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ABSTRACT:

Unresolved vitrification problems 2re reviewed. In spite of
these potentlial problems, vitrification is seen to be a better
method of long-term radiocactive-waste ccntzinment than either
shale fracturing or in-tank solidification. It is proposed
that calcinsticn be done at West Valley, but that vitrification
cone elsewhere, meinly in orcder to reduce the volume of
wastes to be transported. At best, this volume would be reduced
by a fact v of sbout 22; at worst, by a factor of sbout 5,
compared to the volume to be trzansported sccording to the DCE
vitrification option. Shipment of csniszters of calcined wastes
is shown to be feasible in terms cf heat dissizaticn and
radistion attenustion. For seversl reascns, Iincluding heat
dissipation, it is prcposed thst the particles of calcined
waste be temporarily "glued" tozsther to form a relatively
non-porous solid in esch canister, Prefersbly, a materiel such
as beric oxide glass or sodium silicate glass would be used as
the binder, since neither of these materiesls wculd need to te
remcved when the celcined wastes ware vitrified.
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Vitrificetion: Pro and Con

Vitrification, or incorporsting the westes into 2 glass, 1s
presented in the DOE Study Report (1) 2s the best -ethcd forf converting
the West Valley high-level liquid wastes intc s stable form for
long-term protected storage. In all thrze vitrificstinn options that
sre considered in the report (2), the radiocsctive substaﬁces from
tanks 8D2 and 8D4 (slong with some ncn-radioactive substances from
both tenks) would be caslcined to procduce 2 dry radicactive powder.
This calcined powder would be mixed a2t 2 high temperature with silics,
boric oxide (3), and other glass-forming sdditives to produce a
molten glass mixture that would gradually solidify ss it cooled.

The result would be s radiocsctive vitrified solid, that is, a type
of borosilicate glass in which the radioactive astoms 2re bound into

the molecular structure of the glass. The glass would be sealed into

stezinless steel cenisters for long-term storsge at a site assumed to

- — — s — - ———— ——— - -

be several thousand kiloweters away (L).

Vitrificetion probebly is the best method for sssuring long-term
containment of the radlcective wastes. In my cpinicn, 2t least,
vitrification is the best option that is presently available, snd
I assume in this paper that the wastes czn be and should be vitrified,
glthough not necessarily at West Valley., Nevertheless, in spite of my
preference for vitrification, I believe thst there are some unsnswered
questions ebout the long-term integrity cf vitrified wastes. Before

proceeding, I will review some of these potentizl protlens.

<r

Pyrex-type borosilicete glrsses, ccnsisting 2lmost entirely of

O

boric oxide (3203) end silice (S10,), end true binary borosilicate
glesses, consisting entirely of 5203 gna 3132, are imowm to be very
steble, These types of glasses are highly resistent to lesching and
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devitrification (5). Thus, in discussing the ternsary Y2 0 8203-310
system, Morey (8) states thet "no mixtures on the sice 3-510 could
be erystsllized"”, end Rockett and Foster (7) repcrt similer conclusions
from their work on the binery 820 -S10, system. Resistence to leaching
i{s well-known for borosilicate glasses which contzin a feirly high
ratio of 310, to 5203.(8).

However, there are three things that should be becrne in mind.
First, sitrified radioasctive wastes are not as similar to Pyrex-type
borosilicate glass es Is sometimes implied (9). The borusilicate
(8203 + 8102) coatent of'the radicactive glesses propecsed by DOE would
be only about 55% (10) instead of the $L% buresilicste content of
typical Pyrex glasses. Second, althcugh borosilicate and other glasses
are ususally considered to be honcge eous, it has been shown that they

frequently consist of' fine-scale twe-phese mixtures, 2s will be

discussed below. Third,}rediaticn msy cause graduesl degredation of
the glass, as will be discussed belcw.

The first of these three consicerastions does nct ragui.e much

further discussion, except to say that the known stability of Pyrex-type

boresilicete glzsses dces not imply anything aebout the stability ef
2 glass with 2 borosilicate content of ecnly 55%.

The second consideration i1s the fine-scele two-phese structurs
of many glasses which 13 described, for example, by Deremus in his

book, Glass Science (11). Chapter L of this book, "Phese Seperation",

describes the phenomencn and provices scme interesting electron
microgrephs of phase sepsration in verious glessses. Regerding fhe
grep } 5 5
fine-scale phase sepercstion cf Pyrex borosilicate gless, Dcremus
states that "the metrix phese is rich in silice, 2nd the borosilicate
4
phase is seperated at such s fine sczle that 1t cznnot be leached cut,

4208%

650 25

r



L — e s - i

. Weughan VITRIFICATION OPTICNS 1/28/7¢% -3 -

cc that the gless shcws & chemica2l durability epprorching thet of
vitreous silica" (12). Se also suggests tnet "it sesms likely that
there 1s little sclubility of borste in silicete, s would be expected
frcm the different structures of these amcrpnous cxicdes... Therefore,
the silice-rich ph-ses in sodium borosilicate glasses are elso probably
close to 1007 silice" (13). The potentizsl problem with phese sepsration
is thst it may decreasse the leach resistasnce of a glass. According
to Doremus (1), .

"ee.weathering and devitrification ere faster the lower the

silica conternt of s phase. Thus s glass separeted into a silica-

rich pi:ese erd gnother containing less silics might weesther or

devitrify more rapidly than s hcacgeneous gless. The resultent

properties depend on the scele of the separation, since 'n some

borosilicate :lssses, as mentioned before, the very fine scale

of phase sepa:°tion leads to & more chemica2lly resictant gless."
In 2 Pyrex-type borc:s .licate glass there is enough silica to provide
this fine-scale structure, wherein the silice-rich matrix surrounds
and thus protects the tiny "islands" of the other, more soluble phese.
It remains to be seen whether the vitrified westes contsin enough
silica to 2fford this protection, if phesse separation occurs.

The third consideration is pcssible degradaticn of the glaas, mainly
due to rediatiocn emitted by the radiocsctive compconents of the glass.
A repcrt written by An Ad Hoc Psnel of Earth Sclentists for the U.S.
Envircnmental Protection Agency (15) raiges guesticns about leaching
and devitrification in the presence of alpha radiaticn an’ other
conditicns expected during long-term storage, eand suggests that
stion into 2 glass will

ing over time scsles of

a dacsde. We wish to mzske h

c
experirents csn be deone. If
should be able to answer th
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The same repcrt (16) contzins 2n interesting observation on the menner

in @hich devitrificstion may occur:
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"The ccnsequences ol devitrificsilon sre the formaticn of one

or more crystalline pheses. Such processes commonly result in

the formetion of meteriesls with simpler chemicsl compositions

than the glass. The new phase excludes impuritiss. If the
impurities include the clsss of nuclides that =re the fisslon
producsts or TRU's, then these will end up in intergrenular
boundery areas. Leaching of these would then be relstively eas;,
and the bulk of the originzl glass need not sven go into scluticn,
but could remsin 2s reletively non-radicesctive crystsls.”

