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ABSTRACT
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SUMMARY

A sydeemsy study was performed to compare varioua me 1wlds of permanent nuclear wasie
disposal. Uae of the most promising metheds was fournd ta be hurinl of solidilied, uncontained
highi-1evel waste in holes drilled deep into hedrock. Heat generated by the waste would melt the
surroimnding roeck, ard the melten rock/waste mixiure would later resolidify into a low solubility
matrix when the heating rate deceyed. A cancept feasibility experiment was conducted to demon-

strate this dispesal method and to obtain substantial input data for analytical studizs.

A testing method wos developed by which nearadiocactive waste simulants con be tested in
representative bed rock without requiring expensive field tests with poientially hazardms radio-
active waste. The waste slmulant consisted of stable isatopes of representative waste or chemi-
cally simllar elements and was heated electrically with a resistance heater. The simulant was in
a cylindrical hale Ln the center of & 3 x 3 x 4. 5 foat black of dolerite bedrock. The simulant and
surrounding roeck were heated to 2400° F 50 that the matrly beeame [uid and naturel convection
cells were set up Ln the melt. Instrumentation conaisted of thermoeounles in the melt and in the
unmelted rock, straln papes, and sconie tronsduces. The operation of the test was suegessaful, and
all the desired data were obtained. Dipgital thermal stress and hent transfer codes gave good

approximations te the actual temperatures ond crack patterns abserved in the experiment.

Even though the rock eracked, there wag no loss of the melt becouse the cracks were self-
seallnpg. Thermocouple data provided enough information to determine the size and effectivencas
of the eonvection cclls in augmenting heat transfer. The method of handling liguid expansion used

in the experiment should also be effective In an eperational codiguration.

The dolerite test rock is being sectioned, and the poatiest analyses will include {1} ehemical
analyaen; (2} cyystallography; {3} measurements of porosity, leachability, conductivity, and vis-
casity: and {4) mapping of convection cells. The test data and posttest analyses will be used {1} to
determine the effects of conveetion, the mixing and stratification of the rock and waste, the depgrada-
tion of thu surrounding unmelted rock, and the integrity of the rack{was*e matrlx; {2) to evaluate

the accuracy of analytical methods and laboratory experiments, and {3) to visually demonstrate the

concept feasibliity.

This repert describhes the initial systems study, the experiment design and operation, and the
pretest analytical analyses. The final report will contain the 1est data, posttest anatyses, and con-

clumioas. AN teats and analyacs to date have indicated that this concept should be feasible even

though some enginecring problems were uncovered.
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DELP ROCK KUCL L A1 WAST DISPOSAL TLEST:
DESIGKR ND OPERATION

[ntroducticon

Nueclear reactors can supply & large part of aur future cnergy needs, bhut to deo 50 it will be
necessary to manage radieactive wastes ln a manner that por :s no threat ta pesple and environment.
Or particular importonce are the high-<level wagtes which remain biologically hazardous for an esti-
mated haif million years (Réference 1), Prgjected properties of the nlgh-leve]l waste inventory by
the year 200D are given in Table | from Kelfepence 2. The last two groupings in the teble give thoe
quantitics of air or watar that would be needed to dilute the waste te a Jevel acceptable for inhialation
or Ingestion. This convenient measure of taxicity i3 set by the . 5. Government's Radionclivity

Concent-ation Guide,

TARLLE [

Projected Propertles of the lligh-Level Waste nventory ia the Year 2000
Bored on an Accumulated Volume of 470, 000 ft3 of Solid Waute

Total tler cach pro wety)

] O
Total (for each proporty) After Giron Numib:er aof Years A ter Lhe Yoar 2503
[

Accumulated by Year €00

Tepee of Waste Rudigastiviey (2075 i) 1003 Th 107 10
All high=lovol wagie 150 070 39,1 15.9 1. 45 1.51
Total ficalon prodocis 1495 DED 4.27 a5 5. 16 0. 655
sr %0 12 200" 2 . . . .
2. 0.392 0. 352 0. 380 0. 374 Wile
"B 2, 02 a_g1le? 2, palr? 2t 0,111
=
cgl?® 0. 0766 0.078. 0. 0784 0. 0768 0. 0624
e 15 ODD - ) - .
Talal actizides 16540 J4. § ic.4 1.27 o &g
4 n
a%%® - 0. 0201 0. 0048 D.0458" 0. C0S5"
The < - 0.00t1 0.0081 9. 0346 g. 0661 "
238 y
Py 214 D.183 . - -
pa93? a.719 0,319 115 g. 24t} -
AmY .4.4 14, 6° a. 134 . -
cm it T . ] - -
Cm 17 0.318 0. 2922 0.137° - -
Thermal power (kW)
Fisston procucts 614 DOD .54 3. 53 2. 80 0. 183
Actinides 50 702 937 242 37,0 15. 4
Imhatarion haraed {m= alri
Eyssbon produzin B.65x HJ';? .2 1x m”‘ 1. 641 x luiz 1.27Tx lt‘; . 2 x 1:1;
ActLudes 6.62 x 10~ s 1ax 1070 a3ex10t” T.aExa2 4,095 10
lnpestios hazard {m]' water]
. 1€ 10 " 19 10 9
Fission products 4.85x 10 1.7T3x 10 1. 741 :lt"l 129 x mu 2. 3] :m“
Actinides 2.17 x 1014 ot x10!? 501 x10'% 2. 31 xt0 .83 x 10

1‘n:u= nuzlides conrod the InSalation hatard at the pndicated time.
t‘J‘h-uat' surllles oamirad e bopertica harard at ihe lnicated 1ime.

Ay |
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Ve seen from Fipure 1afrom Reference 1), flasion products are the most Ioxic waste compo-
nent e the first 5300 years after the waste i reMoaved from the resetor and the swetimdes 7nd their

Havphler products are the most toxic thereafoer.

Fizsion products are formed by the lission of uranium or plutenium.  The most toxic are
stromuius-Td, vesiem-137, and krypton-85. khars which are less toxie inelude zirconiun- 13,
welluriam -9, jodine-132, ecesinum-123, and techRotidm-99, With the exception of sodine-12%,
which fing a alf life or 155 x IIIIT years, the half livea af the domirant fission prodects are pener-
nliy lese than 30 yvears; spo after 700 yoars the (i8sian produeses' activiby is ivss than ‘;DﬂT the griginal

weve, {Reference 2).
F

Aciinides waich include radium-228, thorium-229, pluronium-23§ and -23C, amevicium-241,
and curium-244 and -245 are formed by neutren dbsorption af the uranium ar thorivm {uel. They

. . - 244
are all very toxic and have kalf live- chat range f1om 17,9 years lor Cm ke 24, 390 years for

239 . : ,
Pu . it is the actinides that mnze bigh-level waste toxic for su many year: |

In the case of permanent geologic disposal, the mos: likely hazasd would Yo contamination of
water. [f this happened, the inpestion b zard would be primarily froz, Srﬂ{I el Cslﬂ? for the Nrst
350 vears. After 350 years, tese [issicn producis decay to a level that would make the actinides
and Tcﬂﬂ, Eslﬁﬁ, and ‘.:*23 the domlnant notential hazard (Relercnee 1).

Lipkt water reactors consume 20 tons of [ue] rods for each gigawatl yvear of vlectricity they
pgenerate, When this amcunt of spent fuel is procegsed, about 25 m3 ef ligquid high level waste or
2 rlr'l3 of solid hiph leve! waste is produeed. in 1570 the annual productlon of solidified high-leve?l
waste was only +. 8 I'I‘Ia.":fl::l:‘. Oy te yeur 2000 the predicted nuclenr elee!ric power capacity is
pxpected to be as Liph 22 1.2 x ll‘ill2 watts. Degending on the predicted power capacity and thy
soizd “vaste form, cstimates of the s50lid high-lev i waste nroduction in the yeor 2000 ranpe from
1300 rna;’}'r::xr {Tzhle IT from Relerernces 2 and 3) 1o 1950 'nﬂ,fyenr {Tanie 1 from HReference 43,
The accumulate? volume of riph-level wazte 2outd e a5 hiph g 25, R00 m3 by Z0DD snd haye o radio-
activity jevel of 32D gipacaries. Containing or disposing of this guarntity of wasic in o manner that

is techpically feasible and folitiend® 1 sociolly aceeptable is o seriogs prodlem.

Currently, povernment high-level waste is being stared as a liguid ar slucey in tanks at
Szvanfah River, South Carolina, and Nanlord, Washington, an:dd as o calcined saljd in steel biny
inside conerete vaults at the National Reactor Testing Station in idaha.  Cammercial high-lgvel
wastes are being stored in an acidic ngqueous form in stalnless steel tanks at the processing plaonts,
Federal regulations {Reference 5) reguire these wastes to he solidified within 3 years afler they
arc pensrated ang the stable solids to be shipped ta a federal repository within L0 years.  There
are four basic processes for converting liguid bigh-level wastes ta salida.  The characteristic of
sach solud are piven in Table [V fromn Referetce 5. A barasilicate glass solid is «ly@ formed by @
pracess similar to that by which phosphate glass is formed (Relferenre 7). 1 has o higher melt

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

than docs phosphate glass.
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TAZLE 1)

Full Cycle Waste Prajections lor the Year 2044

Annuil Generation Tatal Accuriulated
Yolume Activity Volume Activity FPower
Category of Waste (103 n?) (MCD (102 nd, (NG (W)

Highdevel solidifled 4B 10D lap 1€, Do 13, BOG
Alpha-beta-gamyma

Cladding hulls {8 1,3 150 5. 24, 00D

Ainz, aoilds ATl 2,8 S, 20T Zhw -
Alpha acilda 2, 500 75 25,043 120~ 550
Beta-gamma

Tritlated water 1, 500 a2 36, o0 q -

Tritioted sollus 4.5 14 a0 05 3.4

Moble gar 2, 1ex 210 ng 1, 700 2, 80D

Iodine (KI) 0.0 0. 001 1 0. 01 o._CDB

Miae, aclids 14, 500 (LN | 15D, DOp o.B -
O-e¢ tallings 28D, OCO 0.3 15, 00D, &0q 4.5 -

*Acvity of oaly the acllnldes are includad,

At 2200 pal.
TABLIL [II
Estimated High-Leve]l Commereia] Waate
1580 200D
Installed capacity, 107 MW(E) 150 1 160
Spent fusl processed, Teiric tonsiyr appd | 21, 00D
Yalume of hlgh-level liquid waste
Annual productian, lﬂﬂ galfyr 1.0 Gg.9
Accumulated, 16° gal (if hot aalidified) 4.4 g0
Volume of high=level waste, if solidilicd
Annual produstion, 10° ft>/yr 8.7 89
Acscumaolated, 10’ l‘l3 44 L [1 )

All uf these s0lids are stahle as long ag their temperatures remain below treir process
te.aperatitres. However, if the proctsds temperatures are exceeded, volitization of gome af the
canstituents has been chserved and divitrification takes place, with a resulting incerease in the leach
rate. At or above 1200°C, horcn and phogphate velitize from the glasses. These solid Torms were
designed for enpineered storage and may not bhe the best forms for permanent dispasa). Enpineered
storage Is n tempe “ary method of waste management which is to bt vaed until o safe method of per-

manent disposal or elimination can be devaloped.

At this time eopineered storage is the safest and moat Ingica) method of hardling high-level
waste. However, it cannot be uscd indeflnitely. Aside from the moral aspect of burdening future
penerations with our waste, there are alse practical ressons tor developing 2 permanent rnethod
of digpnsal. Storage requires surveillance and maintenance, and in the half million years that the

wasie is toxic many changes in government, socinl structure, and territoria) boundaries will take



plave,. Since starage [acilitivs muast be accesalble, they are vuelnerable to natural phenomena such
an carthqunkes, MNMoods, and glaciers and to man-made destruction Tncluding wars and Sabotlage,
Any of these necurrences could disrupt surveillance. It is pnseible that a disposal site could be

1tr51,  The expense of pernettnd) muintenance and rebuildlng would he prohibitive,

TABLE 1V

Characteristics of Solidifted Hiph- Level Purex Wastes

Phasphate Fluid Bed

Prt Calzing Spray Melt Clagg Calaine
Form (lalelne cake ronolithic Monnolithic Granular
Descripiion Scale ANicro- Class Amoarphous

crystalllne

Fiss{on-product oxides, mole % Up o 80 Up to 24 Up to 25 g ta 50
Bulh densily, pim] 1.1t 1.5 2.7t 3.5 £ 7ta3.D 1.0t 1,7
Thermal conductlvity,

Btuf thelifti(* & Q.15 to 0,25 0.5t 1.0 d.4tol.0 0.1C e N. 25
Maxjimuars: heat, Wiliter of aolid B4 229 180 10
Leachab!loy in cold water - - a -

gf fem?tday) ’ l.DthJ-I 107 20 20 B 107 15 10"7 1.0 to 10”11
Hardnens Salt Hard Very hard hModerate
Friability Crumbly Teugh Orittle Moderate
Residual nliirale, wi, % =(.05 =0. 005 £{), QD5 =4. D
Volume, Wiers! 1000 MWait) 't 2.5 1.2 to 3 1.5t0 5 1.6t 5
Moximum Efable temperature, *C ~ 800 Fhose separation  Devitrifies - 600

nt ~ 900 at ~ 500
Container materlal Stkinleca ateel Alld mccel ar ANld ateel or Aild sleel or
siainlesa ateal glailnless agtee| stainlegs slee|

The idezl solution would be te elirmminate the wastes by conyversion to a uaelul or a2t lenst a
gafe material. If thls is nat poasible, ithe next best solution wouid be ta permanently dispose of

the waste. A disposal concept must meet the fallawing eriterla to be acceptablae,

1, Waste must be isolated from present and future areay of habitation or visitation.

Some areas that are isolated today may be centers of population in the future.

3

Wasie must not be placed in any polentially useful minera) deposits.,

3. Waste can not be allowed to enter the food chain, watee aupply, or air supply.

This ean he acepmplished either by iaclation, containmen:, or negligible leach rates.

4. The waste should not be placed in natural hazard areas where there are ‘requent

natur:l disturbances such ~s earihquakes aor floads.,

5. The waste should be safe from geolofic or climatic changes (i.e., the media

muat be stablel.

6. The waste form shou'd be radicactively and thermally stable. The disposal
method should accept siored waste wlich has partially decayed as well as

fresh wasto.
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The wakte musdt be immohbile unless it can anly move 1o a more desirabhle Jocation,

H. Costa must not prohibit the use of nuclear fuel.

. 7The disposnay mrithod must be maimensiice {res and not be dependent on politieal

or social giability.

Reepverability has often been mentioned 25 a desiravle feature for a dlepoaal concept in cage
a use cap be (ound {or the waste or 2 better dispogal or eliminution method con be fomd. However,
if the waste can be recovered intentionally, it is also suascepiible to oatural or acejdential exposure.

Recovered waste could algso be uged for destructive purposacs or blackmail.

Alternate Methods of Digposal

There have been numerous gystemsd studies to determine which method or methods of nuclear
waste disposal meet requirements similar to those set down in the Introduction {References 1, 2, 4,
8, 9, and 10). Thre newest and probably the most complete stedy {s the one being conducted at Battelle
Northwegt, The follgwhbig 18 a synopgis of the proposed methods of elimination or disposal of high-

level nuelear waste.

Separation

Extraction of the actinides and long-lived Asgion producta from the high-leve] waste could aim-
pliy the digpesal of at least part of the waste, Aa shown In Figure 2 from Ruferenca 2, the rodjation
from the remaining ahart lived wugte (alls within the range af natural radiation in about 600 years.

E 10 ' .
L
]
H
%
=
E Iull -
: L~ Conveitionu! I'tLroceasing
£§
10
i
T
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Figure 2. Efeets of separating short ard long-lived high-level waste

Transmutation

This method would uge the nuclear process to change long-lived rodicactive waste to short-
lived wpate or stable isotopes by the shsorption of radiation. Used in coajunction with separation,
all waste could potentiajly be converied to short-lived isotopes. The Indicoticna arg that actinides



can be transmuted In fissian reaciors, bot it appears that fission producis will require the v3e of
a fugion reactor (Reference ). Mogt products of tranamutation will sti]] requlre some means of

permancent disposal, but the hazard times would be sherier.

Ixtended Starape

Perpetual use of englneered storage has heen mentioned as a disposal technique. The waste
would be contaiped in vaults, mined cavities, ar in phicldcd containers on the surface of the earth,
Cooling would be by candu¢tion ar convectlon. The waste would be recoverable, bhut the costs would
Le high, surveillance difffeult, and long-term =afety questionable,

Antarctic Rock and Ice Sheels

Tne advantages of these locations are that all ground water i8 frazen, and henge immobile,
and the ice would ¢ool the waste, Presently, only people with scientific backgrounds visit these
areas, and pregumably they would take proper precputions. The difflculties are that permafrosi
or Antarctic rock 18 only {rozen to a depth of about 300 meires and the temperatures are not mnch
below [reczlng. This means that the wodgte would have to be spread over a lJarge area to prevent
melting. The waste would ..ta hove to be spread over A lnrpge part of the continental jee sheets to
prevent meltlng of the ground-{ce Interface which could increase {ce flow. Compared {o the half-
millicn yeara thet the waate ju dangersws, the ice Nows are not permancnt geologic formations.
Transportatlon to theae arens could pose a safety problem, and logia* ¢ at the dispgsal site waould
be difficult. Currently, both of these Iocatfons are excluded by internationnl treaty.

Seabed

Ocean trenches, ocean tectonic subduction zenes, deop ocenn abyssal plaina, and ocean foar
sedimetiln have all been proposed as repositories for high-level waste. Possible advantages given
for geabed disposal are: {1) remotenees from normal human activity, {2} good heat digsipation,

(3) large dilvation aod diapersion capapity in the event of a failure, {4) {ow coat, and {5) posaibility
of mineral hulldup o provide additional containment. General arguments against seabed disposal
lnciude the difficulty of contalnment because of the corrosive environment and the possibility of
radioactivity entering the food chain if there is a leak.

Convection cooling {3 lost when waste is buriced in sediment or tectonic subduction zoges, and
the waste must be treated simllarly to waste buried on the continents. [n Reference 11 it is shown
that vertical upward diffusion of uncontained radionuclides through the water is the domlnant trans-
port process where sedimentation rates aye tow. Deep ncean trénches gre remole, byt solid and
Hquld fransport rates are high. The same currents that cause high sedimentation rates to cover
waste now could als. uncover them within the next 500, 000 years. Little is known abgout tectonic
5ubduction and stablye deep ocean sqabeds. Some seabeds may have litile or no life and tnay be Iree
of currents, but much occanographic research is necded before any delinitc conclusicns can be
drawm. United States and internalonal policies d¢a net  crmit the disposal of high-level wastes in

internalianal waters. As more information becomes avarlable, these policies may change.

15
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Iharaterrestial

NASA has been investigating the poaaibility of using the rpace shutite vehicle 1o place high-
level] warte tn an earth nrbib The waste could be elther Jelt in earth orhit or additicnal rocxel
stages could be used to (Ere the waste into a solar orbit, into the sun, ar lnta deep apace, Direct
sun impact 16 hot possible with today's vehleles (Relerence B). Cost estimates vary, but this is
prabably one af the most expensive concepte that hag been proposed. In the event of an aborted
launch or short-llved orbit, the waste could impact either in the occan or on the continents. The
container would, therefore, have to survive the environments of all types of seabed disposal and
also be shiclded in case of o terrestial landing. In addition, it would have to be able to survive a
launch pad abort {ire, reentry heating, nnd earih impaet. Waste successfully 1aunched inta the

sun or into deep apace would be permanently eliminated.

