ion tube for the 
hea te r fcc a l r t n a witp a $'jitlj?uci shea th . ( 2 1 A oxide i s J tot a v a i l a b l e 
in tube forra.) 

W^-aftl&n of G^ftan Tor t t e Deep^ KDUVI Teat 

Ihe volutt! of the glaaa required fo r the Deep flack Sfaat la ol i f iht ly 
core tnoa s i * l i t e r s , (k i th a gloss dens i ty of 2 . 7 , t ha t anouats t o 
> l6k«} . The c ruc ib le o i i a Lia i to t ^ j irolioe of a = e l t t o l e s s than 
0-k l i t e r s , DO tha t a t l e a n t \f> c e l t a ore r equ i r ed . 

O * glnon i s being e d i t e d I D p l e t i m * ; c ru i ib l eo a t 1KC*C* I n i t i n l l ^ , 
I t appeared t ha t the ean ieu t way t o load the glaaa In to the gran i te 
block would be oa a free flowing f r i t . E a r e f o i e , a f t e r e e l t l n g , the 
a s* t ee gld*J Mtj N dr i - f f^ed>" i ,Cp , jciircd i o a e t r e 4 a InSo «*ter a a 
t ha t thereof stressCE would br ta* the gloaa l a t a s n a i l p a r t i c l e s , 

the p a r t i c l e a lzc f r m t h i s t r e e t a c o t averaged about l /8 - Inch rfianeter. 
However, the packing dens i ty for the p a r t i c l e s wan only 50-551&- The 
l imi ted volume In the t e s t cavi ty requi res u packing dens i ty of >65$ 
t o produce the des i red l a v e l or glABs a f t e r r e n a l t i n ^ . An at tempt 
was aade t o dry ml LI the g l a s s f r i t , but only narg ln4l improved*! n t In 
p icking •Ifioaity was obtained. H i l l i n g the g loss t o * VHI> l i n e powder, 
e spec i a l ly with va tc r an a veh ic l e , la ur^-joirable o*nce absorbed v a t e r 
could cause foaming of the gla&B in r e s c u i n g . 

To put the glAfls in a form which could be ea s i l y packed In to the t eo t 
c a v i t y , i t woa r e m 1 ted a t ICOO'C end then preened i h t o the a inple mold 
ahawn in f igu re 3* 9>c r e s u l t a n t r ing sec t ion of fii*oo i s a ioo shown. 
HiDte to*o crocking of the pressed par te could be to je ra ied only 
pan ' -ec tory oasea l in s ( a t ^50'C) vas performed. 



Figure 3. Mold and fuo2 simulant ring section 
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APPENDIX H 

PRELIMINARY THERMAL 5TRES5 ANALYSIS 
OF THE DEEP ROCK- NUCLEAR WASTE DISPOSAL EXPERIMENT 

C*n,*h »• ifatQlJ'"' 

aaie October 1, 1973 ^ ^ ^ . ^ 1 - ^ 1 ^ 

:* R, D. Klect - 4734 

nom J , T, Scharosun - 1544 

suttcd Prel iminary Theroal Streaa Analysis of Che Deep Reck 
Nuclear ttasce Disposal £* per linen c 

A prel iminary thermal s t r e s s ana lys i s of the g r a n i t e rock 
for Che "deep rock nuclear waste d isposal experiment" was 
completed. Both the 36" and 60" diameter geometries were 
considered. The s t r e s s e s were ca lcu la ted for a tvo-
dliMnsioasl c i r c u l a r s l i c e froai the g r a n i t e block. Due 
to symmetry, the problem i s mathematically dependent only 
upon the r a d i a l dimension. 

Analyses were made bared on both the following assumptions: 

1) Temperature independent t r a t e r i a l p rope r t i e s -
A closed form so lu t ion i s ava i l ab le for t h i s 
type of thermal s t r e s s problem for tempera­
tu re independent mate r ia l p r o p e r t i e s . Thij 
so lu t ion was used to r ap id ly study the var ious 
temperature and geometry condi t ions . 

2) Temperature dependent ma te r i a l p rope r t i e s -
A f i n i t e element computer program WAS used to 
determine the e f f ec t s of temperature dependent 
q a t e r l a l behavior . For t h i s prel iminary s tudy, 
the mate r ia l vaa considered t o be e l a s t i c . 
The mate r ia l property d e f i n i t i o n used i s given 
in Table 1, 

The thermal p r o f i l e s used are given in Figures 1 through 3 . 
The two temperature p r o f i l e s in Figure 3 are reprepenta t iv 2 
of two proposed heat pulses for the 36" diameter taodel 
(7 lew constant heat p u l s e , 2 days and Pulse A, 20 daya) . 

