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 ABSTRACT

--A’wofk'haS'been_dbne to explore the kéleaéé of'fédioisotopes .
from hiQh—]eﬁé] nucTeér Waste'301ids:by'disso1ution,'iInitia1Ty, a
gehéfalized expressfdn describing the disso1utibh of a waste form
as 5 function of time and temperature is derived. Distussibn of the
e1éﬁenf-specific'd13361utfon behaviof'is 1nc1udéd. The envifonmenta17
- transport of dissolved radionﬁc1ides-is,ne2t diSCUssed.} Equations
degcribing the flow rate.of radioisotdpes.frbm é wastelform, the
di]ution;Of radioisétopes as they are tranéporfed in é grdﬂﬁdwater
environment, and the;radioactive:decay of'radioisotopes‘due to ion
: éx;hangeﬁwithAthe soils are deve]oﬁed. Finally, the derived
equations are used.in a samp1e'ca1cu1ation.1nVo1Vinglfhe dfsso]ution |
of a borbéi1i¢éte g1§ss high-level waste form and the'sﬁbsequént

environmental transport of the disso]Vedﬁradfonuc1ides;

viii .



CHAPTER 1
INTRODUCTION'

Commercial nuc]ear power has been under deve]opment for near]y
'th1rty years Dur1ng th1s-t1me per1od the recycle of uran1um and
'-pluton1um has been ccns1dered essentxaT to fuel cyc1e economy and .
econservet1on of_uran1um~resources Th1s strategy has been strengthened§;
’Aby the 1fnk befWeen-the LfghtVWater Reactor (LWR) fuel cyc]e»and the
Fast Breeder Reactor (FBR) fue] cycie 7 | |

The LWR and FBR fue] cyc?e re1at1on is.a comp]ex onev' Some
fue] cyc]es»1nc1ude a synergistic reTat1onvbetween the two. "Others
- show the FBR asian evolutionary step past the LWR, with‘the eventual
phaSevOUt‘of ﬁhe LWR systems. Within both-etrategies, the need for
‘uranium.and p]utoniumﬁrecevery'by huc1earffue1.repfocessing is
essential. 1,2 '

- The need for uranium and plutonium recovery by nucTear fuel

reproeessing.may.be satisfied by several different means. One such
~method may be tﬁe reﬁrocessing of nuclear fuels by government owned
installations. AnOther‘posSibi1ity is for the reprdceséing step to be
~carried out by commefcia1 reproceSsihg plents, Neither is being done
at the present. _The choice of .government reprocessing of spent nuclear

fuel is technically feasible. Commercial fuel reprocessing, while
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“being“teéhniCally'feas?b1e,'is not 1ega]1y possibie at the present, ast_

. a var1ety of regu]atory questlons restr1cts the Ticenszng of any com—:;f' .

‘ merc1a1 nuc]ear fue] reprocess1ng p]ant
| One regulatory 1ssue wh1ch is currently being addressed by the',{-
Nuc1ear Regu]atory Comm1ss1on surrounds the disposition of high- 1eve1d
nuclearrwastes.- High;Tevel'nuclear wastes contain nearly all of the
radioactive f1ss1on products ‘generated by the fissioning of nuc]ear
fue]s Current reprocess1ng techno]ogy generates these h1gh ~level
' wastes in the form of 11qu1ds | | | |

- At present government regu]at1ons requ1re that - these high=
1eve1 11qu1d wastes be soi1d1f1ed w1th1n five years of their. genera-
tion and be transferred:to a. Federal Government Nuc1ear7Waster

Repository within ten years of']iqutd waste.generation;s_

While
regulations state that the soiidified highe1eve] waste must be
‘"ehemicaliy, therma11y; and-radio]yticaily.stab1eg" it has been
determined tnat'specifio waste form properties are'needed tovensure
,'that.the~env1ronmenta1 impact ofﬂhigh—TeVel nucTear.waste.disposai be
predictable and envtronhenta11yvacteptab1e,- | -
For.comp1ete enyironmentaT'assessmentvof the impact of nuclear
waste disposal, a great dea1 of information is reduired’about nuclear
waste form behavior; Two items which are within this need are tne
descriptions'of waste form dissoTution.and'of’environmenta]’transport
of-radionucTides-_ This work addresses these two subJects by developing