Salt

Digpnaal of high-level waste in bedded salt is heing investigated by Oak Ridge National Labaora-
tory. Ger-=nany ic working og disposal [n Bailt domes, DOedded salt haa the advantage of being the
older and more stable af the two formationa. Salt beds have remalned {free of ¢irculating ground
water sinee they were formed. However, there i8 no gunrantee that there will be no circulating
water in the future and flowlog water can dissolve o galt formation. Salt is copable of plastic de-
formation. Any froctures in the galt would be sclf-heallng, and filled entrancea to the atorofge areas
w11l eventually be gclf sanling. The suly will also MNow when heated by the waste. The extent and
consequences of the thermal [Tow are not a8 yet fully knewn, Other advantages of salt are high
thermal conductivity, abundance and wide digtribution in the U. 5., case of mining, and ugual
occurrence in sclsmically stable reglond. ther digodvantages of aalt are that it la highly corro-
glve and is normally assoeiated with other soluable mlnernle. Salt depaaite are congldered o he
deep enoupgh (150 to 600 metres) by some lovestigators but too close to the gurface by others. The
salt bed proposal has heen developed further than any other dispasal concept, but there are still
gquestions to be answered, The technical work so far has been with contajned waste, but stainless
gteel and cerarmle containers could fail in six months to three yenra {Reforence 12%.  The melt
temperature of the salt (1472°F) surrounding the waste could be excecded, ond the waate could mix
with the molten sait. The behavior of thisa moirix is not completely known.

Scll Buria)

Roferences 13 and 14 describe a coneept by which contalners of high-level wnsle wculd melt
thelr way toward the center of the earth. [t is propoged that high-level waste be placed in a refrac-
tory container and hallasted if necessary to give the coatainer a higher denalty than thy rock it pene-
trates. The container would be placed at the bottom of a hole drilled Into bedrock 0.3 to 2 krh deep,
The heat generated by waste would melt the surroonding rock. As the contalner settles, the molten
rock wake would resolidify, forming a permancnt gea}. The same hole could be used for subyequent
containeres which would melt their way dewnward! ip geries. Analyscs performed by Logan (Reference
14) for 1 and 2 m. diameter spheres with various wagie loadings In basalt ond granite rock indicated



that the containers would penetrate between 0.5 and 50 €m before the he ol pencration level decayed
{0 o leve) that could be accommeodated oy conduction. It was predicted thot some waste/container
combinations would ponewrale the ¢rusl and chder the jrantic.  Althocugh thls s an attractive coneept,
the analytical work muat be verified experimentally and heat tranafer predictions of the interior of
the centainer must be made. The mest sericus problem {8 finding a contalner that would survive

in comtact with the waste and a1l types of roek above the razk melt temperatures {2200-2890° F) for
the tife of the decent, which was predicted to range Irom 5.6 to 500 years depending an the depth aof

penciratjion.

Deep Rock Burial

In this -ategory of nuclear waste disposal techniques, waste is isclated by placing it deep Lnta
bedrock well below mineral regources and water {References 4, 15, 16, and 7). Types of rock
being considered are shales, limestones, and silicates. The waste would be aged to reduce the hedt
generation rate and/or dispersed in the rochk gulficlently to prevent melting of the waste and roch.
The waste could be a contnlned solid which would be placed in a drill hole or In mined shafts and
tunnels, The entrances would be gealed with a material such as cement which is similar to the
rock. It may be pospsible to retrieve waste disposed of In this manner. An alternate preopesal s
to hydraulically fracture the lawer ond of a drill shafl uging liquid wasate. The waste mixed with
cement would thea {111 the fractures In the bedrock and horden in place. The advantage of deep
rock burial are thot the medin In ingoluble, has low poroaity, is nccesaibic in moat of the U. 5.,
and ia uaually not aascciared with valuable minera] resaurces. Tie diandvaatages are that the
rock is brittle and, if cracked, will not seal iteelf at low temperatures. It may be possible that

graound watoyr could raach the woate,

Deep Nock In S5itu AMelt

Theae deep rach In situ melt concepte place the nuelear waste in deep bedrock almilar to the
Deep Rack BDurial eoncepts but differ in the followlng respects.

1. The warie i not cicapsuled, and, therefore, success does not depend on the

survival of a contalner at high temperatures {or long perlods of time.

2. Younger and/or larger quantities of wnate are placed in each location so the
heat pepcrated by the woste 15 sufficieni 1o el thre wasie and serroumling
rock. The diffusion and convection currenty cause the molten rock and wnate
ta mix. Ahler the heating rates decay (o a level lower than conduction Insaes,

the mixture will resolidily into a 1ow solubility motrix,

All of the In &itu melt cancepis have (he advantager of low cost, high temperatores during the
time af high radloactivity which will keep graund water away {rom the wanate, dilution of the waste
by Lthe molten rock, and final solidification Inta a glesay matrix with a low leach rate. Safety in-
creases as Lthe burial depth increnpes. [Headvoninges [nclude possible mobllity during Lhe mrelt
ohage, Some confllgurations are more proae to migratlona than others. her Jdisadvantages ore
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the poesibility of the high temperatures, which may cause gages to evolve [rom the motrlx, and

thermal expansion problema.

The In eitu melt concepts dUiler in (1) the slzc and shape of the cavity in the bodeock, (2) the
wahale form, and {3) the method of filling the cavity. The Lawrence Llvermaore Laboratory proposal
(Reference 18) consists of placing liquid wastes in a large spherical cavity. The cavity ls a deep
underground chimney formed by a nuclear explosion and partically filled with rubblc. Cavities
would be located underneath procesalng plants and filled with liquid waste and water. leat gener-
ated by the waste would be removed durlng the fi11 period by boiling Lthe woter, Alter about 25 years,
the covity would be full and the liguid wasts wouwld be nllowed to bpf! dry. The heat would then bepln
to melt the gurrounding rock. After 90 years, the conduction logaes Into the rock would exceed the
heat generated and the waste/rock matrix would gradually caol. Resoliditication would take hun-
dreds of years. The advantoges of this method are: waste would not have to be trapsported from
lhe procesasing plant: some low level waste could be left ir the high-level waste, thus reducing -e
amount nf separntion needed: and the waste wauld not hev¢ to be golidified. Mast of the disadvan-
tages stem from the large cavity slze (aee Appendix A). The caopncentration of such a large amount
of keat In une location might causa high ecavity pressures and extenslve ¢racking or upheaval because
of thermal expanficon of the heated roek. The large slzre olec means n long (111 pertod when the waate
ls mobile and the cavity 18 noopladtic, more possibilities of fnllure in the 111 mechanism, amd &
longer peripd when the matrix is molten. A gpherical or short eylindricnl geometry is more lkely
to migrate when molten than are olther geometrices.

Ancther configuration degcribed in Reference 10 15 o larpge Nat disc-shoped covity formed
by hydraulic fracturing of the bedrock. The waste 18 then pumped Into the fracture in the form of
a galf-curing slurry. The melt would then proceed perpendicular to the fracture. Hecause of the
¢xtended gyrfuce and smaller volume, the melt period would be the shorteat for this configuratien,
Control of the fracture and assuring' melt over the entire volume would be difficult.

The third configuration uwtilizes o cylindrical configuration {Appendix A and Reference 10}
Holes ranging from about 1 to 4 feet Ln diameter, depeénding on the nge nnd coneentration of the waste,
are drilled depp Into bedrock. The bottom part of the holes nre filled with gelid high-level waste,
The holc ia then senled and the upper port of the hole is [illed with cement or pimilar material.

After the waste ond rock melt, numarousg convection cells will form or turbulent fRow will develop
ih ihe Wong column Whith wiil couse melting to proeced primarily in the radinl direetion. The time
the mairty remainc moiten would be loager than the hydrafraced canfiguration bul suvatanlially
ghgrter than the large spherical configuratlon. The waAte farm would have to be elther a solid or
4 gelf-curing glurry and congist primarily of high-level waste o agsure auflicient melting.

The wagte dlgposal metheds degeribed above are nk mutually exclunive. Combinations such
am Ln aitu melt ln the rock beluy deep coenn seabeds, parthal transmutatlen follewed by deep rock
bupial, and extraterrestial disposal of some components of the wasie afier separation are alse pos-
sible. Mloxt seabed and geologic diaposal concepts can be used pither in a central repository or

with distriiyted disposal sites.
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None of Lthese disposal methodse are develope: -afflciently to use ag this tlme; feaslibility
ktudies have not even been completed on most.,  Alany wtudies have been based on assumptiona and
include many simpiifications becpuse of the lock of good Inpul data. M is, therefore, pot advisable
to completely develosp one of Lhe voncepts untl) miore L8 known aho:t the more promiaing alternatives.

D=cp Rock Disposal (DRD}

The criteria for selection of an attractive meane for high-level radfigactive wante dieposal
are safety, reliobllity, fexibfliey, logistica, and cost. Prelimlnary anzlyscs have Indicated that
Deep Rock In Situ Melt dlsposal mecte Lhose requirements. The particular degign which agmeura
to be the most promising ig the one In which uncantained solidifled waste Lo place in leng drill hales
dgeep In bedrock. Since work on this concept la conanistent with Sondla [abgrataries eapobilitica and
it hae mot been develpped through the feasibility stoge, It wag selected for further annlyscs and tests,
The econfipuration shawn in Figure 3 inclodea modiflcations made ea a regult of theee tests and annl-

ysis and representa the basic dieposal system now under cansideration.
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Thermal Analyals

The lnitia] thermal analyeis of deep rock dlapoanl] utilized parametric soiutions of comstant
apherical, Wne, amd plane heat sources in an inflnite medla ta determine the appraximate concen-
iratiom of woaste that woyld be needed to melt the desired amount of rock. It wop then determined
Hf these cavity pixres were prociica) relative to excavating In deep bedroe v for eath configuration.
Digital computer program DELT was used tg conduct the parametric study, This program used
Equations {1-3) which were derived (rom the instantahcous point source equation (Refercence 19),
heat peneration rates at one year manging from 0 to 150 'Ini."n.'n’.frn3 decaylng as shown in Floure §,
and material property data [rom Appendix B, Sinee it was noeessary to average the heating rages
and praperty data, these solutions pre only approccdmotions.
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Fiqure 4. Normalized heal generotion rate decgy lor Hght water peactor and high
temperature gas-cooled reackn wastes {derived from Neference 207,

The approximate temperature rise of the rock suvrrounding a spherical waoste cavity as o

function of time and radjue {9 given by

172 2 2 f
a —J1 ‘m\. Ll Arrary r-3Y. irsaterfef it 2l
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The temperrture riae around o line source in

# 2
L] _:L . - r
&r 4Kr El dar ) {2)
For amall valuea of =z
Eil-:]-r*lnz-z+%12.,. . {3}

Therefore, for the large values of time that are of interast in Lhis case

’ llﬂ'f r
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For a unifarm plane gource the equatian e

T 1/2 2 -
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LT ncF (ﬂﬂr) E‘Ip( '1‘) HET JIE(W) {5}
where
a = radius of the spherica?! surface
Cp = mpercific hent

Ei = the cxponential integral

K = Uarmnl conductlivity

q = tatal heat generation rate from a gpharical surface

q' 3 heot generavion rate per unit length

q’ = heat goncration rate per umit area (includes both sidea of the fraciure}
¥y = radius

AT = temperature rige

= distanee perpendicular to a flat source

= thermal diffusivity IHIPCPI

the Euler - Mogcheroni constant

= density

4 0w D
H

a time

It wag foun ~at hoth gpherical and cylindrical cavities could be formed in deep bedrock that
wouid regult in sube’ antia] rock melt Not enough wea known anbhout the geometry of a hydraulic
fraciure to sgpure melt 1o thot configurniion. The diameter of the drill holep [or the cylindrieal
configuration using solwlified high-level waste eould range {rom about 0.3 to 1.5 metrea depending
on the age and concentration of the waste. Very old waate or a very Duld rockiwaste mbnure could
increase the nllowable dlameter. A low viscosity melt would enhance convection and hence keep

peak temperatures 10 oo acceplohle level in a large cytinder.

The next atep ' *as to ascertain the relative heat-up and cocl-down timep and the length of
time the matrix remained hot cliter resalidification using an actual decay curve with temperatare
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dependent material properties and convection In the melt zone. 'The CINDA digital computer pro-
Fram wag uped to make these computations. A gne-dimensional versien of the eylindrienl thermal
model deperibed in Appendix C was wsed. Materlal properiies were obtained from Appendix B, and
convection wad compuied uging the mcthods described in Appendlx D. In the (ntercst of canserving
computational time, a typlecal case waa selecied and the results were normalized. Flgure 5 shows
that the repeolidifleztion Hrppe j5 abopt 5. 2 times a8 long 28 the meltlog time whoe the wasts is ane
year old when it is buried. Jielting perlods com range Irom several weeks Tor young high-level
waste in very emall diameter holes to teng of years fer aged waste in large hoies. Fipure & gshows
that th? centerline tenm.craturs remaing falrly constant during the melt period becauae ol convection
and heat of fusion., The long pericd of time that the regolidified rock/waste matrix wonld be at elevated
temperaturc s illustrated in Figure 7. The exponeatial temperature decrease {rom the 22007 F melt
temperature would keep the matrix dry for many years. The exact ecol-down time for each get of

initial -snditions 18 yet to be determined.
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It hag Lbeen suggested ‘n Refercnce 1 that the actlnides be removed from the rest af the . - -
Ievel wasto to reduce the hazard 1ime. TFigure 8 shows tint the heptwng duration off the remaining
fission prodocts plus Sr and Cs is Jong enduph to melt the rock In 311 *he proposed in situ melt
canfigurations., I the extracted actinldes cannat be transformed &0 L short-lived taglape by trdas-
mutation, they cpuld be buried acparotely, noasit.ly in a central locatlon, and/or at a greater depth.
Although the heoating rareg per unid volume of the detiniges 1s initinlly Jower ten that of the other
wuate producta, Lagan ahowed that the heating ratea are high enough to melt rock (Reference 14h

3
10 | | 7 I
e Tatal
-w=w= Flgplon Praduocts
10° | ——— SriCs =
. ~. e=— Actinides
>
8
LS 10
u | o |
g o
-
alh
T ! 1 [~
£
TR -~
-
E‘E 10 " B
Y 4
X B
T o
x 10
[
1w 3 -
|
i't
~4 b $ ) s
10 2 3 4
Q.1 1 (1) 10 3G 10

Yeare Anter Macharge from Heactor

Figure 8. Thermal power (nyp Jight water reactor hirh-teve] was e,
Derived {rom Beverence 1.

Iq
t4



vispngal Loecxticn and Cost

Nteferenze 11 shows the locations, depths, and categories of brsement rock ia the continental
United States.  Approxirmately three fourths of the U, 5. has Pracambrian silicate bedrozk, aboutl
Lalf of which (s within 2, {10 metros of the surface. This very old and stable bedracx eXists in al-
mo&t 4il geagraplhiical locations of the U, 5. which means the waste could be dispesed of ot or near
prozessing plants i¥ desired. Another siternative is to use a contrat repository for all the high-level
wiagle, A strdy wis conducted by the USOS (Reference 221 to determine i the Nevada Test Site wauld
be a saltable ceniral repository. Prelimioary results are not conclusive but do indicate that locations

at NTS rmay meet the requirements of deep rock dispogal.

To date, the deepest dridl kaole is 2160 =™ and the deepest cased 1} -inch diameter hole is
4330 m. Trke relf:rence depth selecied for 2osting and capacity studies was 3000 n: whick is well
within the limits of exiating drilling technelogy. it was also assumed that oaly the botltom 1300 m
of the hole wauld Le filled with waste so the site selectian would not be restricted and all the waste

wauld ke remately locnted. Table V lists capacitied and initial thecmal output for a range of hele

diaineters.

TABLE Y

Hiph - Level Waste Capacities and lnit11] Power Levels Based on 1000 m of il

Hola Diameter {m)

0.3 0.5 1.0 1.8
Volume {m°} 70.7 195 785 1,767
Power plant capacity per hole {GWe - yr} 35 08 394 883
Hales per year (1D8D) 4.3 1.5 0,38 f, 17
Holes per year (2000} 31.4 11.2 2.8 1.2
Average initial power (KW, m) B. 1 22.5 Q0. 3 103, 2

Tie number of holes per yvear and the power level of holes in the one meter diameter range
are acceatable for deep otk disposal. Howewver, a few large diameter holed may be needed to dis-

pase of the aped waste that has been in storage and has a lawer thermal output.

Cast estimates are based on References 23, and 24 adjusted to 1973 prices. It 18 assumed
the holes are drilled in remate loeations in vory hard roeck Lo a deplh of 3000 metres. The vpper
2000 mictres of the holes are assumed to be cased to prevent water from leaking into the bedrock.,
Table V1 is a semmary of the cost estimates. Waste transportation an: [illing costs are not in-

cluded. The eost of uncased holes is included only as o reference.

The 1 metre diameter holes are the least expensive, but compared to the 10-11 mill/xWH

production cest of eloctricity, the DRD dispnsal costs of high-level wastes are neglicible. Coasts
. . . - a
are 2150 Jow ecompared to the estimated I0D year enpineering storage cost of $35, 000/m™.
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TADBLE Vi

Costs of 3000 m Deep RHock Disposal 1nrill Heoles

HMole Djamoter (m)

0.3 d.5 1.4 _ 1.5
Uneased hole (21, 000) 200 1, 280 2, 550 5, 350
2/ 3 Cascd naje {510, 0065 1, 250 1, had 4, DRO 14, TON
Sealing and filling 1op 2/3 {81, 000) i 71 42 185
Cnst/m> waste (S1, 000} 18. 2 10,2 5.3 8.4
Disposal cost{kKWH electric {mills) 0. 404 0. 002 M. DD1 0. 042

Conzeplually, tiie eylindrical deep rozk in situ mel: disnnsal metheod (s aliractive, and pre-

Jiminary system analyses are encouraging. However, Lefore this method could be selected for

des rlopment and operation the following general catepories must be addressed:

1. The chiemistry and physics al the melting and mixlng of waste and rock must be

thoroupghly understocd,

2. Analylieal medels must be developed or mpdified that will preuict DRI phenomenn,

3. Accurate and complete input data for the amalyticzl models are nteeded,

2. All pagsible safety and environmenial proulems must se investigated, anil

2. D’reliminary hardware design and cperational procedures must be completed 1o

assure feasiblifty,

wpeecifically, the unknowns and potentinl problem areas are listed in Table Vi,

TABLE Vil

Deep kteck Disposal Unknowns and Engircering Problems

1. Circulation in the meW ncludins
conveetive heat transler and [low
patierns,

2. The amount of diffusion, mixing,
strotification, solubllity, and chemi-
cal reactions of the rock and waste.

1. Shape and migration of melt 2onc.

2. Chemical compatibility of waste,
contalners, aced rock.

9. Optimuam waste form for each ype
af bedrock.

6. Inteprity, solubility, and c¢rosion of
the rockfwaste matrlx.

7. Optimum size and shope of the dis-
posal cavity.

12,

13.
14.

Optimum age and cancentratian of
waste.

High ternperature cliernieal, mechan-
ical and thermophysical properties
of rocks.

Thermal expansion causing cracks,
uphgawval, or extrusion,

Gns generation, pressure buildup,
and diffusion mechanisms.

Poasibility of water seopags and
effecta.

Site selection and burial depth,
Filling procedures and scheduling,



Table VI1IH containa an outline of the sieps in the developmert of the DR} cohcept of high-level
waste digposal. The intent is (o employ anziytical studien along with scaled experimeniz] programs
in order to obtain the maximum indication of concept feasitniity prior to commitment to very ex-
pensive full scale tests or experiments, Functional design and eoncepl proof testings are depundent
on the -esults of concept feasibllity studies and héence Steps 1 and IV of Table Y1I! are only lentative,
The development propgram could alsa be terminated if a better selutian to the auclear waste problem

is found or il unacceptable safety hazards are uncovered relative to the DRD concept.