Doremus (17)-5L§sests tast, in sore ceses at leest, crystsllization
mey be more likely to cccur in silices-poor phases than ih silics~
rich phases:

"Qften phese separstion gives one phase thet is more easily
crystellized than the bulk glass, For exsmple, in a scdium
borosilicate glasss phase seperation leads to cne silica-rich
phase and znother solium borosilicate phase containing less
si{lica then the gless es s whole. This sodium borosilicate
pnase crystallizes during heest-treestment st relstively low
temperstuies..."

Regerdless of which phase crystallizes, it seems likely thet the
glass will become less resistent to leaching. ‘nother possibility is
suggested in the recently released B:zttelle-Columbus report on West

—

Valley (18):

o ———— e m— o — S— —_— e -

"Helium ~~cduction from actinicdes in vitrified westes could

cause s. 2 problem in disruptior of the micrestructure of the

glass. This might incresse the lezch rate of the glsss..."
Disruptiocn of the microstructure could be a major problem if tle
micreostructure consists of 8 protective silica-rich matrix surrcunding

tiny "islands" of another, more soluble phase, which would preswuzadbly

centein most of the radiocactive components of the gless.

VWevertheless, it seems to me thet these pro.le=s c2n be évoided
if 2 suitsble gless formulstion is used. Vitrification technology
appears to be feirly well devsloped at severzl glass-manufectiein
compenies and nuclesr facilities, including Pacilic Northwest
Labecretories. The DOE report (19) stescss thet, "since 1566, over
50 million curies of radicsctive materizls have been incorporstad

655 252 12534
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iato gless at Paciflc Northwest Laberetcries (PNL) in a series of
demonstretions.” The glass formulsticn will depend, of course, on

the types of wastes to be incorporated into the glsss, 2nd scme further
wesk will be required to develop 8 gless suited to the West Velley
westes (2C)..

In eny csse; it seems ocbvious thet the leech resistesnce of
vitrified westes will be much better thesn the lesch resistance of the
radicactive cement mixes proposed by DCE for-the cther two major
options in the report, Shale Frecturing end In-Tank Solidificetion (21).
Thus, of the prasently avesilsble options, vitrification seems to be
the best choice. There are some indicstions thet ceramic or gless-
ceramic forms of resdiosctive waste solidificstion are better (i.e.,
more stsble, in 2 thermcdynemic sense) then vitrification, but these
need much more development work before they csn be relied on. In the
meentime, clesn-up werk must be started st the West Valley site. The
westes cannot be left there indefinitely while the seerch continues

for an "ideal" 4isposal method for nuclear westes.

- -

The Option of Caleininz st West Vsllay, Vitrifyinz elsewhere

O

Unfortunately, the high price t2g and the high radistion-expesure

figure assigned to vitrificeticn in the DCE report make it eppear to
ve & prohibitively expensive snd dengercus cption. Note, howe ~r.
ta12%t these high figures sre bzsed on a questicnesble assumption,

nemely, the esssumption that the complete vitrificetion process will

be cerriad cut 2t the "Tast Vesllay site. ol everycne mzies this

-

assumption. For exsmple, it 2a2s Leen prrpose
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step might te done at West Valley =nd thal the vitrificaticn step

might te done 2t Tscific Northwest Leborsatceries.
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not censicder this possibility, even though it could ni2ice @& significeant
recduction in costs end radistion 3xyosurs.!

In DCE's breakdown of estimetec vitrification costs (22) and
estimated population exposure (23), the lergest single items are
essccinted with the transpertaticn ol the canisters of visrilied
westes. Transportstion scccunts for L0.7 million of the 130 million
dollers estimated for the complete viirification prccess (including
removal of wastes from tanks, partial separstion of wastes, calcinstion,
vitrification, and transportation to storsge site), and transportstion
accounts for 10 of the 1l men-rem estimated for the populstion 2xposure
during this process. The costs and radiation doses are high because
DCE is talking about trensporting at least 224 c2nisters of vitrified
wastes, each two feet in diameter snd ten feet long (24).

For ccmparison, consider the fact that the celcined radioczsctive
waste powder would fit Into ten canisters of this size, if it were
not mixed with the glass-forming edditives and other non-radicactive
substances that go into the glass. Thus, there sould conceivably be
a 22-fold reduction in the number of c2nisters that wculd bte shipped.
Transrzortetion ccsts could conceivsbly be reduced from L0.7 million
to perheps L million dollars, 2nd the radiation exposure to pecpls
living 2long the transportation route could conceivably be cut from

10 to 1 man-rem (25).

It may not be reslistic to reducs the number of canisters from
224 down to ten. Nevertheless, % apsears that the number can ba
trought down to somewhere hetwszen ten and forty canisters, if calcined
powder is shipped cut for vitrificetion elsewhere. Ten canisters is
the approximate minimum, essuming that the csl . ined powder consists
entirely of radiocsctive msteriesl, as shown in Table 1. If it is not

655 254 12231
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T Table 1

RPPROXINATE INVERTCRY OF RADICACIIVE CALCIXED POULER
PERIVED FROX BOTH TANAS 'CCLBINED)

Volume of Bulk veolume

m2ss sollids_only ef powgder
Substance (=) - (££2) {£t2)
e, 17500 70 10
U303 £200 30 60
Pu0, 35 C.5 1
Fission products, sctinides, etc. _5CCO0 35 70

TOTALS 8635 kg  135.5 rt3 271 £t3

of radicsctive calcined powder would be
spproximetely 271 £t2, sssuming that the powder contains 50% volds,
which is typicel for a owdered materiazl. Each DCE canister has a
capacity of about 28 ft’, so ten cenisters would be needed to
sccommodate this powder. Quantities in the 2bove table sre based on
the somewhat inccnsistent date in Compenicn Report, pp. 3-24, 3-26,
3"28’ 3‘29, h"23' C 1 C"2 c 3. 3‘10%

Thus, the total vol

Teble 2

APPROXIMATE INVENTORY OF NON-RADIOACTIVE CALCINED PCYDER
DERIVED FROM TANXS SC2 AND 8z

Volume of Bulk volume

Mass solids only of pogder
Substance Moles gks) gft Z g 2
Fe203 (in 8D2) 330000 52700 355 710
Cr203 . 30000 L1540 31 €2
Xio .- 25000 1370 9 18
A1,04 "o 5500 540 5 10
ALF 4 »: 18000 13510 17 34

MnO, or HnC LA 25000 373 1 283 -

TOTALS FOR 8D2 63175 kg  L31 £l 862 rt3
Fe 504 (tn 8Dl) 20000 3190 22 Ll
Cr,05 . . 5200 790 5 10
NiO i 5500 410 2 L
A1,0, Rt 8560 870 8 16
#n0, or Mn0 " " 600 50 0.5 . 1

TOTALS FOR 8oL 3310 kg 37.5 rt3 75 rt3

TOTALS FOR B0TH 8D2 AND SD4 58485 xg  L468.5 rel 937 £t3

Quantities in the above teble are Las2d on the somewahat inconsistent
data in Companion Repcrt, pp. 3-20, 3-26, 3-28, snd 3-29. The values

in the table may be cnsnged slightly if "residual nitrate znd unceslecined
materlals" (p. ﬂ 1;) replace some of the fully cnlciqu cxicdes.