‘genera11zed models for each phenomenon



~ CHAPTER 2

 ANALYTIC EXPRESSION.RELATiNG=T0 RELEASES.OFe
- RADIOISOTOPES FROM NASTE‘FORMS-_

Radioisotopes'may}be}released.from,a waste form by dissolution,
. vo1ati1izat1on, and particulate dispersion.' This work anaiyzes‘the dis-
zeso1ut1on of waste solid. o '  | 4} -
- - Th1s d1sso1ut1on mechan1sm.has been referred to as- the 1each1ng
mechahlsm _ However the act of 1each1ng 1mp]1es on]y the perco]at1on :
,;Of a 11qu1d about a so11d wh1ch says noth1ng of tne mechan1sms 1nv01ved
U;1n the 1each1ng process Th1s work views the act of Teach1ng as the
: so]ut1on or d1ssoTut1on of waste form.
| Within th1s section, one model character1z1ng the dissolution
of solid is deve]oped.- A second discussion evolves a mode] relating -
:the dissolution of a waste form to the envfronmenta],transport'of dise

so]vedAradionuc1ides.

- Solution Behavior of Wéste_Eorms,,

',The disso]ution of waSte forms is a complex phenomenon. The
solution process is both'tempe'rature'and'r'tilmede’pendent.4 In addition,
the so1ution pr0ces$ is element speoifiois Theve1ement specific behav- -
jor is d1scussed first.

It has been observed that alkali metals, being h1gh1y so1ub1e,

dissolve most readily from waste so]nds.5 6

. In addition, solubility is
seen to decrease as jonic radius. increases within a valence state.

3
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ThesevobserVaticns are cansistent with experimenta1~evidenCe revealing
advanced d1ssolut1on behav1or of sodium and cesium from waste solids.
In contrast, cer1um, an abundant element in high- 1eve1 nuclear wastes, ,
s seen to d1sso]ve.from waste solids at a rate muqh s1ower than the
aTkaH,meta]s,.5 | q

| Mende1® compiied'avtable,demonstrating the”preferentia1 disso~
lution of various e]éments frdmfpotentiai waste g1asses Mendel |
l__stud1ed exper1menta1 d1sso]ut1on resu]ts obta1ned by severa] d1fferent .
researchers wh11e several different exper1menta1 techn1ques were used
the compar1son of atomic rat1os of various e]ements in the glass forms.
~and in the solutions ]ead to Mende1 s results shown be]ow in Table I.

' The time dependent behavior of the d1sso]ut10n of waste forms
_has'been.described by equation (]).,'5 | .

L=ae 2.4y | - N ¢ )
where L = so]utiontrate»of waste form | ‘ |
o = time

A = rate.constant related to diffusion of ionic spec1es
through waste matrix ‘

B = rate constant re1ated to corrosion of waste matr1x‘
Equation (1) is seen to have-a-s1ngu1ar1ty at' 8 = 0 sec. Since experi-
~mental measurements. to which this expressionhhas_been'fit tend not to
be for.tfmes less than two hours,'the equation is considered not to be
“valid for these small times. |
This expression has been further extended.to the arrhenius form

in equation (2)‘.]2



~ Table I.

Relative Dissolution of Elements in Glass

 Glass Type -

Relative Disso1ution.