TADLLE VIIL

Devp Rock Disposal Dovelopment Propram

L. Syetem Secsping

A. Quantities af hiph-level waste to be disposed ol
B. Availatility of basernent rock.

1. Types, locatlons
2, Depth below spurface

C. Drilling technology

I, Cost
2. Copabillty

N. Potential environmental probléms

1L Concept i'coslbility

A, DRD experiment series

1, Convectlon effects nn heat flow.
2, Shape and migraticn of meit zone.
3. Amount of diffusion, mixing, stratification, solubility, ond chemical
reactlons of the rock and waste,
4. Chemleal compatikility of waste, contalnern, and rock.
5. Intepriiy, solubllity, leachability, and erosion of the reckfwaste matrlx.
6. Tlighk temprrature chemical, rmechanical, and thermephysical properties
ol racks and waste.
7. Degrndation and cracking of rock outside mels,
8. Dhlethod rock enters melt {chemical, melting, 9T mechanical).
2, Check of analytical und numerical models.
10, Check on experimental models.
i1. Develan test methoda af high temperatures in a reactive ensironment.
12, Vigual demenstration of concept feasikility.

. lLab conveclon expertmenty

I. Indicutions of mel geametries.
2, Indications of melt migration,
3. Indications of convection,

IIT. Funettonnl Desimm

Correct size and shape of the dispasal cavity.

Correct waste form for each type of bedrock.
Optirum age and concentration of waste [orm.

Contrnl of thermal expanslan causing cracks, upheaval, or extrusion.

mPaows>x

Gas generation, pressurce bulldup, and diffusion mechanlsms,



TABLE VII {Cont. )

F. Potemcinal for water scepoge and olfects.
G. DPofcnti.l gite sclections and Lurijal depih,
H. Filling procedures.

I. Schedullng relative to reactor lecations.

J.  Detajled economic analyses.

K. Development of analytiea?! convection and geclogical stress models.

V. Concept Prool Testing

A, Determineg which phases can be done analyvtically, with scaled experiments
or need {ull scale teses.

3. Cordgct a scaled hot cell test with actieal waste at NHDS.

C. Condict full scale test at NTS.

Syatems scopinp has been compleled, and concept {easdbilily studies are underway. Tre
DRD experiment serles consists of nonnuclear meltlng of waste simulante Ln aeveral types af bed-
rock and the labgratory tests necegsary to support these experiments. Analytienl models are being
developed or modified and are belhg ehecked against data from the experiments. The laboratary
tests are alse pre ding input data for the analytieal annlyses. The design ond operation of the firat

slmulation experi 1ent {DRD-1} is the subject of the remainder of this report.

Laboratory convection tesis coneisted of elecirieally melting short cylinders of Jow melt
temperalure materiola such as ice and paraldin to determine the size, ahape, ond migration of the
melt in ese materials. The daila were used to verifly analytical moedes of enavection around

agpherical and short cylindrical heat sources. Thre results of the convaction tests are given in

Referencns 25 and 26.

Tue DHD-1 Experiment

DI¥-1 is the firet in a series of experi: ents dealgned to evaluate the feasibility of dispositg
of hiph-level uncour ained solid rodicactlve waste in deep hedrock using the in place melt concept.
The {ests will als:  rovide input data for analysls and a physical example to check the accurcay of
analytical metipd: The specific goals of the test series are listed in Table VIiE, Part 1[-A. Sim-
ulaiion modrls can Le used to investipate some of the specifle phenomena associated with DRD, but
representative bed-ack and nuelear waste or a waste afmulont must be used in meaninpful feasi-

bility tests. The - aterial combination of bedrock and nuclear wasie is unique in the followlug

TESpCCts:
1. AMechanic .l response as a function of tempersature,

2, Thermal cgradation of the grarwular rock,

3. Daffvsjo: I the me) into the rovk,
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4. hemienl reactions and computibllity,

5. Pronounced temperature and concentration dependence of the matrix Raylelgh

number and the resultlng offects on convection,

6, alixing and etratification of the components of the matrlx, and

7. IPropertics of the golidified matrix.

Experimental Description

A preliminary nnalysis wsing the DELT computer program indicated that granite rock could
be melted around a cyllndrical heater with about a 1.9 kW/{t thermal input. This meant that o
relatively lnexpensive test could be conducted using an electric resiatance heater surrcunded by an
annular column of nonradicactive waate simulant in a btock of bedroek., The conceptual desipn of
the experiment ig phown schemoticnlly in Figure 9. 5ilicon carhide was found to be the beat material
for a resistance heater in the
DED-1 environmam. A 2.125-

0.2 04,1 W Eleciric
inch diameter boyonct type heaoter (_

would produce the heat flux re-
quired for the tast. A 3-inch

Z

L

diameter, electricatly nonconduct-

ng, refractary tube was requlred X
to protect the henter fram the Sonk Transducer
P LocHins

molten rock and wudte simulant.
With this diameter, the henting

Ceramk Tubes
length should be a mialmum of insulstbon Y
2-feet long to minimize end offocts. I Orkal
Fiif {evel
A 4- to 5=-inch radius melt 2one was - Kinaf
Expansion Yalume
desircd to agsure convection, to l‘hn}mm-l
obtain the deslred rock to simulant locrlons  X¢-X~-X AN E Wiste Simulant
i -
ratio, and to allow for a concentra- E E ,E Silicon Carbide
tion gradient in the melt. Allowing ¥ = XX A :; E R HeMer
] 13
for a rock degrodotion zone around :..;_! E E ﬁ
ird b B
the melt and spefliciant virgln rock j ,-.* I H
to hold the experiment togelher X & [3]: Yrdzas
¢ oxpe BETET 2|3} Rock P'er
the required rock pize was found X Fy "E 4
to be 3- x 8- x 4. 5-feet high. The Xf-X-=X Bl
rock wnsa huried In granitic samd
for a thermal impedance mateh and xhooox X
for support if thermal stresscs [ :' Pﬁluln Gage Locations
cracked Lhe rack, A ceramic tube V] *
provided scceEs to the rock from
the surface. Figure 9. Deup rock disposal experiment i



Nata Acgquigition

Data acquisition during the test was accomplished with thermocouples, strain gages, somic
trunsducers, and a melt sampling pipet. There were 29 {lxed thermecoupies located tn a radial
and veriical array for case in correlating with temperature gradients predicted analytically and to
defersiine the cffect of convection, as fustrated fr Figure 10, There was zlse 2 probe thermo-
couple that could be moved vertically in the melc which waa ugsed to ohtain a contlouous vertical
temperature profile next to the heater tube and to locate the tap af the liquid in the expansion volume.
The top of the convection cell was located by the inflection point in the vertical temperature profile.
Three strain gages were located on e sides of the rock to check the gurface strain predicted by the
thermal stregs analyses. Straln pape data were only goed until the surface temperatures reached
350°F. B5ix ultrasonic MHGB transducers were attached to the [aces of the rock to locote any cracks
that occeured during the test by using acoustic emiasicn and irinnmilntion techniques. A guortz
transducer was placed next to cne of the alde transducers. This pair was used for pulse echo In an
attempt to locate the edge of the melt zone ond the heginning of rock degradation. Through trans-

mission wap uped to measured delay times through the rock aa the temperalure changed. These

data were used fo ealibrate pulee echo and ccougtie emission data. Anp attempt to correjate through

tranamission diffraction measuremenis und thermoeouple data may provide a method of measuring

temperatures in oreas where thermosouples can not be used. Detnils of the acoustic ingtrumentation

are glven in Appendlx L.
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Melt Rock Sand

Radial IMetance fram Heater Tube

Figure 10. Usae af radial thermoeouple data



The sampling pipet was ured to extract samples of the melt near the end of the text to measure
the amount of rock that had melted. The composition of the sample, and hence the ratlo af rock to

waate simutant, was determined using N-ray fluorescence spectroacopy.

Bedrock Selectlion

The rock types selected for the DRD series not only had w be representative of bedrock but
also had to have properties that wouid facllitate testing. The desired properties were good tensile
strength 1o reduce cracking, high degradntion temperoture to insure integrity after the test, and
good sonic transmission. Felasic and mafic granular igneous rocks were sollected from varioua
parta of the United States and subjected to thermal, mechantecal and sonic tests. The results of
these tesis are given in Table IX with the rocks listed from the most neidie 10 the most basic.
Compositicn and texiure of the varioua Lypes of bedrocks are given in Appendices B ond C of Refer-
ence 27 and Scctlion 1 of Relerence 28. The 8lump tests were us=d to detarmince the degradatlion
termperatures and relative high tamperature viacoaitles. Sample hara of aach rock were supported
at each end as shown in Figure 11 and were plaoced in an oven for appraximately cae hour at temper-
atures of 800, 900, 1000, 1100, nnd 1200*C.  Posticast inapections indicated the amcunt of flow and
degradation a2t each temperature. A hot sloge microscope was used to determine the temperatures
when the first component of the rocka melted and the temparatures at which the rocks flowed. Con-
veetion eould be expected to begin at about tho Now temparature, Detolla of the thermal {ests are

piven in Appendix F.

TADLE X

Naocks Teated for DRD Expariments

mﬁ“’ Compransive Tenslle .ﬁtt:::l::l:im Blump Firal I":I oW
(":T) Strength Strenpth 1 Mliz Tamparatyry Liquid Temperaturs
fi (pal} ipai) {dRfem) {* ) _{*"F)_ {*F})
Callfornin Potash Grunite 158 31, 0D 2,050 22 1,850 2,210 »2 270
Georgla Potash Crunite 164 28, 400 1, 880 2 2,010v 2,100 >, 170
Virginia Hligh Quarte Ciranlte 143 30, s00 2, 570 3 2,180 2,250 =2, 370
Texas Orasdlorite 185 ai, aod 2, 150 2 2, 01D 2, 140 2,320
Ncw York Granodiorits 174 3%, 400 Z, 760 2 2, 100 4,100 »2, 370
Minnesoty Monpomite 171 31, TDO 7,010 1 2,010 3,100 2, 380
California Dinrite 179 31, DO 3,130 1 »2, 010 2,140 2, 32D
Narth Carolias Nglerite 191 39, 400 3, Oc0 | >, 180 1,1 2,180
* Fractured

30

All rocks except the potash granited could have bheen used in the DRD test series. Two rocks
which bracketed igncous bedrocks Ln composzitan and thermophyaleal properties weore selected for
further testing. These were: (1) dolerlte, which was the least refractory, the most fluld, and ron-
sisied of calcium rich plagioclase (eldapar, pyroxene, and olivine; and (2) high quartz gronite, whieh
wxai the most refractory, the mosl viescoua, and coasisted of quartz, orihoclase feldspar, sodium



rleh plagioclake feldapar, and Ulotite. WHfferential thermal amaly gis (DTA] was used t0 measure
the melting range af these roeks. The dolerite had a well defined melting point, hut the various
commmentr of pranite melted gver a J13%F temper ature range fAppendix F). Data In Reference 25
indicate that granular silicate rocks cxpand 8 to 10 percent during the melting process. Expanafon
of this mzgnilude required an expansinn volume in the txperiments. Tests of the dolerite showed

the ¢xpansion (o going from a granclar to a glassy structure increased the volume by I3 percent.

AMlinnesota Moneonllice

Figure 11. Reaults of the 1200°C slump test

Thermal conductlvities of bedrock vary greatly even within a givea classification, with grain
structiure having as lIarge an effect ag composition (Reference 29}, Filgure 12 pives the conductivities
of several mafic rocka with chemical eompositians similar to the North Carolina dolerite. Gabbro
is course groined, dolerite is nne grained, and crystalline basalp is aphanitie. The range of thermal
conductivitica of high quartz granitic reck {9 equally as large. Viscosity data for these rocks were
not available when the DRD-1 test was designed, Viscosities of simitar rocks were used for bracket-
g studics. These and other thermophyslical data for the rocks are fiven in Appendix B, Dolerite
was selected for the {irst test becauvse the lower melt temperature would facilitate develaping the
new tesling techniques needed for the DRD test serles. It is alap similar to the manzenfle and diorite
found at Nevada Test Site,
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Figure 12. Thermal conductivity of mafic rocks

Woete Simulant Design

Current forms of high level waste have been designed for storoage and mny or may not be w«ll
guited far DRD. Ilawever, it was not posgible to deselope a new waste form for DRD-1, amd the
waate almulant waa gdelected from the existing forms. The primary conalderatiana in gelecting a
wagte form for the DRD-I experiment were a low viscosity to promote gaod convection and echemi-
cal compatibllity with the rock and test hardware., The phosphate nnd borosilicate glass forms of
waste were selected for teating based an their thermophysien] propertics. The phosnhate glass
was the most Nuld, bul it reacted with the oxide refractories {t came in ecntact with, and the F2n5
vapors attocked the furmace heating elements at the melt temperatures of the rocka. The phosphato
glass 1s also more soluable in water than borosilicate glasa. The ternary cutectic of borosilicate
rlass is nearly ag Auid ns the phosphate glazs and is less reactive. The quality of borosilicate glass
samples was good, and it was selected jor the DRD-1 test. ‘The compasition of the simnlant 13 glven
in Appendix G along with detnila of the tests and manufacturing. The simulant is made up of atable
isolopes of hiph-level wasgte piud boron and silica. Eilemeniz that have no stabic idotopes were re-~

placed with elements which are chemijcally similar, Thermophysical properties of the simulant

are piven in Appendices O and G.

The limited volume in the annclus arcund the heater made it necessary to have a gin.ulant
racking density of at tcagt §5 pereent, This depsity vould nol be pbialned with a gronylar farm,
so the simulant was pressed into aemi-annular rings which were stacked around the heater tube
(Figure 13}. A small amount of frit waa used at the botiom of the hole to fill the volume under the
heating tube and bring the quantity of waste to the exact amount needed (o fill the annulus to the top
of 1the heater when it milted. Fipure 14 shows the 34, 250 tbs. of solid simulant and the 1. 004 1bs.

af lcase frit used in the experiment.



Fip-re 11. Pouring waste simulant inte a maold at approximately 18400°F

Aaterial compatibllity data Ior the borosilieate form of high level waste were avallable ut the
melt temnperature of the wnste (1508" ), but none was avajlable at the melt tomperature of rock
{220D0* F). The heater tube and thermocouple sheaths woold be in contact with moelten simulant at
22040° F and with mixtures of simulant and reck up to approximately 2400°F, Material seleciion
far these two componéents was based an teats in whieh candidate materials were Immersed in molten
simulant or simulant/ rock mixteres for up to 24 hours to ohiserve the eresion, The materials tested
included metals, oxides, carbldes, silicides, and nitrides. Al materials dysoived at the higher
Llenuneratures excent tin axide and platinam which shiowed ne sipns of attack.  Platlnum aheathed
thermacquples were selected, and a recaverable platlnum protective sheath was placed over an
alumina heater tube. The alumina was used as a struetural support and as an electrical Insulator.

Tin oxide was not available in tube form.

The borosilicate simulant reacted chemically with bolh the dolerite and high quartz granite
The effects weore that rock entered the melt below the rock melt temperature, and the viscosity of

the melted mixture was Jower than thal of pure rochk. Nock does no! enter the modien mixture by
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pure melting unti) there is 4 large rock comeentrat!i - in the m'xture.  bBven then, diffusion opd
mechanical failure of the rock surrounding the melt zone ean affect the rate at which rock enters
the melt. This leads 1o the possibility of tailaring the waste form far 4 given hedrock 1w mghe the
masi fluid molten mixture, For Ingtance, a2 wanste form without silica should absorh some of the
¢xcess silica in bigh quartz bedrocks 1o reduce the effective rock mell temperature to that of the

remaining rock eomponents.

Figurz 14. Waste simulant hot pressed semiannular ringa
and frit used In the DILD-1 experiment

Lxperiment Dosign and Pretest Analyses

Thtie limited inpat data apd upknowna that ercated a need for the DIID-1 experiment also made
it impoesible to accurately predict tke functiona] requirements of the test hardware or the coviron-
ments to which it would be subjected. The test philosophy was to monitor alt critical paramelern
and to deslgn the hardware with several options. The test procedurz could then be altered during

the test if a change was indizated by the Instrumentation.



Turs Lguipumumt nstallation

‘The Jeyt was conducted in Samndin Test Area 1], Albuguergue, New Mexicp, ‘This site was
seleried becousye 1the grondiic 5o4) hod nearly the same thertrn? Hifusivity os the rock, and power
supplier and recording equipment were readily avaliable.  An clevation view of the test installation
is shnwn In Figure 15, The rock was huried 3 feet b2low the surface to assure uniform heat loss
from the rock during a1 45-day test. This depth wag sufficient because of the Jow diffusivity of the
rovk amd sand.  Several ipebes of free Nowing, water wished, Uitawa type sand were placed arcond
e rock to protect the instrumentation and lead wires and to minimize any surlace discontinuhlics.
1 B inch dinpeter Mollite Jube provided 2crcess to the Lop nf the rock dering the tegl. A partahie
shelter which contained the amplifier and protected the aceess tuhe and electronic equipment from
the vlements ssas placed over the rock,  The 1es wad cofduced next 19 ihe environmemn) fac.lity
bLuilding whiely housed the power supply, &ir coempressor, and recording equipment. Strip char
recorders provided n viaual readout during the test. Datd were also recorded on mugnetic tape
M digltal datn reduetlan after the test.

Figure 15. DRD-1 installation drawing
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The 1largest bayonet type 2, 125-lnch diameter silleon carb e heater that wag ¢ommercially
available ad » 23-inch hented section and o 17+-Inch atemn.  This component mited the 1ize of the
cxperiment and wag a dominant censtraint {n the design of the rest of the hardware., The moxlmum
voltage output of tw variable power supply which was readily available wiw 130 vaolte, and the heater
resistance at the degived peak temperdiure was nbeout 4. 2 ochms. This moant that the maximum
power that could be delivered tg the rock would be about 4 kW, 3 precent of which would be gener-
ated ig the stem of the heater. The design of the heat pulse wos based on o 3, 88 kW maximum

heating rate.

Thermal Analyeis and Design

The 343 node CIMNDA 4ip.3a) heat iransier program deserived in ApPendix © was uaed to doesimm
the heat pulse and prediet temberatures in the simulant, rock, and sanZ. The thermal model wasa
two-dimenasional (radial and vertienl) in cylindrical ceordinates and fncluded only the bottom hall
of the rocih. A uniform heat source experiment with a molten core such og DRID-1 has vertical
mass tranefer fud a vertical temperature gradient which resuvlte jn maore radial heat tranefer and
meling at the top of the heated section than at the bottom. Howaver, the current versinn of CINDA
is restricted to 1sotropic condyction and hag no mass tranaport option. Thia problem was circum-
vented by analytically computing the verilcally averaged roadinl heat transfor by ronvection ond con-
verting to an oquivalent rodial thermal conductivity. This resulted fn the CINDA program predieting
temparature digtribytions aymmelric about the verticol midpeint. Thls ér-or was not large enough
to imtorfere with the test design, The procedures used to rompute convecilon, coffective condoctivities,
and averape velocitics in the melt are defined in Appendlx 0. The negligil-le amoust of heat input
that went into the melt ad sehaible hent above the melt temperature {0Q. 064 percent) and the plowly
increaging heay rate made 1t poasible to obiain closed form soluticna [or the cifoctive comnductivity.
Musselt numbers, or the ratio of conduction to convection temperature gradienta, were enomputed
to be as high as 2. 95 for a 50/50 rock/slmulant mix at an average temperature of 2360° F, an annualar
widin of 1.8 inches, and low viscosity rock. In the DAD-1 experiment wilh a alowly increasing heat
pulse, the acerane lnner temperature o the melt was never expecied to txcepd 2500°F with low
viscagity dolerite or 2600° F with high viscasity dolerite hecarse the intrease in meit radius and
hence the Inc-ease in Rayleigh number and effective cohductivity of the melt pearly compensates

tar the [nercase in hest flow.