=
.J) L
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feasible to cerry out s complete seps
non-radicactive cciongcunds, then the ruher of cenictars could =2 rs
high as [3. Teble 2 lists the mein neon-»adliosctive substences that
would be cslcined, if they could not be szparated from the radicactive
substences. Zven including all these ncn-radicactive wsastes, the
total volume of celcined powder would cnly be about 1200 ft3, waich
is much less then the 6300 ft3 of gless propcsed in DOE's "best”
vitrification option. Thus, at worst, shipping the c2lcined powder
would require only L3 csnisters, instesad bf the 22}, required teo ship
the glass.
The extent of sepsretion will depend cn the amcunt of research
snd development that is done. According to the D(OZ report (26):
"Ideally, in order to reduce subsequent storage and trsnsportz-ion
costs, only the radicsctive fractions would be vitrified; the
inert szlts thet make up by fer the greater bulk of the westes
would be sclidii.ed by a different process for lsss costly
disposal, The sodium nitrate-nitrite in the tenlt 8D2 supernste
is the chief inert constituent, and the supernste, which is =
single-phase sclution, is susceptible teo separstion into activ.
a:d nonactive fracticns; & considarzble background of infermation
is avalleble on the separestion procedure. The sludge, which is
predominantly inert ferric hydroxide, presents 2 ruch more
complex problem; the sludge could z2lso be divided into inert ond
active fractions, but a considsrable smount of ressarch andé
development would be required to ensure a workable precess.”
Regardless of whether the compounds ¢f iron, chromium, nicksl, etc.,
are sepsrated from the radiosctive constituents cf the sludge, ™
assume in accordance.with the .DOE ‘report that the sepsrstion of th:
redioactive constituents from the sodium salts in the 8D2 supernate

will be carried out prior to calcinsticn., This seperation procedure,

employing icn-exchange columns (27), mskes it possihle to exclude

Ty 3
cr

the sodium s2lts from the czlcinstion step. The 3z4t2lls-Columbus
report refers to thls separation procedure ss e sort of sfterthought

(23), dbut the calcinstion and vitrificstion options prazccsd 1n
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the Bettelle-Columbus report assume thet the sodium sslts will not

tz removed prior to csleinstion (29). ?h;si thet rezcrt suggestis some
unnscessarily large finel volumes of wastes: 39,000 223 or celcined
powder, or 40,000 £t3 of glass (30).

=l
'

In sumnaery, I propose calcining tze €02 and 82). westes at West
Valley, after separating the sodium compounds from %hs 202 wastes,
in essentially the same manner propcsed in the DCE report. This will
not Gte an'eesy task. I think that the DCZ report underestimates cr
understetes the difficulty of some perts of it, particulsrly the
removal of the sludge from tank 802. Nsvertheless, the task must be
done as a prerequisite for any option that converts the wastes into
e steble, leach-resistsnt form.

Calcination will produce a quentity.of radiocagtive powcer,
Ferhaps as little as 270 rt3, or perzeps as much as 1200 rt3; depending
on whéthar the non-radicactive substznces in Table 2 ere eliminated
¢» included. I propose shipping this ca2lcined powder elsewhers for
vitrification, either to en establis=aé nucleer facility such as
Pacific Northwest Laborstories which !s elreedy eguipped for
vitrification, or to a possible vitrificstion facility adjascent to
a repository site. The main reascn for this propeszl is to reduce

the number of cenisters that would be shipped. Another festure of the

propesal is thet vitrification coulé %e curried out several jeare

later then calcination. The ca2lcination rrocess could be done In the

near future, perhaps within five yezrs, so that ths liguid wastes at

West Valley would be converted into 2 semi-stable form. The vit»ificstion

process could be deflerred for ss much 25 2 deczde on two, until 211
coubts about vitrificstion sre clesrsi up, or - pessitly - until
ceramic or glass-ceramic technolcgy i:s shown to be superior to

vitrification., -
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Zest Dissigation in Canisters of Calcined Powder

An impecrtant ccnsideration is tihs smount of heat ganaratec by
racdicsctive decay in esch canister c?l cslcf%ed powder. Since the
totel hest generstion rate of the 3T2 #nd SDL wsastes s in the
neighberhood of 450,000 BTU/hr (31), the heast output per canister
will renge from ebout 10,000 tc ebeut 45,000 3TU/nr, depending eon
how meny cenisters are used. Thus, the heat output ¢f esch canister
would be very roughly comparable to the wintér hesting requirements
of a house in Western New York.

The powdered materisl in the canisters will not bte a very good
conductor of heat, due to the 2ir spsces betwaén the perticles. Many
powdered or grenular meterisls consist of about 50% 2ir (by volume),
end I assume that this would a2lso be the csse with the calcined
powder in the canisters. Consequently, the calcined powder in the
canisters will be genersting a lot of heat and, at the seme tire,
it will be a good thermal insulatcr., This will czuse the centers of
the canisters to hest up to too high s tempersture, unless the spaces
between the particles are filled with scmething that is a better heat
conducter then zir is.

There are 2 number of meteriels that cculd te used for this
purpose. Besides hsving gcod thermal coniuctivity, such & meterisl
should also sct as a binder, to help hold the particles together in
cese the canister broke open in sn 2ccident; it should have a fairly
low vepor pressure; it should be a meterigl thet csn be combined
feirly eesily with :ﬁe pewder, 2t 2 feirly low temperature; gn%rit
should be removeble pricr to vitrificsticn, unless it cen actually
be incorporsted into the glass.