Reference

Si]icate glass -

“Lead g]ass

”Phosphate ceramic
Bor05111cate glass
',;Bdﬁosi1icate g]aSﬁ-

Borosilicate glass

rPhsophAté glass

- Cs>Sr>Fe>Zr
f’ f3Cs>A1>Pb>Sr Ce,:‘:‘.
" Na, Cs>Sr>Zr-Nb>Ru Ce

»"Cs5 Na>Zr—Nb>Ru Ce
‘v Na>S1>B>Cs>Sr>Ce,Tb .
Na>B>Si |

" Cs>Na>Sr>Ru>Ce

~ Eliassen and Goldman
Paige”
 Allemann’
- AlTemann
le111ot and Auty”-
Heimerl et a

‘ Mende? and McETroy

~
8

o
9
6
110
1o




sHd "AHc

L = ae RT .ee]/Z + be “RT . o » . ' (2)
v'_ wherefa,b =A-"cour‘astam-ts(elemen-tandso*H'd matrix snectfic)
. AHd = act1vat1on energy of d1ffus1on (element and solid matr1x
IR . - specific) -
AHc = act1vat1on energy of corrosion (element and solid matrix
: spec1f1c)
R = gas constant
1',T 2 abso]ute temperature of solid matr1x—s0]ut1on 1nterface

Equat1on (2)- then pred1cts that at short times, the diffusion
'1 of rad1onuc11de spec1es from the waste surface 1s the dominant effect.
-After 1ong~t1mes,vthe corrosion of the waste matrix becomes dom1nant

- The separat1on between short and 1ong times  is on the order of 106 sec-

~onds, based str1ct1y on an order of magn1tude argument

The constants a and b-are dependent upon severaT factors.
These 1nc]ude solut1on ve]oc1tys solution pH, solut1on chemical comp0=
s1t10ns and surface condition of solid matrix.

Addressing the surface condition in particu1ar,-it is observed
"that the surface.energy'ef particles on a jagged surface is higher than
for a smooth»sdrfaee, Thus, Tess energy‘is required to}remore those -
particles on a jagged form. This means that if a piece of a waste form
“has a very rongh surfaCe; it will dissolve faster than arpiece with a -
.‘snoqth surface. | | |
This surface condition is of special importance in regard to
| measurement of.soTntion;rates of waste'forms. Solution rate measure- -
" ment methods'vary-Wide1y§ yet near1y5a11 require a high degree of waste

forn-subdivisidnm This may include the grinding of a waste matrix to



a o0wder,“With subsequent dissolution'of a spetified set of’waste par?
"ticie‘siées Then, in 11ght of the prev1ous d1scuss1on, it is apparent_
'that the degree of- subd1v1510n of a waste matr1x will have an effect onr
the resu]ts of the so1ut1on rate measurement |

The various so]ut1on~rate measurement methodSAVary=the solution
f]oWdrates »Some ‘techniques have'static,so1utions,'some have cycled

so]ut1ons wh11e others have cont1nuous]y flow1ng so]ut1ons This tab,}

| ‘7w111 affect so]ut1on rate measurement resuits.}u'

Results obta1ned from the various measurement methods vary.

h ;,'Most methods are reproduc1b1e w1th1n a factor of ten yet s1nce the

"fv va]ues obta1ned from d1fferent methods on similar waste forms vary, the

'frmeanjng must beqquest1oned. The differences ment1oned above along with
| many others account for resu]t variations. h | |
CaTcuiations using the resuTts of any‘soiution.rate measure-
 ments must be performed with cautton Recognition of weaknesses'in the
test methods and -thus solution rates is demanded
1 | The actual meaning of so]ut1on rate measurements is usua11y
‘ quiterc1ear. As&most methods tend to create a set of "worst pOSSibTe” :
dissolution conditions, measured solution ratesaoenera11y,serve as up-
- per Timits. Thus, ca]cu]at1ons made using measured values refTect this
' same upper 11m1t behavior.
~ One part1cu1ar measurement of the solution rate .of boros111cate

g]ass, done at Batte11e Northwest Laboratory:,.13

has been performed to
. determine the tlme and temperature behavior of the so]ut1on'ratet The

measurement has been done-using the so called Dynamic Method in which a



| ":8
1 gfem sambTe 0f,e45;+60'mesh-partic1es.(partic1es»of.mean_diameter be-
| tweenf0.56mm and.0.42mm)‘ of-glassrare pTaced in a stainiese steel "tea»
-f b&g“glamd suspended 1n'distiT]edvuater-at,vaktOUS.temperaturesef The S
watet'isfcontihuously agitated'abeut.the'sampie and'changed at'frequeﬁt_
intetua1s' Data from th1s measurement have been fit to equation (2) by