The ca lcu la ted hoop s t r e s s e s for the two temperature pro­
f i l e s axe r;lveo In Figure 4 . The Inner p a t e r i u l i s in 
compression and the c u t e r m a t e r i a l l a i n tens ion . The 
c«docti.Oa l a s t r e s s near the loner surface la due co the 
e f fec t of temperature dependent au c e r l a l p r o p e r t i e s . A 
complete summary of t he r e s u l t s l a given In Table 2, The 
e f fec t of temperature dependent mate r ia l p rope r t i e s can be 
aeen by comparing s imi la r condi t ions . The 7 fcw he«t pulse 



I s cons ide rab ly more severe than the Pu lse A environment . The 
u l t i m a t e t e n s i l e s t r e n g t h of t h e g r a n i t e i s only about 3,000 p s i . 

The 3 t r u c t u r a l s i g n i f i c a n c e of these r e s u l t s i s d i f f i c u l t t o 
a s s e s s . I f the g r a n i t e m a t e r i a l beh«ves in a l i n e a r manner having 
the p r o p e r t i e s £ lven in Table 1 , che rock w i l l f r a c t u r e ac the 
o u t e r su r face and the crack w i l l p rogress inward. In r e a l i t y , the 
g r a n i t e m a t e r i a l behav ior i s probably v i s c o e l a s t l c (creep) or 
p l a s t i c ( n o n l i n e a r ) - Both of t he se e f f e c t s w i l l reduce the magni­
tudes of the hoop s t r e s s . The a n a l y s i s methods a r e a v a i l a b l e t o 
inc lude e i t h e r v i s c o e l a s t i c a r p l a s t i c m a t e r i a l behavior when 
(caterift l p r o p e r t i e s a r e de tera i laed . The p r e s e n t tvo-dimensionF-i 
a n a l y s i s can be e a s i l y extended to che t h r e e - d i m e n s i o n a l , fl*i.sy^ 
m e t r i c geometry when d e s i r e d . I f e e l t h a t the s imple two-
dimensional a n a l y s i s I s adequate for t h i s p r e l i m i n a r y e v a l u a t i o n . 

Table 1 

G r a n i t e M a t e r i a l 

Modulus Coe f f i c i en t 
Temperature of E l a s t i c i t y of Expansion 

°F p a l x 10° i n / i n * F x 1 0 " 6 

0 9.0 4 .6 

600 9,0 4.6 

900 4 . 5 5.6 

1500 2.25 5.5 

2300 -45 4.6 

Table 2 

Summary of R e s u l t s 

M a t e r i a l 

T e n s i l e 
Hoop S t r e s s 

(psi> 

Constant 29,200 

Cons tan t 11,700 

Constant btl(r 

Table 1 12,200 

Cons t/znt 25,800 

Constant 23,500 

Constant 16,400 

Table 1 20,700 

Table 1 14,650 

Thermal 
P r o f i l e 

F igure 
tfumbcr Geoioetry 

A 1 60"D 

B 1 60"D 

C I eo^o 
50 Hours 1 60"D 

0 2 36"D 

E Z 36"D 

F 2 36"l> 

7 few Constant 3 36HD 

P u l s e A 3 36 nD 
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APPENDIX J 

DEEP ROCK WASTE DISPOSAL EXPERIMENT #1 (DRD-1) 

SancBa laboratories 

i*V*t Deep Bock Waste Ptapcaal Experiment *J fDftD-J) 

Ref: Memo, B. T. Kenna to R- D. Klett, "Analyses of Samples from Deep 
Rock Waste Disposal Experiment, " dtd 1/2/74* 