Two of the most likely cendidates for this purpcse are matsrisls

".,‘ L, i) X r-‘ 0O
& SN R v 1308
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tet would bc incerporsted intec the glass:‘eithﬁz bcric oxade (3203)
¢r a scclium silicate mixture (ﬂgzc + 3102)._?oth cf these materinls
are glesses themsclves, but since threy :elt:cr soften at lower
temperstures than ordinary glesses, 2n¢ since they will gradually
dissclve in water, they would not be suitable for leng-term containment
of the wastes, However, as 2 temporery matrix for the ce2lcined powder,
either boric oxide glass or sodium silicste glass should work well.
Eecn of these glesses is described in more detail in a following
section of this paper.

Thermal conductivities of some cf the celcined powders and of
the proposed glass matrix materials esre shown in Figure 1. Note that
these will determine the overall ccnductivity of the powder-in-glass
composite in the canisters. For the sake of illustration, I will
assume 0.002 cal/(sec-cm-°C) for the overzll thermal conductivity;
this is & reizer conservative estimate.

If tre 1ate of heat generaticn znd the thermal conductivity are
hetz unf s~m taroughout the canister, and if heat flow is strictly
radiel, then the temperasture difference AT between the center and

the wall of the canister can be expressed as

2

Jle

"

where q 1s the heat generstion rzte per unit volume; r is the cenister

radius; 2nd k is the theraal conductivity, here assumed to be abcocut

0.002 cal/(ssc-. -°C)., Llternatively, Zquation 1 czn be rewritten as
AT = -é—r (Eq. 2)
Lwchic

4 » -
wvhere Q is the tctal heat generstion rste within the cenister and

h is the length or height o the cenister. fh) 20T . adbeia
- St i 8
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Equation 2 indicntes that AT 1is ;?:pc:tfcnal tec Q/h, the r=te
cf heat generstion per unit length o c=:i$ter, but is incdepencent of
the cenister radfius r (32). Tais rele::cr:t;p is shecwn in Table 3,

here the westes are considered to te diviced among ten, twenty, or

forty canisters. The calculated valuss of AT ere L13°C, 209°C, and
1ch°c, respectively. The first of these velues seems unacceptably high,
implying that either the therma. osnfuctivity or the number of
cenisters must be increased. The seccnd velue (AT = 205°C) would
probably be szcceptable. The third value (AT = 104,°C) seems quite
satisfsctory.

While the boric oxide glass or scdium silicete glass would be
expected to fill most of the spece between the perticlies cf cslcined

powder, there still might be some poresity in the pcwéer-in-gless

e — o —  ———— " ————— 7 i ek —~— -_— - —— - -

Tabls 2

DIVISION OF WASTES AMCJG 10, 20, OR LO CANISTERS,
DEPENDING ON HOW fUCH NON-RADICASTIVE MATERIAL IS CALCINED

Number of Q Q h ¥ AT

cagggéfrs (370 /) (cal/sec) (em) (cel/(sec-cm=-C)) (°c)
10 45,000 3149 300 0.002 18
20 22,500 1575 300 0.002 207
Lo 11,250 787 300 0.002 104

- - -

Q, the heat genmeration rste per canlster, is equal to 150,000 32U/ar
divided by tne numder of cenisters ussd. The cenister length h is

3 meters or 300 cm, as specified by ZCZ. The thermal conductivity K

)

1s esssumed, as explained in text. The temperature difference AT btatlween

canister center 2nd cenister wall {s calculsted fro=x :c;a*ioﬂ 7

<thic 2
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=ixzture in the cenisters. The reducticn in thermal condusbivity dus
tc porosity Liss been investizatad by Iceb (33) and Francl and Xingsry

(34) who find thst, for i{sotroplec pcresity,

ke, = kg(1-P,) (Eq. 3)

p

where kg, 1s the thermal conductivity of 2 solid or ncnperous plece

-
.

== IR - - - ~PE AN VST — SIS N —— S——

of 2 given material; k is the thermel concducuivity of a perous
piece of the same msteriasl; and P, is the volure pore fraction of
the rorcus pleca. Since the porosity would probsbly not exceed 1073
by volume (P, = 0.1), the thermal conductivity should not be greatly
alfected.

‘>;;d£;f£;; ;f t;;;;;l en;;é§—z;;;-£1e outside sur. 2ce of each
cenister should be an adequate methcd cf he2t rejection, as long as
esch canister 1s kept away from cther hot surfsces (including other
canisters) that would radiate thermal enesrgy beck toward the canister.
Assuming that each canister has a readius of 30 em, 2 lensth of 300 cm,
and sn emissivity of 0.8, the rate of thermel radisticn from the
outside surface of each caniste~ (excluding toth ends) would be about
15,300 BTU/nr or 1185 cal/sec 2t » surface temperature of 100°C, or
about 28,000 BTU/hr or 1980 cel/sec 2% 150°9C, or sbout 13,80C 37U0/ar
or 3085 cal/sec at 200°C. These values, in combinetion with the values
in Table 3, suggzest that the number of canisters cculd te asnjrhere
baetween twanty.and forty. If twenty canisters were used, the surface

of esch canister could radiste encugh heat to stay bslew 1309, so

-~

thet the temperature at the center ¢f the canister could stay below

350°C. If forty canisters were used, the surface cf esch canister
could radiaste enough hest to stay belcw 100°C, so that the temperaturs

at the center could remain below 200°C. o ~r A
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Radloactivity of Cenisters of Calginzd

“alle I have no Lackcoround in r=idlclogicsl measar ment and
prctection, I will attempt to show “:at the: trensportation of the
t@ently to forty canisters of celcines powder (in boric cxide or

{um silicate matrix) ,nses no unususl radiolcgical hazerd. It

apr2ars from the published literaturs that a comparison can be made
with the trensportation of spent: fuel elements, and that the radio-
ectivity of esch of the prososed canistars of calcined powder 1is less
than the radicactivity of 1 MIU spent fuel. Since 1 MTU is typical

of the quarntity of spent fuel shipped in a truck cask, it appeers .
that a similer cask would provide zdequate shielding for a csnister

of calcined powder.

Accorcding to Fitzgerald (3%), =sch pressurized wster resctor (ZiRr)
fuel element contains epproximately 0.5 MTU (metric tons of ursnium),
while each boiling water reactor (BiR) fuel element contains spproxi-
mately 0.25 UTU. Untll commercial reprocessing cessed in this country
<iEE§_§Eg~i§5§rqupmgf_Ehe West Valley plant, the ususl practice was
to hold esch fuel eiement at the re=ctor site for sbout 150 days after
removal from the reactor, before shipzing 1t to be reprocessed., The
spent fuel elements, still highly racdicective, were shipped in casks
designed to cut the radistion down to acceptable levels (e.g., no more
then 10 mrem/nr et six feet from the vehizle sur‘ace, as is also
gssumed in t:2 DCE report).