The actral Auid fTow in the annules can he approximated by the usc of apalytical technigues
ind experimental du.n frem J. W, EMer, E. R. 5 Eckert, W. C. Carlson, and . K. Balchelor
(s¢c referer o3 in Appoidix I[N, Figure 2 in Appendix D shows the types of laminar cellular Mow
that can be expected in the annylar as o functhon of Rayleigh number which s 3 measure of (3}
bouyancy, {°1 |ncrtial and viscaus forces, and {1) momentum and thermal diffusivities. The muxi-
mum Raylei h number predicted for the DRD-1 experiment is beboreen 105 and 4 x ID5 depending on
the vigcosity of the Totk. Therelore, there was probably only one or poesibly two convection cella.
Ice melting --st3 conducted by 11, C. Hardee and W_ N, Sallivan (Reference 25) showed the effect of
convection +  the shape of the melt zone when beated by a fixed c¥licdrical heating rod. The heating
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rittia was oo low to Inbtinte convealan m the ioe melt Lest shown ln Fipues 16, The melt, soewn ax
thee chark aren ln the center, expandes uriformly in the ra Yol direction with heat heing conducted
through the Tquid. The sce {n the test shown in Fipgure [T wis heatesd ot o hipher rate, aood Reot
Lrongfer in the liguid was by convection,  The lqujd moving vpward long the beater estr.blished o
peesilive verlical temperatwre pradlent. This gradivnt amd tne fixed =eit temperature caused more
herat to be tranaferred 1o the ice at the wop of the annulus thas at the bottoin, which resualted in the
Inverted conichl shapt-d melt. A conicaily shaped melt zont: “vas exoceted In the | ID-) experi-

ment, hut It was not expected to Le as prondunced s that in iguee 27,
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Figure 16. lzc melted by a contral ieatere <ith purs condyction.
l.ow Rayiciph number.

reliminary stre=s anivses Indicated a ramp heat polse would min mize the thermal stresses in
the rock durtnpg the heatup phase of the test. Thermal grodieats vould e lowest when the eeok s
cool and brittle and highest when the rock §s hot and more rlastic, A parametric study was con-
duciced using the 2- D CIXDA program x ith simulated consvection to delermine the rffects of viscasity

on the peak iemperature and the effeetc of thermal copdw dvity on the melt radjes. T maximum

LT

"R owa 1t



Figure 17, Iee melted by o central heater witl: convection.
fhiph Nayiciph number.

and minimum rock conductivity curves bracketed the data shown in Figure 12, The two viscosity
viprves are shown in Fipure 13-) in Apperdix B, The rest of the material properiies are given in
Voreetin 190V 25-day ramp beast pelge polng feom 0 to 3. A8 KW [ollowed by o S-day hold at 3. AR
LW owaes used in the parametrie study. Fiperes 8, 1%, and 20 show the results al thi. study.
Itarhiat temperature profiles are pletted at 5-day intervils. At the erd of the 25-day ramp, onty
LT -neh of rock was predicted to melt with high conductivity dolerite, bhut 2.5 inches would melt
with the low conductivity delerite. The extrenies in viscosity of the melt would miake less than
100° F difference in the maximum temperature at the surlace of the heater tube. Visunl and com-
piralive tests of the condertivity and viscosity indiecated that 1k rock visvosity was fairly low and
bl conductivity serv high., Tharefare, the melt radias mipht Ue less than desired, but the allow-
able heater temperature would not be exceeded.  The small chanpge in the temperature slope at

1.5 0 in Fimtrye 20 shows the wood ivepedonce ool betveen the 100k and sond.

Tue thernal stress analysis of the PRD-1 rock was hampered by an absence of high temper-

Atupye tensile strencth and creep properiics.  The two dimensjonn] analysis discussed in Appendx H
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sulpe el thoat e perew vl aeatzaloy creel coplicsiv i tension cren svlth o reomp hest pelae,

Woen the seeocodant cielts and conmverlion beitins, ad@diaonal aeat will suddinly be teonsforced Gs sy

T et od BN el mtueh pesenses the therne) streases i et arwid, Tensile cracks farmed afier

e ection hegins woeuld propmagate (eom e top edpes downwiard amd inward, Xat gnough was hnown
tthout e thermal expansien aof the rockfwaste matpeix or the gepraded rock to prodicet centraclion

rnehs during coold v,

D ing the cool down phose of the (est, the power wis produwdly roeduced fne b days weed? ot
af e mateix wis below H200% 2 to allow time for the 2lass Lo nnneal.  The sower was thes held at
200 wals for 10 davs to assare the radial temperature sradiepnt repained negative the same 33 4t

would Witk actusl wasie,
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ot Hardware Tha-sien cood Fabeeication

Scroeral o chining operistions were required on the dalerite Black including boring Lie central

f-neh diamoeter  inle for the heater and simalant, 3-inch and S-inch decp holes (or thermocouples,

aatl seats Tor i sonic teansdocer covers, Flgure 21 shows one of these coring operations being

corductied on ke 700 W Block., 'T'he seclion of the annulus around the heater tube above the hesting

clemoent was use a5 thoe expansion volume for the molten rock and simulant. It was also used to

~tiaek the extra v ags of simulant nueeded to [3H the annulus to the top of 1the heater when the simulant

clted,  No othy pxpansion allowinces were made on the reocii.  For the rest of the test hardware,

thermal expanst was o prime consideration. Therinal pradients betweoen pieces of hardware were

Large, and some  omponeits had to operate over ranges as large as 2600° |7,

Figure 21, Machlning asperations on the dolerite blogk

The modil 1 nayunet silleon carbide heater and the platinum =heathed aluming heater tube are

A subazsembly of these vomponents §s showa tn Figure 23, A zircomiom oxlde

The heater suppart and

shown in Flgure 2,
ring wax nolded o the Lottom of the heater to center the heater in the tuby,

41



electrical head attachment was rededigned o ke bypher temperatupes, center the 1op eod nf B

lwater 1n the tabwe, ard shwirten the amawnt of dlem ssed far the ennector.  Xicke] was Mame

spraved s the tog of the hoater for better electeieal cantagt,  Gald Qashed copper o nector plites

were viamped to the heater with a sepgmented alunilna support bracket amd o Atainless sieel hose

clamp.  The aluntinum tead cables were replaced with coprrer.  The heater could have been lifted

out af the tuby during the test and replaced i1 it had been necensary.

the tubve suppori. The heater tube was prooved near the wop and was held by a stalnless steel hose
The upper bage plate could

i

Alko vhown in Figure 23 1s

cla.np with 4 brackets which were attached to the upper bape plate.
have buen papved by the control rods durdng the teat 3f more cxpansion volume were needed.
2=inch thiek lberfras Insulation block centered Wie tube 0 the annulus amd yeduced heat lasses
mrom the annulus., Cooling air was njected parallel to the hase plate o remove the heat pencerated
by the upper part of the heater stens and the heat that enter=d the acecess tubet via the lower hase

plate fram the top of the rock. The temperaturce of the hardware in the accese ube was measured

with a thermocouple, and thye alr Mow rate was adj sied ta koep the temperatures below 500* F,

e P,

L] | mmas -

. om ., F -
.-_...-:ﬂ. S B T SECHU L 4 UL .

Figure 2. lleater tube with *T-Rh thermocaouplice and silicon carbide heater
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TTe 1 MO probse thermeseoizple was adtachoed to & Latibrated <'vel rodd and was Inserted
thetagh bules in the insulation and base plates. The same Boles were ysed for the melt sampling
pipet. Foor other ™-ith thermoecouples were atlached to the outer surface of the Pt gsheath with
It wire, af shown in Figures 22 and 24, They were equally spaced (B-inches apart) aleng the
beanting cletment. The remainder of the thermocouples placed in aps an the rock, o the sund, and
In the acvess abe were Chraomel P-Alumel sheathed with Inconel 600, Sauereisen cement was
uged 1o fill the 3-inch and G-inch deep thermocouple holes in the rock and to secure the thermo-
couples. Surface thermocouples were iield in place with glass tape backed up by sand, Figugqe 25
51, s the locations of the strain gapes (8G) and saonic tranaducers {(SX). 5.7 was the location af
the qunrz sonie transdecer, One of the LINDB sonic transducers and its spring loadzd mount and
erex lead wire W ahown ia Figure 26, A miture of galiv:n ard indiem was used to coonle the

transdecers with the roek, Strain gapes were bonded to the rock In 6 leeations (Figures 25 and 27)

and covered with & waterproefing compound.

Puriodic samples of the air comning cut of the areeas tube were made, and cooling air flow
Tuted wete measured in an attempt to determine types and guantities of gases coming from the rock
and simulant. The air was analyzed using a gquadra-pole mass spectrometer, The temperature of
the air ¢coming from the aceess twhe was measoered continagesly, and nydromeier readings were

takon ai intervails to determine if and when water liberated from the rock entered the acecess tube.

Continucus recordings of voltage, current, and wattage were made. Healer temperatures
could he approximated using the computed reslatance and the temperature dependent resistance

curves for the silicon earbiide heater.

Preteat -I"tnal:o':ticztl Studics

Pretest analytical studivs based an the design deserifed above ineluded rock/simulant ox-
pansion, temperature veraus power limitations, and final temperature pradications. Velumetrte
expansion of the polid rock during the heating phase of the test could have one of two effecis an the
colume avallable for the melt, If the Inner hot rock did not yield or creep, verticle tensile cracks
would propagate inward from the fiat surfoces. IF this were the case, the ecffective ¢xpansion
volume for the melt would inerease by approximately 3. 2 percent (the volumetrice expansion of
Tock ur to the melt temperature). This velume would have to accommowate approximately a 4.1
porcent increase in sionulant expansion up to 2400°F and an 18 percent ecxpansion of the melted
rock. Assuming 1 inch of rock would melt and that there would be no ovtward motion of the cracked
raock sements, only BS percent of the expansion volume would br used. However, If the inner hnt
rock did yield or crumble and the outer part of the rock did not erack, there would Lbe an inward
motion of the solid reock which would deercase the avallable ¢xpangion valur.». In this case, the
rock and simulant expansalon would exceed the availnhle volume by ahovt 90 qubie inches. [T this

had occurred, the heater tube would have been partially wichdrawn andfor the test would have been

terminated early.

15
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Figure 26, I.i:'~:l.".!:,I sonic transducer and spring toaded motnd

The lw:zoting element, power supply, and ajumina Leater fpbe pliced power vers-.., teaiperatury
limitations on the test. 5ince it was only pessible to mwonltor the temperatures of the outer surface
of the platinum sheath, temperatupes and surfaece gradienats of the alumaps tube and the heater had
ta b (aund analytically. Thia was accomplished waing the T2S5LT compuler program which predicts
temperature drops across multiple sadiating and condueting paps and multiple solid layers for a
glven heat flux. Figure 20 shows the heater temperateres as a function of the thermacouple teinpey-
atures on the platinum surface (TC 2, 3, 4, and §) for several power levels, Thig eurve, the healer
rirsistance as o fuaction of \emMpCrature, wund the power suppdy nadvimum velagy Were gaed 40 gen-
erale the power supply limil shown in Figure 28, Figure 2§ and maximum all wable power versus
temperature rfor the silicon carbide heate™ were used to genorate the heater limit line jn Fipure 23,
Tlwe pap between the plati 1m and alumina varied from 0.C925 ta 00350 inch. Since tae plalinum
remperaturye 18 uniforma ap o - =~ lon and the heul Jyew {5 conslant, the variation i thermal
resistance in the gap would cause a varfation in the tempergture of the alumina. These circumfer-
gmtinl surface ¢radienla, dhe vertical surface grudient, amd the radial gradicent cause thermal streas
In the aluming tube. The alumina surface oradient limit line in Figure 2% wag based on these stresses
with a pafely fwtnr of 2 and resulls of the T25LT predictiona. Wih o rarmp heat puisg, the only
prodictod Himitice factar wan the power suprly,



Mounted strain gage without protective coating

Figure 27,

20
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Figure 28. Heater temperature versys platinum temperature
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Vi the sewinnine of th - test, e heating rale mercase was oot Dined et eouldd e changesd o

obtam e desired temperatare gradleats,  Twenly dovs into the test, 1@ was decided to continug

the ipeease at 100 WAdny untj] the maxumoem level! nf about 4.1 BW was reached aed to indd ot that

Tlevel T 4 davs befare starting 0 decreade pawer. The CTNDA pragram was then ruen using? the

doesign  oat pulse shown in Figare 30 and the muadepinl praperties given in Appendix 3. Low vis-

casity uul o high conductivigy
werye selected Mor the dolerite,
These redictions would br used
in conj. wetion with thermuocouple
dita 1 aeck the accuraey ol the
andlyvie D methods. The pro-
Aram wod also ren assuming
pure oo duction in the melt.
Figuores 13 and 31 ghow that §f
there 1= 0 convection, the max-
imum te.nperature of the heater
would by excecded, Flpurces 32
and 33 s1 ww the prediceed radial
and ve- 11 gl temperature pro-
files w.tI' vonvectlon. At the
end of the heating phase of the
teat, the sand temperatures 3
feet above T below the rock
wama expect +d to Increase less
than 150" ). TFiguye 34 shows
the prodicts !, vertically aver-
aged temper Jture of the melt
next to the heater tube. The
slope of the rve decreascs
when convect. 1 beping.  Tem-
perature predictions late in the
coal dovwna wou < be high Lecause
the thermal v lel would hecame
satupated, Fipare 35 pives the
predicted temjy Catures at the

surface of the - K.

FEmMLA T Lo F)

Power [kW?}

Q 10 20 30 40 5d 60
Tima {days)

Fipure 30. DIRD-1 design power input

DRO-1, CALCIRATIONS SHOMING M) COMYECTION TN MELTED ZOME
- DATA AT 5,10,15,20,25,30, 35, 40,43 DAY5
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Ficure 11. Predicted radizl temperature distributions
in rocyk and 5and H5s5WRIng no comvection
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(peration 2aad Vrelindnary esalin

After Un instrumuentation was ingtalied, the simulant was toaded and the heater tube and bape
platex were oy .embled,  The effective packing Jensity of the semi-annular simulont rinps in the
annules arvound the bwater lule wos 70 pereetd, which made I\ necessary to alack the rinps 1o within
6. 75 inches of hwe fop of the rock, as ahown in Figure 36, Algn dhovn in this ligure is the heater
tnhiz, platipem sheith, and Wi ihermoeouples which were antached to the tube, The Npa) part of he
axsenibly prior ta hurial conzsisted of installing the lnsulation and attaching the Lase plates to the
heater tube (Figure 37). The pori for the probie thermacouple and samnpilng pipet is shown in [rant
af the thermocouple bundle. The entire assembly wos then lowes«d into a 6. 5«fect deep hole {Figure
3B). The wootden Iramework wig used to support the lead v ires and was removed when the rock was
in place. Figure 39 shows the roek portially covered with sond, just pricr i the instaliatlon af the
Mullite necess tube.  The heater, afr llne, and contral rods have been added. The ¢omplete above
ground ageembly I8 shown ln Figure 40. The hole {3 Alled and mounded and the shelter is over the
aceess tube (Fipure 15). Thermneouple fimctions arc above thir Mooring emd on the rontrol rods.

Fipure 36. Simulant and heater tube
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Figure 39. DRD-1 with heater and control rods installed
and partially covered with sand
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The avtual power input measured ot the power supply Is glven in Figure 41. The foower
deliverad to the 24-inch heatlng dection of the silicon carbide heater was 33 percent af the vatues
shown. During the laat 5 daye of the test, the power supply was operating at its maxlmum aqutput.
Varlation In Unc valtage aecounted for the varylng power during the five day hold at maximum
power. At no time during the teat were the heater termperature limits or the heater tube gurface
pradiente cxcecded {Figure 293, AYl the 1est hardw "vo gurvived the test and showed nn slgna of
degrodation.  All strain gages remained pperoble to wel) above their rated temperatures. Dne
sonic transducer fajled duriny the test. Thermocouple No. 23 on the outer surface of the rock
opened on the 28th day of the tert. Al other thermoeouples operated throughout the teat. The
power supply limit was the only reason lor terminating the test nt 48 days.

Pawer (kW1

D I 1 I y 1 1

0 10 20 30 40 50 6O
Time {days}

Fipure 41, DRD-1 power input

Most of the test dota concerning melting, expinsion of the melt, mass transport, convection
Leat transfer, and rock cracking taken during the test were obtained by the probe thermocounle
{No. 2) and the four thermacouples atlached to the outer surface of the heater tube sheath (Nes, 3,
4, 5 and B). Dally temperature readings were taken from the strip charts for all the thermocouples,
The data for Nos. 3 throupgh & arc ahown in Figure 42, At the beginning of the test when heat was
transferraed through the rock and simulant by conduction and across gaps by radiation and coeducticn,
the temperatures of the top and battom thermocouples (3 and 6) were lower than these al the middle
thermocouples because heat was lost out the ends as well as radially, Number 3 had the lowest tem-
pevature Yecause heat was also lost out the top by dir convection in the expansion volume. Gap sizes

around the solld simulant vapried; hence, the thermal resistance alsa varied which aceounts far the
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difference in the temperatures of Nos. 4 and 5. On day 21, the simulant began to saften and (.1
the gapa and the temperatur2« nf Noa, 4 and 5 became nearly equal. The level of the top af th.-
simul:nt alke began to deop at day 21. Convection bepan at day 26, This 18 indicated by o sharp
rire in the temperature ol No. J and a reduction in the slopes of Nos. 4 and 5 as heat was being
transferred svertically by mass transport (rom the middle to the top. The slope of No. 8 began tn
devredae at about day 32 as the convection ecll increased in size and reached the bottom of the
snnulus, [y day 37, the top of the rock had heated up and the vertleal temperature pradient in the
unmelted rock corresponded to the gradient in the clrculating melt. At thus point, a convection
equilibrium was reached where the siopes of Uwe four curves remained nearly constant, and the
temperature changes closely followed changes {n the heating rote. There was a vertien] tempera-
ture gradicnt from 6 ta 4. The temperature of No. 3 wos slightly lower than 4 because of the end
losses. {n day 4% during ¢ ool dewn, convection etopped and the two cnda once agaln become cooler

than the middle.

Hefore the simulant was completely melted, the probe thermocouple was used to loeaie the
level of the top of the simulant.  Afler the simulant melted and cireulation hegan, the prohe mea-
surcd temperajures in the melt to Jocate the top of the convection cell. It was also uacd 1o loeate
any 8olid materlals that vntered the onnwlup, Flpures 42 through 48 show Lhe vertieal temperature
distributions in the meltl for the days that signjficont events occurred.  The prole hole was tecoted
proXimately 8. L3 inch out {rom the thermocouples that were attached ta the heat tube,  [lowever,
Lhere wag no way ol knowing that the prote stayed at exactly that radius as it way insceried into the
mielt, %o the temperature of thermocouple No. ] is glven as a reference.  Figure 41 shows the
probe tomperatures the 33rd day of the tost, The ton of the 1iguid was lecated hy the elinnge in
slope of the teniperature curve und by the resistunce of the viseous liguid,. The liquid level had
expanded 2 inches ap inta the exgansion volume at that time. A5 the probe was inserted into the
melt, the resistance deereased as the temperature inereased. At a depth of 14, 25 ipehes, appraxi-
rately 0.5 ineh below the tep af the neater, the slope of Lhe curve reversed, indicating 1he top of
e convection celt.  As the liquid meved Upward along the heater, e temperatuere increasaed, giv-
ing the curve 2 positive slope.  Above the convection cell, the iemperaiure decreased as heat was
conducted vertically in acecondance with the Laplace equation.  Early on the 38th day, the top part
af he rock cracked and small amouats of sand ran into the expansion volunie several times that
day. The cracks were prabably caused by the large temperatare gradieats that resulted when con-
vection transferred more heat to the top of the rock. When the relatively cool sand hit the surface
of the visrcous lguid, there was a small repicn of mixing whieh ¢auvsed & crust to for~: ot the jnler -
faece bepween the sand and rock fwaste matrix.  Early in the €ay, the erust was too hard to penetrate
with the nrobe, but 1nter in the day it sofleneyd encuph to permit the probe 10 bt [oroed -rrough
{Figure 44). The viscosity pradually decrcaded fram the top of the erust until the liquid was (luld
enouph far circulation at a depth of 12.4 inches, The increase in the convection eell size from day
33 was caused Ly the large temperature increase (and visecosity deercase) ot the tap of the melt.
On day 40 iFigure 451, more sand entered the cxpansion, possibly caused by the crack opeulng up
more. H vertieal eracks had opencd up, they would have increased the volume and width of the

annulus, This hypothesis is backed up by o lowering of the crust and liquid level, indicating an
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Ierensye in volume.  There wa: practienlly no incresse in the height of the epnvection cell even
though the temperiatures incroa, Q. This indicates that the annelog width increased. Very Yittle

af thie el was expocted ta eator the cracks because they would be seuled when the viscouy liquid
resolidyfyed as it reached cooler [ ch. Xo more sand entel ed the anoulus afler day 44, andg en doy
1 Fipare 48} the liguid Tevel [ere -t Depan to rige ngain due to expandicn of the meit. The Jevel

™ the sand also rose i it was push-d up by the ¢ruat, The highest temperatare it the top of the
melt wog during day 45 (Figure 47). However, it still required considerable force to push the prohe
thrrough the ¢rast. The last probe ro -dings were taken day 47 wWhen the healing rotes had started to
decrease, The resull was a decreasce in the vertien) temperatore gradient in the conveclion eell
(Figure 4R). Firaroe 4% summarizes e boundaries that werse locuted with thy probe. The decrease
in the he;pht of the convection cell near the end of the test wos cavsed by a decrease in heating rates
and an jnerease in the apnules width.  The liguid or crust Tevel increased as rock melted ampd the

matrks increased in temperatuee.