,t the Least Squares Method to determ1ne the various. constants The val-

- ues obta1ned are shown below

1. 62 X 10° ug/ (m? 1/2)

a
b=2.12 X 103:ug/(m~s)- i
. aHd = 3.07 X 10 J/moTe.
sHe = 1.20 X 10% d/mole

Temperature Distributien in Waste Solids -

The energy ba]ance equat1on pred1cts the temperature of a- 5011d'

w1th time, as seen 1n equat1on (3).

vva+q"ft: ocC %%‘ ' - - o (3)
: where  T = temperature (K) : " : |
o = time (s) |
 K =.thefma1 conductivity ef soTia (w/mK)
: qt" = yolumetric heat'generatfon rate (wimg)
o = solid density (kg/m ) | |
¢ = solid spec1f1c heat (J/kgK)

The surface temperature of the waste so11d becomes of fundamen-
- tal importance in determ1n1ng the solution rates of waste solids, as

expressed earlier. Determination of the surface temperature requires



i-detax]ed know]edge of the environment which. the waste will be pTaced
s'1nto - Even 1f all necessary 1nformat1on is known the descr1pt1ve S0-=
=:1ut1on of equat1on (3) is. net a tr1v1a1 one | |
| The energy balance equatmon ‘has been soived for one part1cu1ar
-e'steady state case. - A waste.cy11nder of varying therma1:propent1es des-~
‘cribed below is buried in some s0il with all canister she]1 material
.:and overpack neg]ected _‘ | | |
| Flgure T shows the steady state temperature d1str1but1on for a.
1rwaste cy11nder and. the close. prox1m1ty soil. ~ The figure was developed
for a waste form wnth a heat generation rate of 15,420 W/m3;WhiCh conee
h'responds to the heat rate of a ten'year'outeof~reacterrbonosi1ieate1i
"glass forin. The radiusrof the-cy1inden is'0,1525m,-seen'to be at the
'1ntersect10n of the two- curves. The‘ambient temperature is SOCK. The
po1nts,1abe11ed 1 corresponding to:TEMP1-ane‘fon the thermal conductiv-
ities ef‘the waste form and soil both 1.0W/mK. The points 1abe11ed 2
conreSponding tb the Variab]e TEMP10 are for a waste form-cOnduttivity
of 10.0 W/mK and a 5011 therma] conductivity of 1. 0 W/mK.

The energy balance equat1on was so1ved for th1s ca]cu]at1on by
first assum1ng that the steady state condition ex1sted. The-geometny
considered was that of an {nfinite right cylinder. Fourrboundahy con-
>ditions were used.since the probiem is of twb regidn39 one region with
‘and one‘regien without heat genenation.- The first boundary condition
is that the first radial distance derivative of temperature'isizero at

"the center of the cylinder. The second and third are cOntinuities of



: ;vheat‘f1ux~and ﬁemperaturé ét fhe cy1ihder?§ei1‘ihterfacei The 1ast
'vboundary cond1t10n is the amb1ent temperature at some. d1stance from the
i cy11nder 7 | o _ o A
One mean1ng of th1s type of caTcu]at1on, aside from the d1sso=
7'1ution 1mp11cat1ons, is related to phase changeswh1ch_var1ous waste
"forms undergo at'eTeVated-températures' As d13c&ssed 1ater, deVitrifia
cation of a gTass waste form may occur at a. rap1d rate with elevated
';temperatures, as- 1ts rate 1is descr1bed by ‘an arrhen1us equat1on

Another 1mp11catnon of this calculation is that for heat con-

duction to the'environmeﬁt, the therma]~cdhductiyity'of,the Waste_fokm ';e”

" does not change the interface temperature or the temperature profile in
7 the‘surroundjng environment. In the figure, the two_tempefatUre'curves
‘are seen to'mergevatzthe»waste form surface;'end'doincfde”fﬁom'that -
,point'dnm | | |