Fitzgerzld (36) slsc states that

"Casks containing spsnt fuel may be shipped in trucks, rallroed

cars, snd cn barges. A truck cos': =2y be designed to carry 1 to 3

FVR fuel elements and from 2 tc 7 373 elerments. A truck-cesk will

be cylindricsal in shape, aporoxizztely 5 £t in diemeter and 17 1t

long. Such a cask may weigh up to 35 T, & railrogsd-cask is
similar in shepe but bigger end =ay weigh rom 70 to 100 T. The

railroed-cask may be designed to carry up to 7 FiR or up to 13
BiR elements." 1
~ 203%
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The casks proposed in the DCE report for tronsporting the 22y centsters
]

of vitrifled westes would weigh 27 .2 losded (37), end are thus

[

spperently truck casks, even thouzgh shipment by reil was assumsi by
LOZ for the vitrified wastes (32).

In any case, the information given gbove impliss that a truck
cask typlcally contains sbout 1 LTU cf spent fuel, while 8 rallroad
cask woul@ carry mors. Table l} shows the approximate levels of
radloactivity for 1 MTU spent fuel after 150-days cooling, and also
for one of the proposed canisters of calcined powder, assuming that
the calcined powder is divided smong either 20 or L0 caﬁiaters. The
comparison should be regsrded as approximete, since the distribution
of rediosctivity for the cslcined pcwder would be similar but not
identical té the distribution of raediocsctivity for the spent fuel
elements. Even leeving some room for this uncertainty, it sppears from
Table L thet sech canister of celcined powder would be less radioasctive
than 1 MTU spent fuel eand could thus be shipped in a typicsl truck
cesk, If more shielding were needed, s railroad cask could be usad.

The rate at which heat 1s generated by radiocactive decsy in
1 ¥7U spent fuel after 150 days cooling is abcut 2C %w cr abcut
82,300 3TU/hr (39). Since the heat zsneraticn rvate in a cenister of
calcined pcwdar wculd b2 less than this - i.e., about 10,000 to
15,000 ETU/hr, -as described previcusly - thaere should be no unususl

heaet-dissipation problem during shigment ina a trucls cask.
& S L

¥y 175) /‘.(:. L2 Fatatrt
655 263 12231
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Table Q

RADICAC
COLPARED TO CANISTERS OF CALCINED PO

1 X7V of spent fuel sfter 150 days ccolin

Fission products h.s; x 10

TIVITY CF SPEXT Fizl EIZMENTS

WLER

$ curies

Actinides 1.36 x 10° curies
TOTAL .53 x 10° curles
-ne canlster of cal'cined powder, assuming that 20 canisters are used:
Fission products 2.1 x 106 curies
Actinides L.3 x 10° curies
TOTAL 2.1 x 10° curtes
One canister of calcined powder, esauzing that L0 cenisters are used:
Fission products 1.0 x 106 curies
Actinides 2.1 = 103 curles
TCTAL 1.0 x 106 curies
sigures for sgent fuel efter ISC daJs cooling are frox Fitzgersld,
op. ¢1%., pe 222, ”akle €3.11. a similer fizure for total redicawt'vit~
per LTU after 150 days coecling 1s ziven 1* Corczanion Report. p. S-4.
Figuares for calcined powder are bessd cn thd@ somewnst lnconuistens
dzte in Companlon Rsport, pp. 3-22, 3-23, 3 oly, 3-28, 3-29, and 3-62,
énd in the pattells-Columbus report, op. ¢it., pp. 19 and 20). Tota’
?ai;oactivi7y cf fisslicn products from ankg 8D2 and 8Dl ie ta¥en to
te 4.1 x 10 CAries; this is divided by the number of cen’sters used.
Tec

.5 x1

6‘ H 2 :4

tal radigﬁc ivity of ectinides from tanks 802 and A2l is tzken to
curias, this is divided by the number of cenisters used.
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Celcined Powdar in Beoric Oxide Moatrix

i
Buric oxids (5203) glass is cne of the metrix =aoterials that I

propose mixing with the caleined racdlcective woates powder, in order

&

tc form a temporery s0lid mass in e«2k coaniaster. This glass melts or

0

scltens et a relstively locw tempereture snd will gracuslly dissolve

in water. Boric oxide has s high »#f{inity for waeter, end » smell

emount of wetoer will tend to rems=in as 2n essentieslly stasble constituent
of the gléss, unless the glass is held 2t # Qigh tempersture for aen
extended period to drive off this residual water (L0).

I propose mixing the calcined waste powder into the molten glass,
et as low a temperasture as possible, which would probgbly be about
€00°C., The viscosity-temperature curve for beric oxide gless is showm
in Figure 2. The proposed mixing or Imeading process cculd be tested
with & non-radioactive cslcined pcwder to determine its feasibility.
Such @ mixing process will not te eessy, but with proper design may be
feesible. It would be roughly compersdls to the problem of mixing a
powdered material (such as tslcum porder) into a2 fluid whose wviscosity
is like cold honey, but whose tempersture is verginz on visible red
heat, withe.c mixing in too many air bubdbles. figher temperatures
would meke mixing eesl er by reducing the viscosi-y of the boric oxide,
but would increase the required operztinzg tempersture of the mixin
eguipment end might e2lso incresse the wolatilization of some of the
radiocective substiences. For compsrison, calcination temperstures sre
ifn the neighbornood of 500°C, while wvitrificstion temperatures are in
the neighberhood of 11009 (L1). )

It may be possible to add small amounts of some cther material
to the boric oxide to reduce its viscosity. Varlous "fluxes" are
cormmonly added to silica for this purpose, in the menufscturing of

~n B

LY 263

£

13033



o — e

Mackanzie (h3) in turn indicotes that, =t 600° C, the aéiition of

e
- -

fcate glnssas, but It is not clezr whethrer this technique can

! . M~
gignificantly recduce the viscosity ¢ bcric oxide in the vicinity of

-
A~
e W

AC A

C. Speavting ol verious simpls cxldés glmsses such as silica, boric

cxide, and germanie, Doremus (L2) st=tes thsi:

¢riles decresse she=.ply with the
eddition of mest impurity i weh Lrpurities as weter, in
the {orm ol -CH groups, end e 2 oxidss are perticularly
efrective in lowering the viscositfes.... The sddition of’ C.165
mole & 0 to germania lowers thes viscosity sdbcut a factor of
hé at 10u8°c... The eddition of other oxides to silica invarisbly
lowers its viscosity.... The viscecsity of B,03 =lso decrsases
when other oxides are added, but =much less than for Si0 This
result is expected becsuse of the lower viscosity of B
resulting from some wesker bonds glready present in the gu.e
oxide. A summery of visccsities snd other propertiss of berate
melts is given b; Vacken~ie."