The DRD-1 experiment, described In the referenced memo, has been in 
progress for about a month and has proceeded In accord to pro-experimental 
planning. However, the maximum power available at the experimental alto 
meant that only a alow, undeterminable, melting ra te could be obtained and, 
therefore, theoretical calculations of the melt composition were difficult at 
best. Small samples of the melt could be obtained by inserting a steel tube 
<l/4" O. D., 1/8" I. D.) Into the center of the melt and applying auction to 
draw a small amount of molten mass Into the tube. After cooling, the tube 
was sectioned and the black, glassy-ltko material removed for analysis by 
x-ray fluorescence. Four samples were obtained; (1) a small blob sticking 
to the end of a thermocouple placed In the melt for a short period, date 2/4/74; 
(2) a large-grain, soniy-like material which stuck to the sides of th i thermo­
couple, data 2/4/74: (3) a sample collected In a steel pipette as described 
above, data 2/6/74. Because the samples were powdered rather than solid 
and also varied In quantity, it was not possible to ensure that similar volumes 
In each sample would be used in the analyses. Peak intensity rat ios , using 
21/ element touch as Fe> indigenous to the rock as the normalizing factor, 
alleviate thla problem. These ratio* con then be compared (o peafc Intensity 
ratios derived from the solid standards described in the reference. 

As shown in Table 1, the analysis or samples 1, 3, and 4 Indicated progressive 
diluting of the simulant by rock, i . e . , 60-80% simulant, 40-50% simulant, and 
-15% simulant, respectively. Perturbation of the Pe content or samples 3 and 
4 perhaps could have occurred during the time the molten mixture was in con­
tact with the interior of the steel tube. However, the time duration of this con­
tact before solidification of the melt was on the order of a few minutes, and any 
perturbation should be minimal. Nonetheless, a longitudinally sectioned sample 
of steel pipette with the solidified glass in place will be studied with the electron 
mi crop robe to determine that Interior leaching or melting of the steel tube was 
net a problem. Sample 2 apparently was granulated rock only with <1% simulant 
included. 

•Appendix K. 

M'O February 12, 1974 

TO Memorandum of Record 

'com B. T. Keana - 50.22 

JJJ 



Since ca. 20% simulant waa approximately the composition desired at the 
end of the test . Increase* in the thermal input were discontinued and the 
cooling cycle has begun. This will Involve about a month's t i n e to ensure 
that the rock does not suffer severe thermal shock. The maximum temper­
ature reached waj 1320*C. 

Table I- Analysis erf Samples from DRD-1 

Intensity Ratio 
Sample Mof Fe 

0.00451 0.0083 

S r f F e 

0.00480 

C c / F e 
0.00825 

% Simulant 

10% simulant 

Mof Fe 

0.00451 0.0083 

S r f F e 

0.00480 

C c / F e 
0.00825 10 

30$ s imulant Q* 0254 0.0213 0.0168 0.0238 30 

50% simulant 0.0282 0.0262 0,0160 0.0200 50 
70% simulant 0.0387 0.0395 0.0235 0.0350 70 

90% simulant 0.0417 0.049$ 0.0307 0.0303 00 

*1 0.0296 0.0347 0.0243 0.0405 - 7 0 

#2* 0 0 0 0 <l 

*3 0. 0241 0.0249 D.0157 D,037Z - 4 5 

f4 0,00691 0,00773 0.00453 0.0145 - 1 5 

None of the elements Included In tha simulant were detected, but the elements 
Included in the rock were found. 
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APPENDIX J 

SAMPLE ANALYSES IN SUPPORT 
OF THE DEEP ROCK DISPOSAL EXPERIMENT 

Sanda laboratories 
4at* O c t o ' j l t I*, 1973 Albugo*** M«k.M4ico 

b w mot. C*fttofra 
10 R. D. K l e t t - U7$i 

from B . T . Kenna - 55^5 

iubjeci Sample Analyses In Support of the Deep Rock Disposal Experiment 

The i n i t i a l deep roct disposal eq»eriBent wil l provide a sample 
cs . 3 f t by ±1.5 r t by 0,35 l a . for elemental analyses, Thia K K I 
Eumaarltefl tbe pr^aorj aetbods t o be used for elemental analyses a r t 
tbe methods a TO l i ab le t o answer specific questions regarding the 
sample i f required. 

The i n i t i a l objective la t o determine tbe extent ofdlTfusion by 
tbe boroai l leate-fuel s iaulant in tbe dole r i t e a t r l x during tbe 
l iquid phase, Analysis of each elenent present In tbe fiaople slab 
i s not necessary t o obtain t h i s information. At tbe outset , I t l a 
suggested tha t ve look a t one or tuo elaaaots having feat (Ba or K), 
intermediate (Er or Ba), OD" alov (I> Zr, Ca or V)t diffusion rates* 
Although a f i na l decision must va i t u n t i l snalysco ere completed 
on standard p r e - t e e t samples* an educated guess suggests t h a t ve 
determine K( Ba, Zr, end U. 