A1l of theee factors, phase of waste form, surface temperature
'of weSterfofm,'and;temperature profiTe in the.close'prOXimity of the.
- waste form, have a“marked effect on the conditione-for dissolution.
- The constants 1in the dissolution equation will be different for each
phase of each form. A]sozthe_temperaiureefor dfssdiution will have

“direct effect on the dissolution rate of a waste form. -
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Figure 1. Steady State Temperature (K) versus Radius (M) for
Ten Year 01d Waste



. 'CH'APTER' 3 '

RADIOISOTOPE RELEASE FROM. wASTE FORM WITH SUBSEQUENT '
o ENVIRONMENTAL TRANSPORT o

- The mass flow rate of the rad1o1sotopes into the env1ronment,
_m, from a waste form is the product of the soTut1on rate of the solid,
' vL and ‘the exposed surface area: of the soT1d A, prov1ded the mass FTow e
"71s 1ndependent of the concentrat1on of rad1o1sotopes in the soTut1on |
m=LTA (4)
' Thus, the concentrat1on, Cb, of rad1o1sotopes in a soTut1on o
jvwh1ch 1s Teach1ng the waste form is the quot1ent of the rad1o1sotope
mass fTow rate and the volumetric f]owArate qf the soTutton,'Vf, as
'shown in equatian:CSTr ' |

LA

c =M _L°

o»-Vf Ve R : BN )

It is important to- recogn1ze that C will vary w1th time and
waste surface temperature Just as the soTut1on rate does. Calculations
'wh1ch follow in: this work will consider constant solution rates and
:thus constant concentration,lco. However, recognition of the actual
time and-temperaturefrariation is}made,h‘ '

Once radioisotopes have been dissoTved.from waste form, their
‘subsequent environmental transbort‘may'be estimated, and'anaTyticaTTy
described Equat1on (5) expresses the concentrat1on of 1on1c radionu-

clide spec1es in a d1ssoTv1ng soTut1on as it reTates to the solution

12
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7;_rate of a'Waste form As the rad1onuc11des are transported through the
env1ronment the1r concentrat1ons are reduced by severaT 1nteract1ons,

:{j‘of wh1ch_on1y d]]ut1onrand exponentta13decay,are:cons1dered in this

© o work.

Considering radtonucitde difutfontfirst,!it is seen py eqoation
(6) that the concentrat1on of rad1omsotopes wh1ch reaches man, C, is
:; expressed as the: concentrat1on at the waste form, Cb, d1v1ded'by the
- d11ut1on_foctor, D;' . A;' | p " 7
| c = /D R t‘ - NG
._ This d11ut1on factor is the number of equ1va1ent volumes of un-

' contam1nated water that the rad1onuc11de m1xes with dur1ng env1ronmen-

- taT transport

Concentrations of radionuclides are further reduced as the
';radioisotopes decay exponentially with time during envirdﬁmenta] trans-
port. Thus for the ith radioisotope, the concentration which reaches

 man, Ci’ is-expressed as in equation (7).

C; = Coi (& 7 T)/D (7)
where Coi = the concentration of i at the waste form

Ay = the decay constant of 1

1. = the time required for i to be transported to man

i
" The.transport time is found by dividing the distance which
radiOnQCTidespmust.trave]¢to reach man by the speed at which the radio-

nuclides move through the environment. The:radionuc1ide rate of travel



'dis sdmewhat:1ess than thetgnoundnater;sbeed " The redﬁétfen'of thezr
’*. speed-is- caused by the 1on exchange of ‘the rad1onuc11des as. they travela :
}through some aqu1fer mater1a1 | V | |

Ion exchange is: a phenomenon in. ‘which some.d15501ved spec1es

are. he]d by 1on1c bonds at sites within a soT1d the soT1d bewng aqu1-

o fer materials for the case of radtonuc11de transport. There is a com-'

‘pet1t1on for the d1ssolved jonie rad10nuc11de spec1es as they are mevedvf

14 Thus, the’ d1sso1ved spec1es w111 be cont1nu~ ;

15

hrough the: blosphere
i a]]y exchanged through env1ronmenta1 transport
| " The pr0b1em at hand is to re1ate the chem1ca1 behav1or of the