"The viscosities of the simpls
fons.
1z

varicus other oxides will not recduce ths viscosity of bo-ic oxide by

more than a fsctor of sbout 2. At higher temperstures, the viscosity

duction 1is scimewhat greater. Resfdusl weter in boric oxide glass

mey reduce the viscosity by a fector of two or more, perhaps up to o

factor of sbout six, sccording to 3caw (Ll) 2nd others (L45S). It does

Fa
nov

eppear, however, that the viscosity can be reduced much more than

this. A ten-fcld cor hundred-fold reduction, if it could be achisved,

would greetly facilitste mixing.
S ]

It is possible thet mixing could be done, albsit rsther slcwly,

by simple gravitetional settling of the relstively dense caleined

pveder into the less dense molten boric oxide. This could sasily be

dets

rmined with non-radiosctive powdars.

Up te now, it nas been rssumad thet the celcined radiocactive

weste powder and the boric oxide gless would esch ceccupy 509 -of-the

volume of esch cenister, with the glsss filling the spaces between

the

ratio of gless to ce2lcined powder, especislly i

particles cf powder. It may be =cre practicel to increesse the

L]

M
(W) o

'3

avitationel settlin
2
[

6..

£\

(2
b
{
(D
)
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{3 used for mixing. Thus, each cenister might be enlerged slig=:ly,
fror 2 ioo® bo 2.5 feet diameter, so that it could accommcdete 30;
calcined powder and 707 boric oxids zless, by volums. By w2ight, each
cf these canisters would contein rcughly 2280 kg (577) celeined

powder and roughly 1720 kg (L37%) boric oxide glass, for e tote=l net
wsight of ebout L4000 ig. This enlargsment of the canister dismster
should not have any significent effect on heat dissipaticn (see Table
3 end Equetion 2 - except Insofer as the greater proportion of boric
oalide rlass reducss the over=1l thermzl conductivity. The DCZ
vitrification formuls (46) c211s for roughly equal weights of cslcined
powder and boric »xide in the final glsss; thus, the proposed amount
n” boric oxide glass in each cenister w uld not be tooc much for the
vitrification grocess.

Some ol the radiosctive and non-redicactive materisls in the
c2lcined powder may dissolve to some extent 1In mclten boric cxigde,
which might affect the viscosity. At 1200°C, Foéx (Li7) reperts that
C920 is soluble in 211 prcoporiions with 8203, and thst some of th
other oxldes present in the calcined powder have the following

sclubilities per 100 moles of boric oxide: 1.80 moles Sr0, 1.80 mclss

Cel, 1.52 mcles ¥nO, 1.55 moles NiQd, 0.30 mole Cr,05, 0.72 mole AIZOB,
gnd C.15 mole Thoz. At the tempersture of sbout 500°C under considersaticn
here,vphe solubilitlies may be lower. In 2ny cese, =ost of the calelined
powde; would not be dissolved, but would remsin as individusl particles.
The powd°r in-glass mixture would either be mixed directly in o
stzinless- .eel cenister or be put inte the canistar while still
molten; it would then be cooled and szeled intoc the cesnister. For
vitrification, the canister would be reogened and ths powder-in-glass
mixture remelted. The rsrslted mixture would be mixed with 310y, T2,0,

end perhaps scme extra 3,05, In order fo form tha finsl gless.
. e '}ﬁ"ﬁ’.
65h o7 i
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C~1z2imad Powdar in Sodium Silicete

& sodlum silicnate gless (sometimes kno own as "water glass") could
be used instead of boric oxide gless as a matriz materiszl for the

caleined pewder, Sodlum silicate glessses, consisting of NapQ and SiCp

b

n varlous propertions, resersle bo-iec oxide glass in their low
melting or softening pecint, their gredusl solubility in water, and
their high affinity for water.

Anhydrous sodium silicate glesses typically ceonsist of 50% to

90% 8102, with the remainder being NasC. Viscosity-temperatwe curves

for representative sudium silicaete glesses are shom in Figure 2.
The composition of the glass is frequently expressed 2s (e ratio
of 5iC, to Na,0C by weight (L48), sc that & 2.0:1 retlio anhydrous glass
consists of 66.7% SiCy and 33.3% N2,0.

Sodium silicate: are used in industry es water-based esdhesives,
and they are sold on 2 commercisl scsle ss aguecus solutions containing

various p“oporttcﬂs of 3102, h?20, end "20. Visce it'es'of these

solutions range from about 1 polise te 700 po*ses and upwerd, These
snd cther properties of sodium silicstes 2re reviswed in two papers

by Wills (49,50) that dezl beth with the squeous acdhesive soluticns

end with the partlizlly or fully dried sodium silicets glasses obtainsd

gs the solutions dry and herden., Wills (51) descrites the trensitioa
from sodium gilicate solution to snhjdrcus glsss in this manner:

"A soludble silicate film having =z viscosity 2s low es 50 cen
initially, dries to 2 haré vitracus film which dces nct rea
dissclve tut will continue to hold meigtirs untll heate
about 1CCQCF (55CCC), which meszns t? tha eéresive bond will

have scme resiliency »nd be less bor - le thsn the annyc.01s gless.
Figure 1 shows that et oraina" nunidities the silicate bon‘

may cc*ts;n as r-cn as L0% ter; in fact, svan st only 109
reletive hunidity it will nave sporoximetely 2C% "n,e..... The
most nearly insoluble silic..es bonds are obtained by dryin g _at
temperatures su‘fic*eﬂtly high to' remove all of the water. They
have the charscteristics of glzsses.... In drying a sodium

nl
‘L - cr

=
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gsllficate film in slr, about 15 %¢ 2C5 cf "Ce" will o*“nqwilj

remain., 22%ing at 100°¢ C will laeve s2poroximat ' 1 to 1075 wetzr.

Complete denhydretion requires :rting to "”“C.

I propecse mixing the calelined w=stz powvder intc sn agqueous
solution of scdium silicate, then cérying to re'.ove mcst or ell of
the weter (52). The process might hz2ve tc bs done gradusally, in
leyjers, to avcid problems due Lo the shrip:iing of the silicste as
it éries. Thus, a slurry of celcined powder in sodium silicate solution
rmight be made up, snd thin layers of the slurry might be edded end
éried, added and dried, etc., in s2ch canister. Altarnatively, if a
cenister were made to rotate on a herizontal axis (more or less liks
g bsll-mill jear), and if smell quantities of slurry were a2d’ad
pericdically, it might be fcund that the slurry would éry and harden
in a gredually increasing layer on the inside of the canister. The
cutside of the canister might be insulated in crder to utilize the
self-heating properties cf the radio=ctive cealcined powder during
tkis accumulation proces:. Alternztivsly, a gracuelly increasing lsyer
might be bullt up on the ii.side cf tre canister if the slurry were
sprayed into the canister.