Tbe following analy t ica l methods are being considered for use . I t 
1B not intended t ha t a l l these methods be used on each speciflien; 
rather* the methods vould be used t o complement each other as needed, 

l ) X-ray fluorescence spectroscopy. Both energy dispersive 
and crys ta l dispersive fluorescence capabi l i t i es are ava i lab le . 
This vould be the simplest method since naatber mecUjulcal nor 
chemical destruction of tbe sample la required. Prof i les of element 
concentrati ana ton be obtained by scanning tbe cample surface in a 
s tep-vise manner, Tnls i s expected t o be the nolo technique used. 

?) Ato»lc_ absorption gpectrcnetry. By dividing the sample 
surface in to a grid netvorfc and talcing a sample fron eocn grid 
( e . g . , by drill-log) 1 atomic absorption spectrometry can be used to 
provide oere precise quant i ta t ive data for specific elements. This 
method vould ba used for determining tbe ex»ct concentratlcoa of 
elements a t locat ions thought t o be pa r t i cu la r ly s igni f icant . 



3) Qasalcal chemistry. By dissolving sea*, _e» taken from the 
grid network, UM emmet concentration of element* throughout the 
aaaplft CSQ be obtained bj ste&dard gravlmetrlci volumetric, or electro­
chemical u m . Thee* methoda are generally ceo*id*red to b* t i e coat 
accurate* and they *1H be uud aa a reference for the more rapid 
IsstriBBDtal techniques• 

I) autoradiography. Sine* unalnm i s naturally radioactive* 
autoradiography •boaild be an excellent nuns for determining uranium 
distribution *- the sample slab. Other naturally radioactive elementa 
eueh ai ^ do aot emit auffioient radiation to Interfere v i tb th i s ; 
however, gamma ray Bpectroacopy my be applicable for detejmlnlng 
their abund*nets* 

Items aurb as der-slty and porosity can generally be determined by 
direct radiography. 

5) Meutron ftrt<wt^ aomlyala and nam— i*f T rrtraacopy, for 
l e s s comply matrices, activation aniiyale and gamma ray spectroscopy 
can d-flne elAacut concentratlona. Bow*ver, In a ayatem tola compli­
cated) radlocbealcal separation* v l U almost certainly be necessary. 
Although th i s technique la applicable for determining a* J or conceotra-
tlona of elements, l ta applicability v l l l more probably ba la the area 
of trace analyaes. 

£) Emission •pactroara.pby. POT detecting • large rnaber oT 
element a at one time, emiaelon epectrography ha** no peer. Hovaver, I t 
generally la not uaed for quantitative determina^one at elements 
present In high concent ration* (> ^t ) , i t vould be uied for semi-
quantitative determinations of minor or trace element! aa necessary* 

7) Electron_micros cop y. ALthougl- * oth scanning and trana* 
alas ion electron microscopes are avnUaoie, probably only acannlng 
electron microscopy vould be uaed. Thla technique vould permit ua 
to define the sample aurfaca In terns of grain e l i e , cleaaota present 
in grains, end general aurfaca morphology. 

8) Electron mlcroprobe. Under computer control* this Instru­
ment provides quantitative analyse• a* a function of distance. Each 
individual analysis i s representative of a minute volume of material 
and only a email area can be done at a time, Heueirar, i t* capability 
for defining apetlally resolved elemental distributions amy be of 
real signifiesace. 

9) Other techniques which amy find use Include x-ray (diffraction, 
speetrogrephy, e t c . ) and Ion back*tattering. Although these methoda 
are not presently considered immediately applicable, they are Bvallable 
should the need arise . 