Insalation

nches From Top of Rock

Circulating Liguid

16 - -
18 L [ i | 1 I 1
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igure 4%, Cowposition of wp section of annulus
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Temperatures in the unmelted reck were used to check the at;-:uracy af the CINDA model and
will be used in confunetion with postiest chemical, erystallography, and material property tests to
detrrmine the effects of temperature in the DRD vovironment. TFigure 50 shows the temperatures
at seveka] radii. Nofe that the ehanges in the (emperature of the melt (thermoconple 4, Figure 42)
exused by the initintion of convection are nearly damped out 3t the surface of the rock thermacouple
23, Flgure 30). Sand temperatures only 1 foat away from the rock never excecded 525*F, whlch
illustrates the small volume that was affected by the test. The radial temperature plots which were
used to check analytica? predictions are gsho®n In Fipure 51. Interpeolation between thermocouples
4 and 9 was aided by the CINDA program. Canveciion during days 40 and 46 reducaed the slope in
the melt annulus.  Figurces 52 nad 53 show some of the correlations of test data and predicted tem-
peratures on day 25 before convection started. Correlation wiab excellent tn the radial directiaon,

but predictions were sllphtiy high in the vertical direction., Possible errors in the test data and the

prodiclions, some of which could have been compensating, are {1) heat losses up to expansion volume

and beater tebe were pot {ocluded in the mode), (2} materia) propertics may not have bepn correct,
(3) the rock model was cylindrical but the rock wae a parallel -piped, and (4) naccuracies bn Lnatru-
mentation. Predictions were not as accurnte after convectian started, as shown in Figure 54, be-
cousc vertieal mass trangport wag not incleded in the model. The maximum errer ot any Incotion in
the rock or melt bn predicted temperature riscs using the average elfective condugtivity ingéend of

actual convection was only 19. 8 percent.
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Cooling 2ar Mow rates and inlet and outlet temperatures are given in Figure 55, These dag
were usod to computd heatlag lasses in the aecess tube and, in conjunction with hygrometer read -
inps, to determine H water liberated from the heated rock woild perme te through the melt and
exlt through the N1l port. The average water loss cul the access tube for several days when partgs
af the rock were abvave the deliyvdration temperaturs was approximately 0, 5 pound/dry.  Since the
cooling gystem wias not gealed, {nstrumentation was limited, and sampling was not continuous, this
figure should be treated only as a rough approximation, but it dous show Lthat moisture did lcave

the part durlng the heating phaae of the test.
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Figure 35 Cooling air MNow rates and temperatures

Occoslonally during the test, pases came from the access tebe that were irritaling to the
eyes, probably HES or 11, bl the times were too shord to oblaln o sample. On days 12 and 45,
{95 somples [rom e dceess tube were taken Lut no pases other than water vapor and air were

present.

On days 45, 46, and 47, samples af the melt were taken with a steel pipet. The tabe was
pushed through the cruse to 3 level two inches below the top of the heater. Suctior wag then applicd
to the top of the tube ta draw a sample of the melt into the pipet. The tule was then withdrawn and
sectioned, and the salidified sampile was analyzed by X-ray Juorescence, as deseribed 1n Appeadix

1. On day 45, the ratio of rack to simulant in the melt was 0,43 to 1. A sample was alza taken of



the sand above the crust, #nd the analysis showed no simulant In the sand. On the 46tk lay, the
rialio of roek to simulant had Increased to 1.22 tn 1. An analysis of the melt sample taken the 47th
day shnwed a rock to simulant ratio of 5. 67 to 1.  Although this ratio irdicated more reck had
melted in one day than had breen predicted, there were no visible rock inclugione in the pipet or any
alther evidence that this was not o representative sample of the malt. Since this was appraximately
the rock concentration in the melt that was dedired and since melting wwuld proceed slaowly with the

canstant maximurn hest input, the heat-ep phase of the test was terminate? the fellowing day.

By the 67tk day of the test, all rocz temperatures were below 300°F. The roct way thep un-
eovercd and allowed to air coel to ambient temperature. The rock wae cracked as expected, and
sand had entered the cracks, [lawed beneath the base platea, and [illed the access tube to within
3.2 inches of the top {(Figure 56). None of the [nterior hardware, Iacluding the heater, heater tube
and sheath, and insulnatlon, showed any signs of depradotion. The large veriical tenslle cracks
formed the 38th day of the tept extended Irom the center of ench side to the melt cavity. Thesge
cracks did not extend into the resolidified melt. There were 0lso twe small radial eracks propagat-
ing from the melt cavity toward two of the eorners, Theae cracks, shown in the upper and lower
teil yuadrants of Figure 38, werce obout LS and 16 inched toag. The large crick patteras are ahown
in Figure 57, The cracks nre largest on top and form inverted T'a or Y'e cne third ta two thirds
of the way down from the tep. Omne of the upper secHona was actually broken free from the rest of
the rocik, z2g shown in Figure 57b. Only one aide woa cracked at the Yottom: the rest were slmilar

to Fipure 5Tc. Neone of the melt ran out the eracks and none could be seen In the cracks. Apparently

the eracks and molten glage ore gell-pealing. An cpoxy potting ¢compound wad peured into the crachg

after they were clenned and inspected so the rock ¢oulrl be remaved {rom the hole intact and sectioned

for peattest analyses.
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Postiest, Analvser Oufline

The posttest phase of the OHO-I stwady will hegin by sectioatng the rock with a diamand saw.

One half will be retained for visual inspection, and the other half will be cut into smaller pieces

for laboratory tests. The remainder of the DED-1 analyses will lncjude the Iollowing:

1.

Chemical composition of the rock ! waste matrix and surroundlng porous rock.

Samples will be taken from a vertical and radial matrix with several checks on
circumlerential aniformity. These tesis will determine homageneity, steatificatinnm,
atd tht c[lects of the convection cell. The primary tools for the chemical analyses

will b X-ray Nuorracence speciroscopy, the electron microprobe, and classifed
chemiStry. her techniques available for analysis (if it t5 deemed necessa 3} include
atnmit absorptian spectrometry, autoradingraphy, neutron activation analysis, gamma-
ray spectroscopy, emission speclrography, clectroh Microseepy, and N-ray ard ion
backscattering. lwescriptlons of these techniques are given in Appendix 1, Several
standard samples coataiming various cock to simulaat ragjos were used to calilirate

the apparatus which will be used in the chermical analyses (Appendix Kb
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Tm

10,

11.

12.
13,

14.

The regults of thege analysces and all the tept data will be presented in the fina) DRD-1 repori.

Crystallngraphy af the matrix and surroundlng rock. [Jeyitrification and structure

will be wnvestiguted.

Ptyrogity of the matrix ang rock. The actunl porogity of thin sectioms wili be mea-
sured. The apparent open cell porosily will aleo be measured to determine the

amount of water that could be absorbed.

l.cachobility of the matrix.

Thermal cenductivity of the matrix, surreowxling poroug rock, and virgien rock,
Viacosity of the maotrix at all locatlons of different compoaition.

Thermogravimetric analysig to determine the temperatures at which moilsture

and gases are 1tberated.

Densgity distrlbutions in the matrix and surrounding rock for lnput to stratificatlon
studies.

Circulation patierns and limita of the convection cells,
Limits of the melt Mow intg the thormal gtress crack’

Fracture pattern mopping ond strain gage dato correlntion with thormal stress

analyses.
Thermocouple data reduction and correlation with analytical and digital madels.

Sonic data reduction.

integration of all of the atiove ta deaerlie the deep rock cuclear wuste disponsal

PTroCcesE-

Preliminary Conclusiona

v\ complete sat af conclusalong will be prescnted in the Mina] DRD-1 report when all tha anhalyses

.28tg have been completed. Several conclulions can be made ot thia time.

1.

The DRD-1 test concept and hardware were completely adequate and can apparenily

be uvaed for highey heatlng rate and higher temperature tests.

Even when average effective conveetion values are used, the CINDA heat transfer

program can give a good approximalon of the heat flow [n deep rock disposal, When

the convection subroutine §g added to CINDA, it ahould be a very effective 100]) for
DRD anolyaes.

The Sandia therinal stress program ¢an be used to predict thermal siress crack. n

rock.

These are as fallaws.

19
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10,

At least some of the water that {8 llberated from the rock wil) exit (ragm the 1§
tube unless some means to stop it 19 dded.

The molten rock!waste matrix expanded up inta the fill tube ¢ven though the rock
cracked. The same type of expanaion campendation cauld pogsibly be used in an

operational confifuration.
The molten matrix did oot ffow aat Indo the ehermal dtreas cracke,

A long lenpth to diameter cavity for DRD should minimize veprtbcal migration of the
melt because the verticnl temperature gradient te inveraely proportional to the
LS D ratio,

A low melt temperature plias could b uged 1o seal the ™U tube after the rock. waste
matrix resolidifics. The surrourding roch would stiil be hot enough to melt the glass
and i:eap 1t molten loog enougt. to (10w into coenings above the matrix. A glass seal
should effectively block nny ground water leakage that might ooccur afler the surroud-
ing rock cools to helow tho bolling polnt of water.

The long cylinder, solid high-level waate concept with ‘2 place melting would mini-
mlze the thermal cxpansion problem and tho time the rock/waste matrix 18 molten.
The concept i8 also veraatile in that waate forms can be tullored o diflferent Lypes
af rock and the meit gize and duration con be varted by changing the hole dinmrt-r
ard the age nmd concentration of the waste. A5 on example, a diluled freah waste
would be molten for a shorier timo period than would a full abtrength nged waste,
even though both hove the same initial henting rate.

AMuch of the dale from thea DRD~1 teat are applicable for analyses of other deep
rock dispoaal concepis.

All testa and anaYysss to date have indirfated thia eoncept ahould be feasible even theough some

engincering problema have been uncavered.
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APPENDIX A

STORAGL OF LARGE QUANTIT!  OF NUCLEAR
WASTE 1IN DEEDP SILICA i ROCK
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SANDIA LABORATORIES ALNUQUERGUE, NEW MEXICOY: LIVERMORE, CALIZORMIA, TONOSAH, HIYATA

TO 1

FROM

SUBNCT,

A a oy

V. L. Dugan - 173k pate: March 13, 1973

R. D. XKlett - 173

Storaze of Iarge Quantities of Nuclear taste in Deep Silicate Rock

References: 1. J, J. Cohen, A. E. Lowis, anid R. L. Broun, "Ube of a Deep
Ruclear Chimney for the In-Sites "neorporation of Nuclear
Fuel-n. processing Waste in Mcalten .'ilicate Rock,"” UCRL~
51044,

2. R. D. Klett, "Thermal Analysis of the Intact Snap-15/
Nirbue BfAgena Syolem." SC-RR-T1 0353, July 1971.

3. F. K. Pittman, "Flan for {he Management of AEC-Oenerated
RoMonctive Wnster, ' WASH-1202, UC-70, Jan. 1972.

L. Mapo, K. D. Klett to ¥. L. Dugan, "Melting of Rock Arocund
B Column of Heoctor Waste Products,” dtd, Dec. 14, 1972.

Reference 1 nroposco a cethod of persanent nuclear waste diaposal in deep under-
ground muelear forved chiemeyo. Chimmeys would be forred sbout 6500 ft. below
the surface in silicote rock. The sizes of the chimeys 2ould range fra= a

35 ft. mdiug cavity with 484 rubble formed by a 5 XT explosion to a 85 ft.
radivs eavity with 658 rubble forzed by a 30 XT blast. Hozefully, the sequerce
of events would be ag followes. Ldgquid waste and water would He added to the
cavity for 25 yeare. During the £ill perlod the waste and surrouding rock
vould e kept at 212°F by the boilirg water. Th steam would be brought to
the surflace, condenged, and receycled. At the end of the 2% yen. £111 perled
%hen the cavity is filled, the waste would be zlloved to boll dry and the {n-
lets would be capped. The temperature would ther rlge and melt the rubblce

snd purrounding rock. It is assumea thet the wvaste will rpix with and disceclve
in the mclted rockx. Melting and pixing would contimue for about 90 years uniil
the conduction 1logsvs through the salid rock exceed the heat genemation rate of
the waste. At this tike the rixture vould gradually begin to sclidifly from the
cuter garface. After several thousand years, solidification would he eceplete
ard the Waste Would be in an insaluble silicate rock patrix.

There are several probless that are acsoclated with the burinl of large
quantities of nucleay waste in a 6ingle locatlon that are not Eoentioned in
Refercnee 1. Durding the 25 ycar f1il perfod, radloactive particlen, cteas,
ard vopors are efmtinually being elrculated above greamd. 1f B leak ocou e
in any of the plusbing, subgtantial arountc of madiation could be releaced
hegause there 16 no way of turniog off the heat that generates the cieas=.
Thaere 15 olso no proal that the cooling water will pix with the wacte In
sach A manfter that bolling will we Calrly unilfore throughout the poal al
vaste in the eavity.
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Temperpturee, times, nnd melt radi! presented in Aeferepce I may not be valid
beenace of gross simplifdcation used to campute them. 1% was actumed that

alter the 111 period, the entire ligquid corc stabilizer at the nclt teop-
crotire OF ook {IQEﬂfF} and that all the heat that ic denerated In the ldguild
i otther serdusted avay throagh the solid rock or meltrs adjacent rock. Thals
21l only happen if there wac an infinit. convection epefficlient and either
nfinise colten rock conductivity or infinfte eirculnticon ratec drlven by a

~ere potentinl. Thne other extroome would be %o aspure that all the heat in the
molter core is tpansferred by cunduction. Uslng methods derived in Hef'erence

2, it was fouad thnat the temperature of the rock and muclear wastis in the gronter
of 2 non-circulating core would be well nbove the vaporization temperature of
My Taterial. IC the wacte 18 not upiformly dicpersed in the moltcn rock, peak
terpreratures in g large core would beecome excepsive 1 notural eirculatien rates
aro ngt Lign.  \nother pogEible source of gas in the cavity would be the helium

surnerated by ralioactive deesy.

Foesihly the greatest danger Inm buryling large gquanrtitier of waste in ome
location 15 the layvge lucml thermal expanslon of the mbiten core enhd
surrcnding rock., Th2 increase in volume with the cmallest gquantity of
vecte mentionsd in Referenece 1 would te 2.7 x 107 rt3. This Pigure uac
cCmputed assuming no heat tranefer o the roeck 2uring the 25-year [ill
peripd.  The volupetric ccoefficients veed Cor the solid was 1.46 x 10=2
(*F-1) an2 5.0 x 1975 (*F~1) ves uted Tor the Uquid. A 105 expansion
Iroc & crystaline solid to the liguld phmee was used. The therrmal expan-
sicn could result In twe codes of madiocactive releage. If all potlion
would ke in the upwverd directiom, ¢here would be erough expansicn to

cause an upheaval of the surfeee, one mile in diameter with an average
ne.ght of 1.23 4. A disturban~e of this magnitude could rupture feed
lines to the cavity and damage buildings located near cavity. Expaasion
would plso cause ptresses in the ronk surrounding the eavity and pressures
wauld pullt up in the cavity. It ic concelvatle that tenelle cracho could
proragate from the top of the polid rock dowm to the molten cavity fol-
lownd by an excurcicn cf ralloactive lava. Even 1f the molien rock anz
vache 41id not brrech the surfacce, but only remched the vater fable, there
could he contamdination becguse it {5 not known 1 the wgste will be solu-
ble in the rock maciriy or even IF 3t will mix.

The current AEC pcpition on permanent storage, ms stated in Referenece 3,
1s any concept must be tesled using a prototype and the waste muet be
recovergble in the event of unexpected leskage or indiratlons of Muture
lenkage. It would Le very Jdifficult to design r meaningful experiment
0® g larze undergreerd storege becavne of the large vhyslcal vize of
the mffgcted rock mnd the leng transfent of tice. IT anything 414 go
wrong, recovery of 2.2 x 1010 1ps ¢. =~olten raiiomciivs rcok and wacte
from G500 Tt beley “he sarth serface wezld be a sizabls task.

Most of the polential probloms associated with the proposal in Reference 1
coctln From the large volume, large guantity of concentrated acab, and the long
(ill tjme. The deep hole councopt outlined in Refercnec 4 appearc to be a more
Fensible means of gedlogie Msposn). This method would consict of drilling o
dcep 16 inch hole into bedrouse, placing solldiliced waste in the bojtar part of
the hole, ard then sealirg wnd refilling the hole. Ho cooldng woidd be required.
The tmaller oo ooupled wilh o dcwe:r average age of the waste at Llhe tize the
ele is ceAled would graatly ~vduse the size of the mel=s cone pnd Lhe bize the
rock romains molsep. The sppller sizo redyeoes the tempe futurse ol the nolten
rore npd Aallows g larger wercent of the heat to be ermductied {nto the solid
rcek. The surrdcunding rock may be able to sbsord the zpndler change in volume.
Althourh the deep Lole concept 1oOks pramising, the [engibility siuwdy has not
beern: egznleted.
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APPENDIX B

MATERIAL PROPERTIES

The propertiea of rocks and soils vary with composition withln a given classification, moisture
content, confinng pressure, compaction, temperature, degree of vitrification, and grain size of
eryatolline rocks. In additiun, Lthe gquantity of rock data is very limited. Some of the data presented
here were obtalned by tests conducted on samplr® of the rock belng used In the DED-1 experiments
{see Appemdices T and G). lowever, most of the data were oMained from Refes :nces 2B fnrough 30
and 33 through 38 and were for rockd which were almilar . - thass taing uged In they DeD-1 experi-
menta. Although some of theae data are questionable, it:~  .icved thoi hey are the best available

at this time.

Cranitic Sand

p = 120 To/ft°
T_ = 2200 to 2400 F

TR K{Bw/hr & *F) ColBtu/Ib *F)
0 0. 53 0. 16
100 0. 51 0. 21
1100 . 48 0. 27
1800 0. 46 0.29
2200 0. 47 0. 30
2400 0. 49 0. 32
Ontawa Sand
p» 110 1L/
T_ r 3100°F
T{*F) K{Btufhr it ") E‘P{Etunb F)
0 0. 225 0.15
100 0. 254 0.21
1100 0. 353 0. 24
1800 0.457 0.30
2200 0. 509 0.31
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Jet Mist {Doleritel Rozk

101 /1"

= 144 [3tuf 1L

T, = 2100 to 2300°F

Specd af Sgurd = 17,500 ft{sec

Somic Attenuation = 1 dbfem at 1 MHz

.
. D
] L1}

T ffp{Etuﬂh *F)
a .18
100 0.18
200 0.19
400 0,22
1100 0. 2%
200D d.30
2300 0.32
3000 0. 34

The reporied thermal conductivities of dolerite vary by as much as a factor of tiree at some
temperatures. Reference 29 slates that the enndoctivity of igneous rocks is ag deperdent on the
grain atructure as on the ehemical composition. The fallowing coenductivities are a compiiation of
data for the high conductivity dalerites which typlfy fine grain, high denslty dolerites.