It would prob2bly be feasible to cbtain 50T cslecined pouder and

camisters, efter drying and

‘C
w

50% sodium silicete (by volume) in ¢

-

erdaning of the slurry. Thus, if a 2.0:1 ratic scdium silicate w:re

ry

used, fnd if a two-foot-Ciemeter canister were used, .the canister

wculd contain approximately 2275 kg (7C3 by weight) celeined powder,

[
&
W
cr
-3
o
‘L

(0.7}
8
o
o]
e

650 kg (2C3) S10,, end 325 kg (10%) 2,0, for a tots
soout 3250 kg.

£ the powder-in-gless mixture is built up in laysrs, it =igh
be ennsaled Yefore the cenister is seelad, The conister would lster be

recpened for vitrificetion, end the powder-in-z7=2ss mixtire would be
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welted. 3oric oxide would de sdded, 2lcong with sdditional S10, =nd

Sinterinzs of the c¢crleined pewds> would probatly e eesier than
cresating a gless metrix from either mcltsn beric oxics eor & scdium
silicate goluticn. The mein question is whetlher the c2lcined powder
cen be sintered tc form & solid mass of low encugu porosity. If the
porcsity is tco high, heat dissipetion will be a prodlern.

.

T prepose using either anhydrcus bSoric oxide gless or snhydrous
scdium silicate glass as a binder, sc thet the sintering could be

dcne 2t or neer the softening temperature of the glass - i.,e., roughly
500°C. 3y volume, the resulting sintered mass in eech cenister might
consist of scmething like 30% glass, 607 celcined powdsr, ané 10%
vcids.

The first step in the sintering zrccess would Se tc prepsre a
mixturs of properly-sized particles cf enhydrcus gless and calecined
powder. The importsnce of the particle sizs distribution anéd its
effect on pcresity of the sintered mass ere reviewed by Ryshkewitch
(53). It might be adventageous to 8éd & small amount (perkaps 17 by
weight) of a fumed silica product such as "Cab-0-SL1" to the mixture
of zless psrticles and calcined powder particles,

This mixture of psrticles would be put into the cenisters, where
i1t would be hested and pressed to sinter it.
supplied from some externszl scurce, it would probadly be even sasier
i2 insulate the cutside of the csnister in crdzr to uss the iﬁusrng7’"
gen.rated hest from redicective cCec=7. The powder rmixturs should de

preassed or tsmped before sintering; or might not need to

or
‘(
0
-+
ct

be pressed during the heszting cycle.
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It might be advisable to monitor the thermal conductivity of
eacl eanister for a short period befcre sa2aling 1%, using thermocouples
; sitioned at the center and ggainst the wall of the canister. After

it was sealed, the canlster would ve rssdy for shipment. Zach canister

wo 1d subsequeatly be reopened for the vistrificaticn process, end its
contents would be removed by heating 1t to scften ths borlc oxide or
scdlum silicete glass binder holding the caleclined pocwder particles
together. The remeining quantities of glass-forming edditives would
be mixed in then, in order to form the final glass.
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| pp. L4=15 through L-29 and Appendix C. .

3. May be added as boric acid or a:s borax.
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Jo. Lyons, and G. Pinder), State of Gz2clczicel Xnovledze Regarding

Potentisl Trsnsoort of Eigh-level Radicesctive Waste From Deep

Continentel Pspositorie

n

y» U.Ss Envircnmental Protecticn Agsncy,

4

N

EPA/520/4-75-C0L, pp. 6-8.

16.

17.

18,

Ibide; Po To
Doremus, ¢p. cit., p. 78.

Bat.elle-Columbus report, p. 132. T:hls report wes written by

several suthors hescded by r.A, 0'Sers 2nd i3 entitled rrel-uinﬂgj

-

t

- 2 » - FORCEP g g - , 2 = 3
ironmentel Imdlicetions of Alternstivas for Dagcommlissicning and

futwre Use of the Western YNew Yorlk Wuicleesr Services Janter, Sattelle

Colurmbus Laberstories, December 1073, 3I-X%983,
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17+ final Renort for Public Comment, ». 17.

2C. The gless must bs compatible wit: $he radloactive substences
sumnarized Iin Table 1. The suustencesz in Teble 2 may c» mey not be
included in the glass, dspending on n<¢w much separstion is done. The

sodium salts from tenk 802 would not ze 1 c’uded in tﬂe glass, they
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would be ramoved prlor to calcinatic:.

21. In-Tan« Solidification is described in Finsl RBenort for Public

-

Comment, p. 18, end Companion Report, ro. L-29 through L-35. By contrast,

; twenty peges are devcted to Shale Frecturing in Companicn Report (pp. L4-37

through 4-55), but no descripticn of this option is given in Finel

Resort for Puulic Comment. Isn't the public suppesed to comment on

Shale Fracturing?

22. Cemosnion Report, p. L-28.

23, Ibid., p. L-27.

1 2. Pinal Repcrt for Public Comrent, Ce 15, Matric éirensions fer ths

canisters sre given as 0.6 meter dismster snd 3 metars length or

| neight, in Compsnicen Report, pp. L-12 zna L-24,

25. I am 2ssuming that a 22-f0ld reductlen in the number of canistars

shipred could cut transportetion costs sné =adieticn exposure by a

methods for costs 2nd radiolegical édzses (Cox

9 ]
)
4 |
b
(8]
J
0
(7]
i3
O
3
r
-
'
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-
tv
i
N

torough L5 L-27; L-28). It may ses= o0id that raedistion exposure to
-

b
|
fzeleor ol ahcut 10. This Is genersll; consistent with DCZ's estimating
seople living elcng the trensporteticn route Zdepends on e number of

cenisters shipped, not on the quantity of recicective materisl shipped.

Nevertheless, this is a bullt-in fessure of the ICE e estimating method,
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s long os radistion from the vehlicle swrrce dees not ellud slove
448 regulatery limit of 10 mren/ar 2% six feat, "The probdlem with
txfs spproerch i3 that it {s totally Zszandent on tha number of

-

sh:iprents," sccording to the Battelle-Jclumbus report, op. cit., p. 15%.

28. Compsnicn RPepert, p. L-15.

27. Ibido’ pp. l“‘ls tb..rouah L‘;ZIQ

28. Bettelle-Columbus repcrt, op. c¢it., p. 140 ("...it s pos3ille
to vitrify only the sludge, or only the sludge and the eluste from
the supernate stripping process...") and p. 192 ("...the feesibility
of stripping the readicnuclides from the supernatant.").