Vitb the analytical equipment and expcrtlae available, the 
elemental analyses planned ahQuld not present any severe prob­
lems. With the experience gained from this f irat experiment It 
la probable that additional method* of characterisation w i l l be 
recognised, e_:d these can be made available for use on future testa. 
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APPEN'DtX K 

ANALYSIS O F SAMPLES 
FROM DKEP ROCK WASTE DESPOSAL EXPERIMENT 

data January Zt 19T* 

to H. D. K l r t t - 1*73*1 

Samfia Laboratories 

fom B . T. Kenno - ^22 

submit Anslyalv of Socplefl freei Deep Rock Uaate THapoaal Eaperisent 

Fef: Mcno, B. T. Kenna t o fl. _ 
the Deep Bock Waote Diupt 

C, K l e t t , "Gaaplc AnnlyolG in Support o r 
mool Experiment*" dtd Oct. U» 1773* 

The Deep Ruck Waste Dlnposul experiment I D beginning and oenplee ahould 
be ava i lab le for nnnlyuin about February of t h i s year- This mcsio sua*-
a a r i i e s tbc wmple ccuTiguroticn ve would l i h e t o have and the a n a l y t i c a l 
procedures ve have plnaned. The i n i t i a l a n a l y t i c a l object ive in t o 
d e t e m i n c the r e l a t i v e ca ten t of n ix ing and d i f fus ion by the t o r p n i l i c a t e -
fue l a lou lan t in the d o l c r i t e o o t r i x dur ing the I jquid phuae. The 
eleoenlo ve w i l l deteraJne De i lqunn t i t a t i ue ly ore Hi , Sr ( f a s t t o J n t c r -
ced l a t e d i r ruEicc r a t e o } , Y, Co» a-td U (slow difTualon ra teo^ . He hod 
hope^ t c a lna determine e i tbe r 5a o r K, t u t t h lo w i l l not be poaalble 
due t i . i n t e r f e r e n c e s . 

As wc undcratond, our groan svtaple w i l l be o 3lab between 0.£^ in . qn» 
2,0 i n . t h i c k wi th a height (4. 5 1 ) equal t o tbe height of t h e o r i g i n a l 
d o l e r i t e ( " j e t Hia t" ) block (4 -5 ' ) and the width v i l l b* equal t o t b t 
uidtr . ot the block ( 3 . 0 r t ) . I t ia important t ha t our gro*a aaeple be 
froo -he center of the block ao t ha t e le=entp l GlBtr i tn t iwsa and/or 
m l i l i v p a t t e r n s con be proper ly e s t ab l i shed . Thp osnplea t o r our ana lys i s 
then vould be cut f rco the ?-oaa saopl* nlab In ouch a voy tha t (hey 
would represent a nwt r l t of the s l eb and vould o^ indexed according t o 
t h e i r pos i t ion In the s l a b . Tha samplea caa be e i t h e r square or c i r ­
cular fn nhope; t h e i r ind iv idua l v i d t h could be e i t h e r 1 OP 2 i n . 

The primary a n a l y t i c a l technique tt* fc* used v i l l be energy diaperoive. 
x-rav f luorescence, Uae v i l l be ttade of Btcejlc absorpt ion ond perhaps 
neu t r -n a c t i v a t i o n ana l^o i s when deemed n e c e p u r y t o provide bandi-v* 
DDH1>'1B and t o anover t r c u b i e a ^ e queat lona. The e l e c t r o n alcroprobe 
la o) o ava i l ab l e t o inveotlgDte uny p a r t i c u l a r l y in terea t lof l nm>o. 

E. %. B«aucb3^>, Sflkfi, ha i provide} tu with s taodords ccaprlsed cf a 
o t r t , -e of " J e t Hi a t" rock end Yarding u o u n T t o r s l s u l a n t e a t e r i a l . 
> l t h -ah the f luorescent i - r a y s p e c t r a ia c^ajpllcotedi FQ and L peaks 
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or si i cltfacntc (III* Sr, V, Mo, Cc, »nd U) can be i so la t ed wjabi .-u-
cuLly for cen iqu ' in t i tn t iv t unu lys l s . Atonic ntGorpttcn um*lyGl& of 
these *rlcnentc In the fltfln^irJc twve ver i f ied -:ke d u t e d uioprBi'vlnii, 
F i e r c e lu , and b ajipw th r ctiintlard v i rh in£ curvec developed free 
thefre stondtrdo vhlfh wi l l be need for x-r&y fluorescence anwlyclt 
t>r the Pct'p Pock Was to Dinprtuj Jiunplec. Ve ec t i&i te our un^ly^iL 
l i c e u J l l rc about 3-^- veel D o r t c r receivjn. ' thr nocpltfC. 

0 1Q00 2000 3000 
Teak Intensity 

Figure 1- X-ray f luorescence peak intensity versus concentration standard rurves 
for se l ec ted e l ements in deep rock waste d isposa l experiment 
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