T{*F} K{Btu/hr ft * F)
g 1.35

1500 d.74

2000 0.58

2200 D. G2

2200 . 96

3100 1,85

¥iacositizs of ligquid basalt and dolerite vary greatly with small changea In camposition, Figure
B-1 gives the viscosities of two pasalts that bracket mosat of the dolerite viacosity data. Dolerite, which
ia gramular, would fellow the erystaliine curve umil the rock melia. Visrosities below the mell temper-

niu-es are not needed for eonveetion stedies but are of interest for ithe sanalygjs of cxpansion and creep.

Volumetric

Ti*F) Expangion Irom 77°F %)
212 0.16
392 a.40
152 a. 87
1112 1.35
1472 1. 91
1832 2. 49
2192 3. 22



Volumetric expansion during melt = 9 {0 13 percent.
Volumetric ¢xpansion of melt = 5.8 to 50.2 x 10’5 (¥ l"-Il.
Rrom tesmperature compressive Strenpth = 39, 400 psi.
Hoom temperature tensite strength = 3, 000 psi.

. L
Room temperature modulus of elasticity = 9.0 x 107 psi,

1000.9 g r 7 T T T T -
" : ]
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1600 1800 2400 2200 2400 Z60Q 2800 3900
Temperature {°F)

Fipure B-1, Vigeasities of basalt and dolerite

Salisbury {High Quartz Granite) Rook

p = 163 leta
H!. * 144 Biullg
Tm = 2200 to 2500 *F
Speed of Sound = 17, 100 it/ sec

Sonic AHenuation = 3 dbfem at [ MHz

T F) K{Btu/hr ft °F} Ep{EtuHh ® )
? 1. 33 0.16
300 0.91 0. 20
ROD 0. 68 Q.26
1509 9.57 0. 7t
2000 9.57 0. 36
2400 0. 62 a. 32
3000 0. 70 0. 34



T("F) pgilb/aec ft)

2370 270 - 60, DOD
2550 67 - 31, 002
2730 23 - 3,300

The values given bracket the vigcositles of the varions types af granite.

one of the more viscous types aof granite becadse of the high quarty content.

Volumetric
T(°F) Expannion from 77°F (%)
BOD0 D.72
a09 L.32
1063 2,08
1500 2.45
2000 2. BG

Voluméetric expansion durlng mel. - 7 - 10 percent.
Volumetric expansian of melt = 3,1 x 10'5 {“F-lL
Roam temperature compreseive strength = 30, 500 pai.
Room temperature tensile strength = 2, 570 pai.

Room temperature modujus of elaaticily = 11.2 x 11}5 [si.

Blatinum
Lincar Expangion
T{°F} K{Btu/hr it °F) from 17°F (%}
17 1] D
500 3z a.17
2000 56 1.10
3000 a4 1.82

J'-L'luLn inum Oxide

Linear Expanaion

T{* F) KiBtu/hr 1t ° F) irom 7T7°F (%)
117 19.0 0
500 11. 6 Q. 20
2000 3.6 0.84
3000 3. B 1.30

Sillcon Carbide

Linear Exponsicon

T(®F) from 7v° F (%) €
T J Q. 85

1000 0. 26 0,89

2000 Q, 56 0. BY

3400 {. 90 0. 78

Salisbury is probably

0.10
0,11
0.24
0,32

0.75
D.75
D. 43
V. 44

T e e L

e B e i e T



Zircenium Oxide

Linecar Expansion

T(°F) from 11°F (%) R

77 0 0.77
1000 0. 55 J. 94
2000 0. oD 0,38
30430 1.243 0. 47

A0l Stainless Steel

Linear Expansion

T{"F) from T7°F (%)
=00 0.40

1000 0. oo

1500 1.55

2000 2.20

Borogilicate Nuclear Waste Simulant

p = 169 ll:t.-"l.'r.3
Stump temperature = 1300°F
Flow temperature = 1850°F

T(°F) ColFtu/1b °F) K{Btu/br ft °F)
g n.16 1.35
500 0. 23 i.15
100D 0, 26 0. 94
1500 0.28 g.74
2000 0. 30 0. 58
2200 0.31 0. 62
2500 0.33 0. 96
3100 0. 34 1.95

The [ollowing vigcositiea were cAtimated by viaual comparison wich Yquids of kacwn

vigcosities.
Ti®* F} uilbfsec N)
1800 2.7
2000 1.0
2200 0. 4¢

2400 0,18



Yolumetric

T(°F} Expansgion fram 77°F (%}
212 0.172

102 0. 419

572 0. 686

7532 1. 02

880 1.4

4.

Volumetric expansion of melt = 9.0 x 10-5 {*F
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APPENDIX C

THERMAL ANALYSIS OF DRD-)] EXPERIMENT

sandia Laboratornes
April 16, 1974

1;- L .r! .:_1

B. M. Brake - 1543

Thermal Analysis of DRD-~1 Experimeat

Ref: 1. Gaski, J. D., Lewls, D. R., and Thowpdon, L. R.,
"Chr;nler Improved Numerical Differencing Analyzer
for 3rd CGeneration Computers (CINDA-3G),”™ TN-AP-

67-287, Chryaler Corporation, Space Division, New

Orleans, La., October 1967,

2, Gabrielson, V. K., "BEATMESH-71: A Cooputer Code
far Generating Geometrical Data Required for Studies
of Heac Tranafer in huiﬂ?ﬁh&tric Structures,™ SCL-
DR-720004, Septecber 1972.

CINDA (Ref. 1) {s a dimenslionless, mult{-option, systems coa~-
pller computer progri&a. A network representation of a physical
problem preseared to the prugrsm zay be golved by a variety

of zethods. Subroutines within che program are available

for handling varigble boundaries, variable zacerial propertice
and celting phenocena. HEATMESH-71 (Ref. 2) provides a con-
venlent medns of ¢omstrocting the nerwoTk.

Tue dolerite rack uged in the MRD-1 experlment was madeled

as a cﬁlinder with 1.5 £t radius, 2.25 £c¢ long (bottom quarter
of rock). Ottawa sand 1.5 fr chick surrgunded the rock and
granicic snil compleced the model to a total radlu. of 13 fe.
A hole for the heater and waste simulanc with redius of .2 ft
and length of 1 fc at the top of the 2,25 fr length was ilncar-
porated into the model. Heak wag applied at the inner surface
of the simalent {875 in. thick glnss).

A transient thermal analysls using ieplicit Eorward-hackward
differencing {Crank-Nicholson method) was then performed.
Varlable material propercies were udsed in the ana.ysis. Seversl
heat pr.scg were uSed during the ecourae pf the analyslis in
order co predict thermal gradients in the rock and to detcrmine
r - aaition of the pelt front as a funcrtion of rtime. CINDA
ouvra nor fnclude chenical reaction or convection within the
cavity and &3 A tesult soof ineccurasies tvesult. Coopaciean

of CINDA prediceioms with Chermocouple records cobtained during
the hearing phase of the test arc within L percent. Cool-d:zwn
prediccions afeer the heater was tumed off are more inaccurace
probably because 15 ft is no longer infinity.
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APPENDIX D

rREDICTED CONVECTION IN DEEP ROCK DISP{SAL EXPERIMENT |

Sandia Laboratories

data Ft‘hﬂlﬂ.rj" 15, 19?’4 Atbuguargue, Mew Mewcr
Lwrrmore CaldDirg

M Herrtbation
r — r > ot
ot ,r’: - I"r - / (’f' -fE

o A Do KZett - LTH

subjert  Predlcted Convection {n Deep Rock Dispegal Experiment 1

Ref: 1. Memo, A. D. Klett, 4T3k, to piptributien, atd. July 13, 1973,
oubject, "Decp Rock Dicposal Experiment.”

2. T. Murmoe and A. R» MeBirney, "Propertien of Gome
Ca—=n Ignecuc Mucks and Thelr Melta nt High Tesperobures™,
Gecloglical Society ©f moerles Bullesin, Vol. &4, No. 13,
hcrasber 1373,

3. S. P. 2iark, Jr., “Savibock O Fayoleal Conntarts”, The
Geological Socloty of America, 1966.

4. J. W, Fdder, "Laminar Free Convection in o Yerileal Slot”,
Journn® of Fluid Mechanies, ¥Yal. 23, Part 1, 1965.

5. J. ¥. "~ dor, "furtulent Free Convection in 2 ¥Yertical 5lot”,
Joyrr=l . Flu* % hanfecs, ¥Yol. 23, Part 1, 1965.

&, E. ®., 8. BE2' ¢ apd R. M. Druke, Jr., “Analycis of leat and
Macs Tranafer”, BoOmew-0111, R Yoo, 1972

T. 5.7, Asu, "Engineering Hrat Jrangler, D. ¥as Norctrand
Compan-r, Mew York, i963.

J. L. R. 5. Eckert and ¥W. D. Carloor, FKatural Cenvectlon Ik zn
Alr Tayer Encloscd betvee, Twvo Yertlcal Flates with Different
Tecperntures™, International Jounal of Heat and Masc Transfer,
Vol. 2, p. 1068, 1941.

Q. G. K. Batehaleop, "Heat Trancfer by Free Conveet{on across a
Closed Cavity betweri Yerllical Boundaries at nflerent
Terpermtures”, Quarterly of applied Mathesatics, Vol. 12,
Rc. j, Octcber 19%.
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I0. J. W. F*ier, "Bumeriecal Uyper mehts with Ppee Qopvection on
o Yertionl Sleot”, Jourtal of Fluld Mecharies, Vel. 24,
Peri 4, 1255,

11. k. L. Curmn. Wep of Maytheratlenl Modeldng in Determining

" = wmoy
e TOCexic L7 Lingtocls Jorfd

o

roan Ele-ttiz Glaere Yaldes™  TEEE Trmre, on I[ndnotiry and
-
g

- :
Gur.. arr., Jcl. IGA-T, ol T

. - Ly mitarsePeloern, DeT

Toerprature and Convert've Flew ol ez Tor oar Elexicio Gl

Furreee™, GMCL Tecknoicgy, Yel. 13, No. 5, Zeoemios 1500

Homenolature s

= Spacifie Heat (3TU/1b)
= Aanmulug Widtn {r)
g, = 22 {rtfu¢c2}
Or = OQrachof Number = Dagﬂ 3 ﬁTfm?

v Qonveotion Coelfliont (HTUfﬂca EtE "F}

= Theroal Cenductivty {E'I"Ufuffc It °F)

a TfTeet {ve Conduetlvity perooos Aupuluc Due to Conveostion {BTIJ,H"EL-':

e °F)

L. = annuluz Helght [1'1.}
o o= usaclt Nurbey o hﬂfH

Pr oo prandtl Jumter = EL'IE

€2

L
w = femt Trequoler {31'...'!!:1.":}

- _ L]
y, = Inner Bedlur of arnuclus (1<)
L]
~ _a .= 1
- e guter Halius oF nnulus ift;
r_':- "
- . o [
An = Reylelgh sumbter = Gr o« Pro= 272 5 AL/
b
ey
T = Temzeratutt Sradiont acporg Annules =)

= avetuge ¥elcelty (fifces)

Diciance Measured Horlzontally scroce an Enclosure {ft)
= Thermal DIffuclvity = Kfn C {ft.Efsuc}

a Volumetric Therral Expancion {“F-l}

Visconity flbfﬂtn re}

Kinveatic Yiscosity = /. {rtEfﬂuc}

peneity {Ib/rt)

C o ~ B IR
I

Ir

C

<
il

r

In the design of the [BO-1 vxperinent deseribed in Relerepec 1. it WAt

pecessary 1o KAoe the jusselt Iesper (WL/KY or the effective coniduc-

TIivity Avress the =Citlen aRnulus. A nifers neatl nourty eXpuerioent

cyor Aas TAD-]1 ngs vertical Tace trancler and 4 uertisel Tonpertiire

gradlrnt reculting In zore madlal head trarsfer and =eltirg at hve Ll
1

ef thp roch tharn at the Yolipe.  However, the rurrern: versice &8 he

A digital heat tmesfor progras ured we predizn A0l temprmalurer

a - £
™ G sy QT opattiio Lurroris

Ll - — L o o A - L L - | -
“F. 7. %L Chern 2nd Bl T Goedoor, TRORRuinticrn of Thresslimensiova



] 4

aar, Lhly hardle jocelirople copduetien. Thls 1imiint ‘op, 404 rov, picder
n

Yhe dec g OF 108D exferiment.  ATermage mioal oecns icn comr=enticons
¥

- 4 1 . r - . .k . . a B - - 4
Yaped T ocmprelowl cTLAT GRS WEMe ured Lo Ford oarn o 2w rorduariorn

{rr the melt 2anc.

Sowe of e propertics of <he YAsote ciguiant and roek o rEt g et
Loor Fuhtared. In theoo egoet Rroprriics of cimlle- mo cialc wers

soud 40 ZTute mVelulon,  Blhiee the vitoonlyy of rock VRrLes grently

£l

worny el lifferenten [nosoERCELICn, cohyveriich was predizted Lzing

T

rark he maxtpumr and minjmum Yifsagity oF doleriie gpd sasalt pelts

{Hef. 2 und 3). Visecciiles of the sipvelAnt were estimatr ¢ visual

comparicon With Yiguids of known wiseosltlieg. The anpropr rine
apgities of the reck ond pimulent are shown in Figuep 1. T, =gl
crparelon ond Adepoitice of cha slewlnns wWore mesgured by O n 53240

gpertief wery fro= Referonczs = and 3.

P
P
L)

*
b
2
~
g
'

1000, ] 1 T -r T ]

i
1
k
b
1
'i — algEs
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Y500 1800 2000 2200 2400 2600 2800 3000
Temperature {("F1

Fipure 1. DRD-) Viscasities

J. ®W- Elder cenducted lasomtory tests Dhysically sipdlar *o Da-l
exccpt for fixed boundaries [HEI- % and 5). One apparat s conclsted
GF 5 ~ePtical amsuius of fluid with a LJb = (8. % apd 2 unifomm hont
flex at ke jpres YWurdary wall. Oiker configurmaticne vere pargllel
srticel unifers Letpwratute pletes with Lfll Tanging fr= 12 o 6.
The “lulds were eedicn]l parifCin and Efl stcke gllicones ©11. HRaylelgh
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x 207, E12er Popond *hat T

ol

Mimbe=z mmfed Froe e thar mj 'S O
Ra = IG3 the tempermture Clold satlelles LApince's equatien pobt a wenk
unicellule?r ciraulation Is precent [Fig. 2n). Por 103 < R« i x 1I:'II$
large temperature gradlents grov aear the Walle and 8 w4ifamw veriical
temperature gradient (6 ecigplished in e Interior Tegiom. A% oot
Fa =k x 10° the fatertor reglon generates a pteady tecondary Clow
starting at the bottom {Fig. 2p). At about Fa=6 x 1":-'5 the secondary
rlow goauploc the entire interior region {F‘ig. Ec]. Henr R = 1::55
tertinry flow beging. Smallpr reverse TLOW cellp develop In the wenk
shear layer Letween the EBrcondery cells (Fig. 21). The ficu begine to
pecome unstondy at Ra e JDT. Turbulenze beging at the valls of the
annulis witi, & orltienl Ra = 8 x 1GE' {Dfr:}a {Pr)'l':". The middle of the

interior beeowes turbelient peor Ko o= lﬂlﬂ fI],.f'L)3,

(d}

a (7 @
N

[E Q
\ E

\_/ N \—//

D)

/a8

LA

&

]

Figure £. Natural canveciion strcam incs i an anmius with o LJD = 18,

A BCCL approxisaricn te the avertge =0Tezive radial comductivity acro
a ronveiing annulur thal ogrocs well vith Eider's exporizental nnd
aralytizal wark can Yo foun) uglng Flgures 12-1% in ReTereree €. '
cwat 1on fﬂe!. T) whien glvrs approxl=ately the zart rezults in the
Ra marge expected in the DAD-] experizent ic:

K ¢ o /G
v 0.08 ()7 (D) (1)
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Lo
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soveral ofher exgerinen’ s Trom Relerenees 1, 9, ant o were sordugt ed
aring t Fludd with o Fr o= 1 (E,u-, Gr = Ha). Emperienl equatlons from

thpnte mtul2ivn ineludes

- -

&k

e L (52 (@)
bl

ia y

K. 5 ool
5 - () () {3)
K 1/4 .
+ = 0.05 (ar) 333 (E”'} , Gr » 107 {1
1/9 .
s 018 (G-} 9 2 1% < Gr < 15 (3}

\L; 7

Thep? “quations alce agove folirly well with Belvrernce 5 40 Bo ic
zubgtituted [or Gr. Hone of thefe pquaticns account for Uie vertical
worintion in hent Tlow,

In 1¢he DRD-1 oxperdment only A argllgivle omoend of the toirl heot inpus
gops ints the =gl as gencllle heat above - 2225 Legperature.  There-
fore, 14 16 poesillle te Dind the nverneo felt radivg 4, 0 fenctlion of
Lite and heatlng mate (or a fixed heat g prolile using CINDA “nd pure
aonduetlon. Sinece the inner redius of the anmidus is f'ixed, the melt
tegperature in Ciged, and wne hegting mte is increaged very glowly
{FJE* 3], the followirg eguation ean be selved Simultgnecusly with any
ef Taations 1 thmough b oo with Flgare 12-1v in Rerepense O

*e rind ke effeotive comductivity (K ) 35 & functlion of temperature

fop dhis heal pulze.

- I":I"'.

Q 1.

kP

X r= {5}

Ly

[
-5
[

Bateapelor fHuf. 9) developed un vquatior for the velosity prafile in
fully dceveloped pricary Titw in o vertl il enclobure. Although it i5
1imjred to R < 1ﬂ5. unifore viscosity i1 the enclosure, a linear
Legperature gradient, and fully develeoped Flow {l.e., no end elffectc}),
4 Ip useful w0 Lind a rough approxizat . on 10 the average velozlty.
Intograting Batchelor's equation
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Yelocitles and offective catductivities for thp DAZ-1 exposimens wpro

predicted using the following {nput date.

T, = .2l £t
Condition D {rt) g (k) Duter T (°F)
Beginning of Sinulant MeIt L83 2.5 1804
Brpinning of Kook Melt -083 2.9 2200
33/58 Rear and Simulens .15 3-5 22aGe
7.5 Baok to 1 Siplont .35 .0 2200

D woa Coupd using CINDA and the heat pulse 1p Flgure 3.

Pawer (k1V}

n X 1 L1 1 » r 1 L

0 5 10 15 20 256 30 35 40 45
Time 'davs)

Figure 3. DRD-1 heat pulse



The eateral propertlec for tlo zelss veore:

T {“F
1500
2000
preled
250G

Rock,

Similiant

163 1b/red

9 x 10

Hock nond Simlant

'5 nF"‘l

u from Figure 1

K (aTU/hr £t °F}

Q.
0.58
0.51
£.55

c_ {pTU/1t F)

o.28
0,30

B3

-
'U!-3

1

Lak

The resules of the DAD-1 convectlon study wsing Belference £ gnd Equotlanc

6 ard 8 are oummarlzed in the following Table.