29. Ibido, ppo 135-1141, 166‘168' .nd 192-1930

30. Ibid., vp. 139 and 141, The quantity of gless is given as three
thousend canisters cf 100-gallen capscity, which is equivalent to

LG ,000 £t3. One persgraph on pe. 140 2cinowledges that elimination

o the sodium compounds could reduce ths velume of glass to 7020 ft3,
smichk t3 close Lo the DCE estimate ¢ £300 £t3. The gquentity of

. i . 13 -
caleined powder is given as "30,000 Z¢*°", which 12 apparantly a

misprint for 30,000 £t°. Wo mention is made cf the =uch smaller
ul . 5 ) N . .
velume of caleinad pewder (sbout 1200 £t°) thet would be obtained

1f the sodium compcunds were elimins<2i., See elso Teble L-1 on p. 1Lk,

‘a2
b

« Cormenicn Beocrt, p. 4-29.

2. Bquetion 2 is based on the gssu-;:ticms thet hsel {low is-strictly

(%]

“3

ediel and t*et heat gsnersticn endé Srermal conductiv ity are both

unirorn throusnout the cenister. In *eebity, tbese essurptioqs ~ay

nct quite be met, so that r mey sffect AT slightly.

‘
3 :

‘ il Py - — - v e me g -—— — e ——
—— . —— — — ‘
—— PR R A RN R RO ENRRRR_==s R — Paa—— e e e e e S e S e



inc hen  VITALFIOMION LPTIuvns 3/ - 30 -

33+ AL, Loeh, "Tioprmal Condustlivity: ViIII, # Theor; cf Tusrmel

Cinmductivity of Forous Materisle™, Cz :»=s2] of the /L=erican Cerewmic

Soclety, vol. 27 (125h), 2p. 9870,

1 - - - N ~ - -
I4s ve Franc)l and .0, Xingsry, "Thermal Conductivity: IX, Experimental

Investigeticr of Effect of Porcsity cn Thermal Conductivity", Journal

of the Amarican Cersmic Soclety, vol. 37 (1254), pp. $9-107.

35. J.J. Fitzgerald, "Lergze Radiological Scurnes end Safegusrds”,

{n N.I. Sax et al., Dangzerous Propertiss of Industrial lMasterials,

Lth edition, Van Westrand ﬁeinhold, Ysw York, 1975, pp. 221-22.
360 Ivid., p. 222.

37. Compenicn Eeport, p. 4-25.

38. Ibid., n. L4-2.

(W)
O
-

Fitzgerald, op. cit., p. 223, Tadle 53.13, snd Corsanicn Revort,

S-k.

LO. Sse, for exemple, J. Boow, "The Viscosity of Fussi Boric Oxide”

Fhrsics and Chemistry of Glesses, vel., 2 (19237), pp. L5-55.

b41. Battelle-Colu=zbus report, op

.
O

Rasort for Public Comment, p. 19.

42. Doremus, cop. cit., po. 103-109.

-

h3. J.D. Meclenzie, "Strustwrs of Sc-me Incrgeric Olzssss from High
Tamperstura Studies®, in “odern fsrests o cne Vitracus State, edited
b7 J.D. Heckenziej Butterworths, Lenizi, 1980, pp. 210211, including
FPigures 13 2ad 1. 655 07
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uSe 22w, for ex*mple, F.A, Eppler, Leccsisy of lizitan 22037, Journal

=~ &ws Amspl.an Cepranic Soclsty, vel. 45 (1268), p2. 679-30.

-~

. compeion Renort, p. 4-23.

L8,

4=

L7. M. Pebx, "30lubllité des oxydes <ans 1l'enhydrides berique fondu,

» 1200°", Comptes Rendus, vol. 206 (1533), pp. 347-50C.

L8. lete that SiC, snd May,0 have rather similar mcleculer weights,
sc that welght # and mole % are slmcat icdentical in the S10,-Nay0

syctem.

L9. J.8B. Wills, "Incrganic Adhesives =2nd Cements: Solutle Silicstes"

in Acéhesion »né Adhesives, edited by 2. Eouwink end G. Szlomen, 2né

itien, Elsevier, Amsterdam, 1955, vol. 1, pp. L39-80.

50. J.B. Wills, "Inorgenic Achesives =»nd Cermesnts", in Sandbook of

Adhesives, edited by I, Skeist, 2nd sditlon, Van Ncstrand Reinhold,
¥ew York, 1977, pp. 117-38.
€l. Ibid., pp« 11920 mm2 123.

= h : 4 - S - s se i ¥ % A
b Note thet I em proposing mixing toe caleined zowder with eitler

meclten boric oxida or & sz0dium silicets sclution. In theory, 1t would

elsoc be pecsalible tec use elither 2 meltsn scdium silicats or s berle

oxids (boric acid) soclution. However, —clien sodfum silicates tend to

Se Wors visccus thc™ molten dorfic oxids, es Indlisetel in FPlguwre 2,

¥

8¢ that mixing weuld be d&ifficult. Boric cxide hes 7 lirised soludbilisy
in water; kence, a solution dcoes not Send teo dry to = vitrscus solisd
2 ’

but tends tc decome satursted as eveporation occcurs, so that sll the

beric oxide eventuelly precipitaetas =35 ooric geld erjsiels,
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L2, e Rpyshewiteh, Oxicde Ceramlco, f2ndemie Tress, YNew Yerk, 196C,
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5. saermalecenluctivity curves [for Lovlie coxlde glase =2nd scdlium
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cilicate glncs ev: zstinetcd on ¢t 288 ol C3g Teniages of Chenistry
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and hyslecs, 59th sdition, pp. E-7 212 2-3; £.3. Shand, Glacs

Enzinzering Randboox, 2nd edition,

26-30; and A. Andresws, Porcelein Enerels,'2nd editicn, Garrard Press,

Champalgn, Illincls, 1961, p. 53. Morsy, ov. cit., may pessibly give
Letter thermel-conductivity dste for these glasses. Thermal-conductivi
curves for A1203, NiQO, and ThO, sre tesed on Kingery, rreoncl, et 2l.,
"Thermal Conductivity: X, Data for Several Pure Oxide ilaterials

Corrected to Zero Porosity", Journsl of the Americsn Ceramic Scciety,

vel. 37 (1954), pp. 107-10; Ceramic Tata Book, Canners Publishing

Compeny, Chicago, 1974, p. 266; and =rsakewitch, op. cit., pp. 123-30

cpe ¢its, P« u5l, Fig. 8.11; and Wills, in Ssndbnoxt o2 2d4estives, Op.
21%., pPp. 123-24, Table 2 end Fig. S.
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