MaZ = T ("F} 2 ("F) ’3 i
Simulant 153 pebile 1.% x _'l.‘:'lE 1.83%
Sirslans 235 228 5.5 x 260 2.7
53/50 Tem | Rodk 2360 380 T4 % 11:1:“ 2.95
50/50 fligh 4 Rock 2400 OO 247 x 100 2.10
Low |, Ruck 2380 360 T.1h x 1D5 5.0
uigh | Aazk 2420 WO 2.25 x 107 4.3

% {z Bod 3 o =
g hr e “igin
2.1 C.21%
.56 £.953
2.36 0.470
1.79 0.230
R 2.729
3.32 5.

These and interoedlatc &ps polpic were uged to generate the elfilective

relliol. tharmal conductivity of the molten slmulant and rock that werw

uged 11 the CGIHDA program 2 Predict DALY Lomperatures.

Wity ithae

w, with *he result the Inmer anmulus tesperdiure fhould pever

ket false defined in Figare 3, the mate o Incrraze in K, due
to o Insreasing anmilus width nearly cocpeneatez for the lncrcasing

hegt T2

exzerd mbowgt 200Q°F daving the teot L the rock follouws the Low wlzcacity

TUIrvYE

There nra scveral refinecents that are needed before analytical ar
mmerical pethedr ean te uped %o aznurately predlet desp rcer nuslear

uptte Conveptlion. These include:

or G00°F for the high vizcesity curve.
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1. The ability to handle two saterials with JiMerent properties thnt
reect with each ather.

2. The ability to analy=e complex chopes with boundaries (hat chanre
because of welting, chemleal reactiom, and/or mechan' i) desradation.

3. Inclusion of vertical heat an - maec transior.

L. Acgeizitlon of bebtiter matoerial propectier as a Sunctlen el temprm-
ture and pregpure.

The numerle metheds developed by the glacs lnductry for the analysis of
Floss furmace convection (Refs. 10, 11, and 12) might be adsptoble to
deep rock dispesnl. However, an ipterin mensure that would be useMul
for nnalysls and design would be a conveotifon subroutine for CINDA
that included pass tronsport and the opticon of cwitching input dntns,

AL l=proved rethods and better properiy data beamee avallable, they wil:
te checked against the resultes of the SRO-1 expe=izernt.
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APPENDIX E

ULTRASONIC INSTRUMENTATION
FOR DEEFP ROCK DISPOSAL EXPETIMENT

SANDIA LABORATORIES ALSVDUIPQUE. NIW MEAICO: LIYEAMDRE, CALIFORKEA TONDPAH, HEYADA

k=) :

s

BT,

Ralph H. Richards, 4733 oate.  August B, 197)

vttt o ik

John H. Cilegke , 9352

Ultrasonic [natrueentacion for Deep Rock Disposal Experiment

Deep Aock Disposal Experiment 1 will be inscrumented with six
ultrasonic LiNQ, fransducers, The transducers will be posi-
tioned on the otitslde 8ix faces of the rock s0 that the follow-
ing three ultrasonic Exﬂertments can be carried out during the
total time the rock 18 belng heated and cooled; (1) Ultrasonie
Fu}se Echo, {2) vltrasonic Through Transmission, and (3) Acoustic
Emieslion.

{1) Ultraspnic Pulse Echo. Two of the six tranaducers wlll
be placed opposite €ach Oother on two opposing verticael faces
of the block so that cthe ultrasonic waves excited by the two
transducexs will propagate towerd the cemter of the rock. The
ultrasonic waves will be reflected back towsrd the trans-
ducers from which they were initiated at the interface ol the
cylindrical cavity or melt zene at the center of the rock.
The saxe two transducers which {nitiated the waves sre then
exclted by the returning waves and the delay tioe for the
waves to travel the full rvound trip from the outside surface
of the roek to the inside aurfsce of the melt zene will be
meagured on an oscllloscope, Froa the oeasured delay time
and data on the tecperature dependence of the velocity {n the
rock one can then calculate the diatance from the ovtside
surface of the rock to the ingide aurface of the wmelt zons

at any tlme during the courae of the experiment.

(2} Ultrasonic Through Transmissifon. The remaining four
transducers will be p%ﬂceﬂ In opposing pairs one cach on the
remaining four facea of the block so that they will be in a plane
which 1a perpendicular to the propagatieon directicn of the two
pulse eche tranaducers. Theae transducers will be used to
measure *he delay time of the ultrasonic wave excited by one

of the trangducers and received by the other transducer directly
opposite it, In this case, the distance hetween the two CLrans-
ducera ia wnown and the average velocity of Ene ultrasonic

wvave in the rock between the Dwn transducers can be calculated
23 a furction of the temperature which will be resd by the
thermocouples placed In the rock. This daca will be used

both for the evaluation of the pulsc echo and the acoustic
emission dats.
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(}) Acousric Emisgion. All six rransducers will be used as
receivers during the {ime the pulse echo and through transmis~
slon deterrinations ave not being wade. If and when an inter-
nal crad<occurs 8t any time during cthe experiment and at any
location in the Tock, acoustic waves will be sent In all direc-
tions of the rock at the same tiwe, The ultrasonic waves
arrive at different times a8t each of the six tronsducers and
che delay tire differsnces of che waves brtween cach nf the
Eransducers wlll be recorded. From the delay cioe differvences
and the dera of tha velocity versus temperature in the rock,
the location of the root of the crack will be ascertained by
triangulation techniques,
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APPENDIX F

HIGH TEMPERATURE BEHAVIOR
OF CANDIDATE ROCKS

Sandia Laboratories

Albuguergue. Bee Beairn

Kovember 7, 1973 Lreetrmone, CalGImmy

R. D. Klett - 4734

kY

g‘ié;/“‘-"" ?’/‘l’/ Lo f-i.u_r

L)

H. J7 Eagan and E. K. Beauchamp - 5314

High Temperature Behavior of Caudidate Rocks

To aggist in the selection among the eandidate racks [or the Deep Rock
Iuel waste disposal test, a number of high-temperature tests were per-
foermed. The tests included o ''sjump” test, hot-stape micrescapic
examination, and differential thermal analysis (DTA.

Slump Tests

The slumg test, in which a bar is allowed 1o deform in fleMure arder
its own weight, is intended only ta provide o rough idea of the vis-
cosity and obhier mechanical behavior of tine materials at high temper-
ature, (If the bars were glasses or other materials with a linear
stress-strain rate dependence, ihis test conld provide a quantitative
viscogily determination. )

The expiriments were run w'  -amples 1/8-ingh thick and approxi-
mately 1/4-inch wide. The - were supported on the ends, with a
2-1{2=inch unsupported tengtn. The bars were held in a zirconia
setter box which was placed in the furnace entrance and gradually
moved into the furaoace to reducs thermal shoek of the samples.

The samples are identified as follows:

1A - Jet Mist

!B - Berkeley

Academy Black

Dark Pearl

Sierra White

Coid Springs Green

Chareoal Jlack

- Salisbury Pink {1200* C test anly)

mMmmaoaw e
'

The first run was at BOD*C for 1 ho:r. Nko deformation was ohserved
in any sample, Colar changes were ohserved, particularly in B and D,
which turned light brawm.
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The samples {rom the firat run were rerun at KO0 C for 105 minuteas,
Examination in aita shawed that only the Sierrca \White hag deforned
(~1f/16-inch beam deflectlont. When the samples were caaled it was
apparent that the deformation was not caused by plastic flow. The bar
glmply became so friable that it fractured under its own weight. The

1B, A, and B anmples were alpo [rlable but somewhat strohger than

the C sample. All samples showed eolor changeas, Most 1ooked bleached.

Measurement of the thickness o” the C bar showed that it had expanded
from .1281 to ,12300 inch. Similar, but amoller, expansieons weoere ob-
served in all other samples except 1A, Evidently the miea phase had
decompoded and expanded to {racture the granites,

For run number 3, samples were held at 1000°C for 1 hour. As in the
990°C run, the C sample deformed and became very weak, Beam dellec-
tion wag ~. 10 lnch. The bar also warped. All other samples e¢xeapt 1A
were very Iriable at the end of the run. Samples B and D were sliphtly
warped. In s highly subjective test in whick the bars were bwlsted between
the fingers, the gampler ranked in strength os follows: 1A highest; then D,
A E B, 1B, anrd C. Apain, measurements of thickneas changes showed
chat all samples except 1A had expanded.

In run number 4, at 1100°C, the C sample slumped all the woy to the
container. On cooling, the material was very friable, The B sample also
sagged (~1}8-inch) bui woe stronger than after the 1000°C run. Apparently
enpugh of the material had melted to bond the gruing together. Samples A
and E did pot sag but were Iriable. Sample D did not sag but warped.
Sample 1B sppged about 1/ 16-inch. Sample 1A did mot slwmp but was sub-
stantially weaker thon for lower temperature rung, though stronger than
the other materinls. It wns algo the only sample which did not expand
during the run.

The resultg of run number 5 {at 1200°C for ) hour) ean be seen in Figure
F-1. No A sample was availoble for this run. Samples 1B, B, C, and E
all slumped to the bottom of the contalner. Sample D worped but did not
gag. Al but sample 1A wore glossy afler the run, iodicatling that seme of
the crystalline muotertal had melied and formed a glass. All samaples were
clearly lees friuble than after the 1100° C run, apparently because of the
glasa bonding. Semple E wos obvicusly the mest fluid, to the point that
surface tensim rounded o]} edyes and corners.

In o separate run at 1200°C a sample of Salisbury Pink slumped to the

[joor of the zircenia contalner after 30 minuates. Subsequent examination
of the cooled sampie showed large melted areas surrounding large unmelted
eryatalline graing.

Hot Stage Microacopy and DTA

A hot stage micrarcope wag used 1o determine the temperatures ot which
gubatantial liquid is formed. The temperature wag determined by plagiog

o Pt-Pt10Rh thermoeouple in contact with a fragment of granite. The melt-
ing of the rock was observed near the point at which the thermozovple con-
tacted the granite at a magnification of ~65X so that individval grains could
be paaily resolved. Since granite ie compased of peveral types of erystaln
it does not have a well deflned "metting point. " The data in the accompany-
ing table notes the temperature at which "'gubstantial" liquid is prescnt.
This may be Interpreted a3 the point at which many of the more refractory
grains are surrounded by o melted phage or at which a large number of
grains have bubbles formed in them indicating that they have melted. The
flow temperature Indicates the temperature at which moveme.at of the grains

occurred.
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Fipure F-1. Slump test at 1200°C for 1 hour

Table F-I. Summary af Hot Stage Microscope Observations

Substantial
Liguid Flow
Temperature Temperature

Granite & o

Jet Mist 1t50 - 1175 12540
Salisbury 1230 130D
Academy 1175 1275
Cold Springe Gereen 1150 >1300
Sierra Wnite 1210 >1300
Char:oal Black 1200 1250
Dark Pearl 1170 1270
Berkeley 1150 »1300

{Black areas)

Anather way to de+termine the melting points of the rocks ia to measure

the heat effect asfociatea with melting uging differential thermal analysis
(DTA)l. Genernlly, a peak cotrresponding to ndsaorptian of heat ak the melt-~

ing polnt of a porticular crysialline phase will be observed for each crystalline
phase. The DTA curves for Sallsbury Pink Grani.e and Jet Mist are showmn in
Figureg F-2 and F-3. In a ccmplex material, such pe granite, the peaks may
not be well defined. The endothermic pepks asgocialed with melting of some
crystalline phases jn the Sallshury Pink granite, for example, are not resolved
because the crystals melt very slowly. The abrupt changes in the curve are
agsociated with o change in the effective thermaol diffusivity of the specimen
brought ahcut by melting of one of the constituents.
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Figure F-3. DTA troce of Jet Alist Dolerite. Heating rate 10°/min,
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Simpled of Jet Mist and Sallabury Pink were cxamined by X-HRay Diffraction

to determine the erystalilne phages {G, Gay - 5525). Owing to the complexity
of the rock, identification of each mineral shown in Tahle F-II is not absolutely
coertain.

Table F-11. Composition of Granitic Rocks

Salisbury Pink Jet Mist
& quartz Mapside
(Pyroxene)
Oligloclase Hedenbergite
(Potagsium Feldspar} { Pyroxene)
Microeline Bytownite
{Poiassium Feldspar) {Plagicclase Feldspar)
Biciite
{Mica)
Bytownite

{Plagicclase Feldspar)

Dencity of Melted Rock

Tabular values for granitic rocks indieate that volume increases of the
order of 10% ocecar on meldng. 5Since this volume increase will increase

the melt level in the Doep Rock Test, {4 168 imporient (o determine the
magnitude of change. Samples af the Jet Mist were melted, held at temper-
ature lang enough to eliminate mosr bubbles, and then quenched. The resul-
tant glass density was 2. 69 gm/cmd. Initially, the Jet dist had a Censity of
3. 05 gm/em?®,

Commants

O the bagls of the alump tests alene, it might be assumed that the lewest
meliing granite was the Sierra White. However, when {he resdlts of the
experiments in the hot-stage microscope are considered, it is clear that
although the Sierra White and theg gther granites which deformed easily con-
tain low meling phases, they also contoin refractory materials which pre-
vent complete melting at lower temperatures. On the pther hand, the Jet
Alist does not defarm even at 1200° C but melis essentjially campletely at
1250*C to rive a MTuid melt. {1t also is the strongest of the materials at
high temperature, apparently beeause it containg little or no mica,} If the
chpjce amang these materials wos made on the hasis of maximuem fluidity
at the lawest tomperoture, the Jet Mist ig the beat material. Charcoal
Black is apparently next best (with Academy Black a <lose thirdl.
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APPENDIX G

SYNTHESIS OF FUEL WASTE SIMTTLANT
ARD RETRACTORY COMPATIRILITY

Sandia Laboratories

October 5, 1973 Albuduerque. New WMedoco
Lreat gy, Calilfohnd

H. D. Xiett - LTk

TG L H-&l;_'w

B. K. B:ﬂt:f.'l'l.u.:p H- Je Eﬂﬂ - 5 E

Byntheaia of Fuel Waate gimulaent and Befractory Coopetibility

Odlafy lh.ttigﬂ EXpe rleinis

Fresantly,; fission prudusto are ganerelly resoved {roo yefctor
fuel {aftar "bormibg” ooly s 2all fracticn of the Doel) By the
Furex process., e veate 1s initially in the form of ani aguaoys
aglution of {primarily] oltrata qalta. The cofmoaitian of the
solution varies with reactor t¥pey and with the time the fuel ia
sxposed to the reactor envirooment. A typlesl composition, and
tha cps chosap by Battelle Northusst (EAW) for moat of their
tiperiments on polldificaticn of wvente, im sahovn in Table I.

The prioary connidaration {g symtbesiziog &« CRal waste gimitlant

for the first deap rock dispoanl axporiasnt ip that the sixulant
have low viacosity so that confettive heat trewhefar can be Prospted.
The firat trial omlta ware cade ysiog o Dhamphats afdition b give
4 glmas with the compoaition shovn in Tebla II+ This approximacesn
the crthophtephats melty examioed by BN far use in atainless ateel
cantainAary .«

Thts phoephats glase oelted eesily and was vory fluid sbove 10007°C,
Hnmwer, it vigoromly attecked emt of the arxide refractorica tmt
1t coptected and destrayed the Bolybdanum disilicids hepting elpgmnts
in the melting furnace apparnbtly by vapor traneport of BoDg, The
patinm crucibls used to Ealt Lhe glazs abowed no aiges of attack.
Riney fhere vax alfa some camtin that the twlatirely high aclubilicy
of phosphate glagees in vater might makes it difficult to handls
samples 4o Dxwt-mmlt analysia, 1t aprearsd worthwhile to try malting
s borosilicats glass.

ELY


http://�ol.MU.ari

118

Table I

ASFERENCE WASTE COMPOSITION PH-IG

(Bxcluding Migh Yapor Presoure Malerials)

Proceczz Waste
Tlenert Na Fe Cr mi
Moles 2.0 0.5 0, 0u5 Q.00

Fiscion Products

Eiezmnt

Moles

Element

Moles

rlement

Moles

Actinldes

Element

Molep

Mo Tc [ Ho) 5r Ba Ce{I) Re(X}
0.065 0.022 Q.07 0.027 0.C5h 0.0wW
Y+Ra{Ce) Ir Fu(Fe) Rh{Ca) Pa{Ni} Te
0,208 0.106 0.059 9.010 9.032 9.012
Ag Cd
0.002 0.002
Np( ) U+PulU) Am +CrmfCe}
0.0085 0,050 0,0022

Table II

PEOPOSED FUEL MASTZ SDMUEANT (ORTUOPHOSPHALE HELT)

Oxide Holes Hateh Additive
H.u?ﬂ L0 memj
Fo,0 3 0. 280 Fcﬂﬂ 3
Crzﬂ 3 0.022 l:':';:!l‘il3

HiQ 0,052 hiQ

I'hl'.}3 9.117 l'hﬂ3

5rd 0,027 ErC’EI3

BEaD 9,027 li'l.tll.l:."l'.‘»3

[?D 0.032 IEEI:I 3
hoE Q. 106 210,

Coll 4.010 cam3

Liw) L I.IJE[l.l]ﬂaJ
'IE'I:I 3 0.021 !'Ell:l3

EEOE . 1068 I:E'DE

¥0, 2.017 M4, A FO,



Tre cholce of e compopition for the LoTooilitale Elons vai oade

ab tht basis of the ternary phace diagras for the BasDrBalyBik
gystea. As ceed in Flg. 1, the lowect aslting point for the syste=
is a temary cutectic st SA0°C. The borosilicate fell wan made by
replasgicg the MagQ at the cospoaitlon of th sutectic wizk an

e valent oole Tractich of the mixture af guides 1o the fuel waste.,
Thre oelt cacpomition ig the oA ap that abown In Table I1 cacept
that the POy, 1o replaced with 1.5 molea of B0z and 3.0 ooles af BIGE.

Figure I. System anﬂ-ﬂzﬂa-ﬁiﬂz

Like the phoaphnts glasn, the baroailicate glans is very fluld at

1000°C, with & vipcooity eatimated at 50 polge, The change in viocosity
vith tecperaturd ip not éxtremely tapid -- at 800"C the glmnep 18 probably
ptill abov, the pofteming point, 4.e., 1a9s ihan 30( poise.

Geperally the barggilicats glase gquelity ia good. HO devitrificatiarn
{erystallization) hme been oboerved apd oced [bubble} contont has Wewmn
low. In the firat aelt, nome segregation occurred, apparently becauce
of settling of high denaity tetch constitwants to the botetom of the
crucible in the early otages ol meiting. However, with manual atirring
at interval-, the glaeag homoget :ity wno greatly iloproved in aubgequent
melte. The glass ip nearly bla.X; thin gectigns are dark DPrown uith e
green tint. The sxpannion curve for the glang is ohewn in Figumo 2,

Glans-fermctory Compatibility

In Yhe dctp rotk bedt, the ooited fusl ol=olsnt will be contacting
the heatar tube amd acveral thermocouple protection tubeg. Io al
nttempt to find a4 puitable refrmctory material for thece ipterfaces,
sooe olople compatibility tepts wers performed by immsersing candidate
oaterials in the borosilicate gless mnd cbserving thelr erosion., The
paterials tepted ipeluded and 99.8% {AD-99) alumina, porous
zirconta, dense (hot-presged) zirconim, silicaon carbide froo a braten
Globar elsment, boron nitsyide (IFBN), molytdenvy disilizide flame-
sprayed Ao A =olybdemm rod tin oxide apd platinma. The glasn was
Bheld in A platinus prucible,

Toe aluning and Tiveomin tebayed plmilar’ 211 aanplen phawed

nodsrmte to 2everTy atteck after of hye. 4. 1200°C and 1300°C. Typleally
far glass attack nn refractary oddes, ercsicm was 2nhanced at the glasa~
sir interface.

The oolybdenum disi)! ~1de apd BiIC sagpples completely diggolved «ithin s
Tew bhoaow aof Imleryion. Ine boron nltrids alsp dlafolved repldly. Pow-
eyer, neither the tin oxide por the platime skowed any sligo of stiack.
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Figure 2. Ewxpansion curvé for bororilicote waate simulant glags

Co the banis Of these repults it was recoomemted that platinum-
sheathed thormocouplns be wed and that tha protection tube for the
heater be alumins with 2 Gatinum sheath. (Mo gxide Is mot avallable
in tube form.)

FProdution of Ginan for the Denp Roch Test

The volune of tee glaas required for the Deep Aock Teat In olightly
core than six litera, (With & glase density af 2.7, that amomts to
> 1léwg). The crxible slze Linits the wolume of a =olt ta leaa tkan
0.4 liters, 60 that at l=ant LF oelts are mquired.

Tha glano is beirg Pelted 1p plotiows cruzibles ot 1100°C. Initinlly,
1% apprared that the epoiest wvuy to lood the glass into the granize
block would T ps & frec Tlowing frit. Tharelons, afor relting, the
zaiten glass voz "dri-gaged,” l.e., poured ig a ctrean into water 2o
that theroal ciresecs: wauld break the zlass into small particles,

The particle aize from chio treatarat aversged about [/8-inch diamcter.
Bowaver, ¢the packing depaficy Cor ¢ha particles wis onily %3-55%. The
limited volume in the teot eavity roguiren u packing deroity of > 65%
to produce the desired lovel of glass after remslting. An atieopt

vas 3ade to dry mill the glass frit, but only earginal improvemant in
Facking “ensity vas obtalned. Milling the glacs to g vary fine powder,
eeftcially with water as o vehicle, is urieslmmble ajnce abaocrbed water
could cause foaming of the glass In reecliing.

o Mt the glasg in a form which could be zanily packed Into the teotl
cavity, it vas remelted At 1000"C acd then preaged inte Tthe almples mold
ahoun Io Figure 3. ‘he resultant ring cection of giess is aloo ghown.
flome sOma <reciing of the pregscd parts could he tolomied ooly
parrunctory axtealing {at 4507C) was perfaormed.
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Figure 3. Mald and fual simulant ring section

12i-122



APPENDTL H

PRELIMINARY THERMAL STRESS ANALYSIS
OP THE DEEF ROCK NUCLEAR WASTE DISPOSAL EXPLRIMENT

123-124



a2 e

iLr

f1gm

ST

J

APPENDIX H

FPRELIAMINARY THERMAL 5TRESS ANALYSIS
OF THE DEEP ROCEK RUCLEAR WASTE DISTPOSAL EXPERIMENT

Ei;:nrl‘i_q l- -rmtﬂriﬂr‘

October 1, 1973 Bt et N Manzd
Lwprrgre Cplonmeg

:ﬁ"*‘!i:.ﬂ _i_ _f‘; . {..,_r._ T Sl e

J. T. Schamoun ~ 1544

Preliminary Theroal Stress Analysis of the Deep Rock
Nuclear Waace Disposal Experimenc

A preliminary thermal stress analysls of the granite rock
for the "deap rock nuclear waste disposal experiment” was
conplated. Both the 356" and 60" diameter peometries were
conBldered. The stresaes were calculated for a two-
dimensfaonal cirecular elice from the granice bloek. Due
to symmetry, the probles i{s mathematically depeadent only
upion the radial dimension.

Andiyees were made baced an both che following assymptlons:

1} Temperature lodependent raterial properties «
A ecloged foro solurlon 15 avai_sble for thig
type of thermal stress problem for tempera-
tute indepepdentr material properties. This
solutrion wag used to rapidly study the varlous
tegperature and geometyy conditions.

) T sture Jependent material propercles -
A finlte element couwputer prgram was used co
degtermine the effects of temperature dependent
material behavior. For this prelliminary study,
the mat~ial waa consldered to be eloatic.
The matc~isl property definition uwped 1s given
in Tabhle 1.

The thergal profiles used are given io Figures i through 3.
The tu0 cesperature profiles in Figure 3 are repregencacis >
oF two proposed heat pulaes for the 16" Almeter vodel

(7 kw conscant hear pulae, 2 days and Pulse A, 20 days).

The calcnlared hoop stresscs for the tuo tempe~ature pro-
files axre ~ivon in Figure 4. The inner maceriul is 4in
compresafon and the ourer material fs in tension. The
redunction {n atress Dogr the ilane: surface iv due co the
effect of tempersture dependent @ cerial ;;rngerl:te.. A
complete nmmary of the results is given 1o Teble 2, The
effect of temperature dependent material properiles can be
seen by comparing similsry conditions. The 7 kw hegc pulae



Y cnnaiderabli more severé than the Pulse A environment. The
vicimate tensile strength of the granite is cnly about 3,000 psi.

The strvctural significance of these results {5 difficult to
agsess. If the granite material behgves in a linear manner having
the propercties given in Table 1, che rock will fracrure at the
aucer surface and the crack will progress imvard. In realicy, the
granice materfial behavior is probably viscoelastle {(creep) or
plastie (nonlinear). Both of these effects will reduce the magnl-
tuedes of the hoop streas. The analysis methods are available to
Include either viscoelastie or plastic material behavior when
waterial properties are determiced. The present cwo-disensionzl
analysis can be easily excended to che cthree-dimenaional, axisy>-
pcetric geometry when desired. 1 feel that che simple two-
dimensiopnal analysia i3 adequare for this preliminary evaluation.

Table 1
Granite Materlal

Modulusg Coefficient
Temperature of Elusticgty of Expansion
F psl x 10 infin®F x 10~6
0 9.0 4.6
600 9.0 4.6
904 4.5 5.6
1500 2,25 3.5
2300 45 4.6
Table 2

summary nf Results

Tensile
Thermal Figure Hoop Scress

Prefile tumber Cepmetry Haterial {pai)
A 1 &0'"D Constanc 29,200

B 1 50''D Constant 11,700

C 1 60"D Constant 6,10

50 Bours 1 60D Table 1 12,200
o 2 36"D Constant 25,800

E 2 36'"D Conatant 23,500

F . 36'D Constant 16,400

7 kw Conscanc 3 36D Table 1 20,700
Pulse A 3 36D Table 1 14,650



Tumperature {° F)

Temperature {*F)

T | ! J b
l
2000 |- v 50 Hours ™
i\
1504 |- -
1000 - \ -
504 —
0 I
1] G 12 18 24 30
Radiua {inches)
Figure 1. Tempearature profiles, 60-inch diameter
} T ]
2500 - m
2000 - -
D
1500 p- -~
E
10001 -
F \\-
Eun N \ i
n ] L _-I
o 6 12 18
Radius (lnches)
Figure 2. Temperature profiles, 36-inch diameter

127



2500
2000} i
=
&
B 1500} -
[ ¥
a.
£ Pulse A, 20 Days J
& 1000}
7 W Conbtant,
2 Dayg
500 - .
Q I I 1
0 & 12 18
Radjusg {inches)
Figure 3. Tempernture profiles, 36-inch diameter
1 I
T kW Constant
20, 000 [~ -
Pulse A
10,000 | -
Lk
=
el
- o
a &
: B
[ 0 —i ]
- 7 |
3 3
8 E
i
-5
~1¢, 000 = 5 ]
-20, 000 | "
ﬂ 1 |
0 10 20

Radius {inches)

Figure 4. Stress profiles

128




APPENDIX ]

DEL™ ROCK WASTE DISPUSAL EXPERIMENT #1 (DI1D-1})

129-130



Ty

0o

from

P L

APPENDIX 1

DEEP ROCK WASTE DISPOSAL EXPERIMENT 41 (DRD-1)

Februaty 12, 1574 Abugueigque Mew Wy

Lot Caldcing

Memorandum of Hecord

p——

Do/

B. T. Keana - 5822

Deep Rock Wasle Disposal Evpariment #1 [DRD-1)

Ref: Memo, B, T. Kenna to R. 0. Klett, “Analysas of Samples from Deap
Rock Waste Disposnl Expaeriment, " dtd 1/2/74"

The DRD-1 experiment, deacribed In the referenced memo, has been in
progrese for about & month and hns proceeded in necord to pro-experimental
planning. However, the maximum pawer avaflable at the experimontal site
meant that only a slow, undetermineble, malting rate could be obtalned nnd,
therelore, theorcticnl caleulations of the melt composition were dillicult at
best. Small eamples of the melt could he obtained by inserting a staes! tube
{1/4" O.D., 1/8" 1. B,) into the center of the melt ond applying suction to
draw a emal]l amount of molten maas into the tube. ARer cooling, the tubo
wag sectioned ond the block, gloeay-like moterial removed for analysis by
x-ray fluorcacencs, Four samples were obtalned: (1) a amall blob gticking
to the end of o thermocoupla placed in the melt for a short period, dute 2/4/74;
{2) a large-grain, saniy-like matarlal wbich stuck to the sides of tha thermo-
couple, data 2/4/74: {3) a sample callecied in a steel pipette as described
above, data 2/5/74. Pecause the samples were powdered rather than solid
and also vartsd ip quantity, it waa not posaihle to ensure that similor volumes
in each gample would be used in the nnalysea. FPeak Intensity ratlos, us=ing
a;; element {auch aa Fe) indlgenous to the rock ss the pormalicing factor,
alleyiate thie problem, These ratloa can then be campared {o peak intenaity
ratiop derived from the solid atandards described in the reference.

Anr shown Ln Table I, the anualysis of samplea 1, 3, ond 4 Lndlcated progressive
dlluting of the simulant by rock, i.e., 60-80% simulant, 40-50% almulant, and
~15% simulant, respactively. Perturbation of the Fe content of samplas 3 and

4 perhaps could have occcurred during the time the molten mixture was in con-
tact with the interlior of the steel tube. However, the time durstion of this con-
tact before soldification of the melt wae on the order of & few minutes, and any
perturbation ahould be minimal. Nonetheless, a longitudinally sectioned sample
of steel pipotte with the solidified glass in place will be studied with the electron
microprobe to determine that intertor leaching or melting of the steel tube was
nct a problem. Sample 2 apparently was grammlated rock only with <1% aimulant
included.

* Appendix XK.
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Since ca. 20% simulant wan spproximately the compasition cesired ot the
ead of the 1est, Increases in the thermal ipput were discontinued and the
cooling cycie has begun, This will involve about 2 month'a time to cnsure
that the rock does not suffer severe thermsal shock. The maximur temper-
ature reached wap 1320*C.

Table 1. Analysis of Samples from DRD-1

132

- Intensity Ratio
Sample Mo! Fe Ui Fe Sr{Fe Cel Fe % Simulant
10% simulant 0. 00451 0, 006y 0. 00488 D.00E25 10
0% almulant p. D254 0. D213 D.D1GS D. 0238 30
50% afmulant 0.02832 0. 0262 0. 0160 0.Q200 50
70% simulant 0. 0387 0.0395 0, 0235 0. 0350 70
5D% eimulant 0. 04717 0. D49% 0., 0307 0. 0803 a0
1 0.0256 0. 0347 0.0243 0.0495 ~T0
$2* 0 0 0 0 <]
#3 0. 0241 0.024% 0.0157 0.D373 ~—d5
4 0. 00851 0.00773 D.00453 0.0145 ~15

I||Irni'::rl'mu of the clements ineluded in the pimulant were detecied, but the olements
ineluded In the rock wera feund.
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APPENDIX J

SAMPLE ANALYSES [N STTPPORT
OF THE DEEP ROCK DISP(HAL EXPERIMENT

Octobo:xr L, 1973 Albucut e, Mapm Myaso
Lerermord, Cadiderna
R. D, Klett - LT3

B L,

B. T. Kerma « 5525

Bapple Analyses in Bupport of the Deep RocX Dipposal Experimant

The initial deep rock disposal experiment wvill provide & sample

ca. 3 0t by 5.5 0t by ¢.25 {0, for elememtsl aalyses. Thim scoo
s Tlired the primary oetboce to be used for elemental snalyoes and
the methode available to apaver spacifie questioan regarding the

Eemple 1f required,

The initial ebjective is to determine the extent of"diffusion by
tbe borgailicate~-fuel simulact {n the dolerite motrix during the
liquid phass. Apalysis of each elenent presant in the asgpls Blab
in not pacenanry to otteln thls informaticn., AL the cutaet, It ia
puggested that we lock at one or tun elemants baving fast (Xa or K),
imtermadisata (Br or Ba), sp” Blow (Y, 2r, Ce or D), diffasion mtes.
Although & Tinal decioion must weit until acalyees are coppleted

on slandsrd pre-tesl samgles, n oducated guess suggeots that we
determina K, Ba, Zr, and .

The following amalytical wethods are being coosldered for use. It
io not intended that all thees wrthods he ueed on esch mpecimen;
rather; the pethoda wrould be used to complement esch other as necded,

1} X-ray fluorescence spectroscopy. DBoth energy disperaive
and cryntal dispersiv: flucrescenct capabllitis=s are available.
This would ha the simplest method eloce oedther meciooical nor
chemical deatruction of the sample 15 required, Praflles of element
concentrationa cen be obtalned by seanning the pample surface in a
step=-wipge apner, Thip is erpected to ha the meipn technique uned.

?) Momic pbeprption spectrometry. By dividing the sample
gurince jpto # grid oetvork and teXipg A sabple from ofich grid
{e.B.; by drillipg), stomic sheprptian spectrametry can be used o
provide mnre precise quotitative data for specific elememts. Thia
mrthod would ba used Tor determiolog the ¢xmct concentmticos of
elememts at locations thought to be particulsrly significoamt.
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3} Oassical chemistry. By Alssolving sem. .68 takwn fros the
grid petvork, the omact conormtratico of alamsots throughogt the
memple can be obtalned by standard gravieetric, wolasetric, or electrg-
chanical memny, Theet mrthnds sre geosrally coosidered to be the wowt
accurste, amd they vill be used as g refervnce for the more repid
instrmsntsl tecimicuse.

L) mtormdtography, Sinee ursniua is mturally radicactive.
autoradisgrephy should be ao excellerl ssans for determinicg ursnlum
dietritution f~ the smmple wlsb, Other oaturally radipactive elesents
guch as YOF g oot emit mifficiest radistion to interfere with this:
bovever,; ghime ray Spectroscopy mAy be applicsble for determining
thelir abamdspres.

Items muth ap Jerslity and porcaity ceo geoerally ba daterminsd by
direct yedicgraphy.

5§ Eeutrou activaticn scalysfs and gamms Tey spectrascopy, For
lesn complex mubtrices, activwatinan amlysis and geams ray spectyroecopy
¢on dafing elemett conremtrations. Bowewyer, in 4 sydtea this coxpli-
ceted, rediochemical separatiops will almest certainly be oocessary.
Altbough this techoique is applicable for determining amjor conceutra-
ticos of elspents, its spplicability will wore probably be in the ares
of tracd anulynes.

6) Emission spectrography, Por detecting A lergs mmber of
elemeris at one tlma, emlaglon spectrogrephy bev no pear. Howevary L2
geperally iw pot wed for quantitative Jetamina.tons af elemauts
presect in kigh conceabrations {> %%). It wveuld be used for semi-
quantitative determibations of sinor or trace elemerte saa necassary.

7) Electron mlcroBeopy. Althougl 'oth scanning apd tranae
mission eloactron mlcrodcopes ama awmilapls, probably only scaming
electron microscopy Would ba used. This techaique vould parmit us
to defioe the sample surface in tarms of grain size, clapapts present
in graioe, and penerel surfacty marphology.

8} Electron microprobe. Under computor controls this instru-
aeat provides quentitetive apalyaas as a function of diatapce, Edch
individunl soalysis 19 repressaptstive of @ minute volume of saterisl
and anly a swmll ayes con be donn ot o tima, HBowavar, its capablility
for defioing swpatially Terolwed elemeutal dstributions say be of
real significeccea.

9) otbher tackniques which may fint usa ipclude x-ray {diffraction,
spoctrogmaphy, etc.) and ion teekacsttering. Altbough tbese methods
are oot pressgtly coosldered {mmediptely applicable, they are svallable
should the pred aries.

With tha aswlytical equipment apd expertise available, the
eleacntel apalyses planned abould aot preseut &ny severa prob-
lems, With the experience gained fram this firet experisent it

1s protabla thet additiomm]l mathods of cheracteritation will be
racognized, a-d thede cin be omde avellable for use on future testa.
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APPENDIDX K

ANALYSE OF SAMPLES
FROM DEEP ROCK WASTE DSPOSAL EXPERIMENT

Santia Laboratories

Janugry ¢, lﬂh Algypgae gy B Plewgg
Logprrmpne Cahfoem g

R. D. Klett - LT3

—
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r
L

B. T. Eenpn - 5822

Analyzi? of Sorples froo Decp Pock Waote Disponel Experizent

Ref: Memo, 3. T. Kenna %o R, [, Klett, “fasple Analysls in Sipport of
the Deep Rock Waate Disnosol Experiment:” dtd Oet. L, 177390

The Deep Ruck Webte Dispossl experioment im beginning and Bezples ahould

be nyniloble for annlysis sbput February of this yenr. Thls mezo suxm-
narizes the paople coufigurstion vwe would like to have snd the apolyticnl
procedures we hove plaaned, The initle]l annlyticel abl)ective in 1o
deternine the relative extent of oixing ond Jiffusion by the torcoilicate-
furl pioulant in the dolerite motrix during the liquid phune. The
elenentd we will deternine Deziquomtitatively ore Wi, Sr [foat to Inter-
rediote diffusico ratecj, Y, Ca, oot U {alov diffusian raten). ¥e hgd
rope? Lc alop determine either Ba or K, kot thlo will oot Se poasible

due to interfereaces.

A8 wvc wnderatapd, cur groos saxple will be p 3lab between 0.4 in. opd
2,0 in. thick vith o height {4, 5") equal to the heigkt of the origiml
dolerite [“Jet Hiet* ) block {4.5') end the width will be equal to the
ufdtr of the “lock (3,0rt), =t 16 iopertant thet our groas sacple be
Froo ~Pe cepter of the block po that ele=entel distritotiors and/for
mixin: patterns con be properly estoblished. The papples for ocur analyuis
then vould be cut from the groas palple alsh In Juch B wWoy that they
vaild represent a2 motrix of the slab apd would o indexed ascording to
theiy positicon do the sla%h. The zamples can be nither square or cir-
cullar ’n nhape; their {odividual vidth could be either 1 or 2 in,

The privoary suelytical teetnigoe Lo e upned will be ecerpy disperaive
x-Toy Tluorescence, Use wvil] be gade of stosic aboorption ond perhapa
neut - -0 activation spalyois wvhen deeotd necephbry to provide baselimwe
ppalyv it and to afower troutles.ae questions, The electron maicroprobe
in n) o svallable to Inveollgpte uny pariicularly intereosting arees.

E. X. Beauctomp, SBLS, haw provicded us uith steodards cvaprised of o
aixt. ¢ of “Jet Mlat®™ rock and vyarvinz asaunts of simclant materisl.
Alth-.ch the fluarezcent s-ray spectim fo ccmplicated, F, sal L peais

*Aprondix J
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of oir clements {N), Sry, Y, Mo, Cey und U) cun be <spluted unnabl.-
cuily for cepicuantitntive analysis, Atooic obporpticon wnulysls of
these olemente In the standards hove verifleds ke stuted compesition,
Flpurcers lu, und b show the standard woirking curves developed froc
thege stonderds vhich will Le uped fobr x-roy flucrepcence snslyole
of' the Deep Rock Waste Dicpoouwl suopleg, We coticnte our pounly»is
Lime wiil oo about 3-3 weels ofter recoivine the socpluef.

D.6 r 1 17z 1 1 1T 71 T 1T 1§ 1T/7 "T"5
Key {D ST
B ®  Nj _
o 0.4 p=
£
s (A) ®
s F D -
—_— (o}
(e d
iE a.2 G = -
® _
- O
B - m ot
0 1Can 200D 34000

Peak Inlensity

Wt. % Element

0 1000 2000 000
Peak Intensity

Figure 1. X-rcy Muorescence peak intensity versus concentration standard curves
(or selected clements in deep rock waste disposal experiment
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