N 1on1c rad101sotope spec1es to their transpont M m and A repre-

o sent ions of rad1onuc]1des and natura]ly occurr1ng exchangeab}e aqu1fer

jm1nera1s respect1ve1y carry1ng charges +m and +n, and X 1S»assumed to .
be a‘reactive chemica1sradica1 in aquifer material, the equation for

the ion exchange reaction is as in equation (8). 16

oo™ m(AX ) Eon(Mx )+ mATT . : (8)
The equi]tbrium constant for this exchange, K, is defined by

equation (9).

BT L | I (9)
"D D IR | |
Since 1in rea]itys'a_very small fraction of the available ex=
“change sitesvin the'minerajs is oCCUpied;'[A+n] and [AXn]‘may be
assumed'constant,-'This»a110ws the definition of a useful distribution

coefficient.
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v y Mhed oo

=
=3 .
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1]

the~leume'of'thélso1utidn':

thefweight of,minera1s':

= =
i '

Consider, then, a species of radionuclides, initially localized
 to-a waste form. fThe flow rate of the radionuclides, Fas-may'be'ex~
pressed as-in equation (11).

Fa 1+ p~Kd iA~§ I . o )
4 where»; Fw_='the flow rate of groundwater-

the rat1o of we1ght of minerals to voiume of water
per un1t volume of aqu1fer mater1a1

- Since p is not known exactly, it is convenient tb uSe:a-va1u93
- of 1, the usual vé1ue being 4 or 5. Thus,'by_assuming in addition that
the area of f]owtfor the radionuclides and groundwater are'eqhé1,~

equation (11) reduces to eduatfon (12).

R ‘ .
where V' = the vé]ocity‘of'the‘radionuclides

V= thefve]ocity of the groundwater

I = the ion exchange holdup factor

~ The transport t1me of the rad1onuc11des, T, 1S then the dis-
tance X, wh1ch radionuclides must travel to reach man divided by the

velocity of the rad1onuc]1des in solution.
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'K
vThus, the concentratlon of each rad10nuc11de transported to man may be ‘

| &ca1cu1ated

GiVen equation (14), a speciftc waste form with its dissolution

' character1st1cs, and-a max1mum concentrat1on of rad1onuc11des which may

: reach man the requ1red isolation of rad1oact1ve wastes may. be ca1cu-'

1ated Th1s requ1red 1so]at1on wou]d be expressed in terms. of the d1s— _"

tance from man, X and depends on the ve10c1ty of water through the
env1ronment V the saerption character1st1cs of.the env1ronment, I, and-
' the quantity of‘water which may flow through the env1ronment,,VF-D.

‘ A note.must be.added about this enyirOnmentaT transport mode}q
Many sopnisticated computer codes modeling:this.benavior have been-
written,end are in use. ThisrsimpTedmode1‘hasrbeen derived for ease in
vhand calculations.. Assumptions'have been made in this‘theory. One is
in assuming:bulk quantities such es_single sorption characteristicsdof
an env1ronment This may -be true in e small increment,rbut certainly
'15 not- true on a Targe scale. The-radionuc1tdes'have been'modeled~as
moving only in one direction, while in fact theydwi117tend.to spreed in
a manner simi1ar to~materi31 in‘a-pTUme dispersion. The important fac-
tOrs'in construetﬁngnthissimple modelrare-that'hand claculations may
be{perfermed, and with prdper seiection df,eweraged properties, the

‘results will be conservative.



CHAPTER 4 .
" NUMERICAL EXAMPLES

In dhdér to demonstrate the use and meanihg of the analytic
expressions previously presented, a series of sample calculations will

,_be‘performed on a typical waste form. The'ca1cu7ations:wi11'incTude an

- analys1s of rad1o1sotope re]ease by so]utlon and a sampTe ana]ys1s of

: _rad1o1sotope transport through the env1ronment

The type waste form wh1ch will be cons1dered is boras111cate .

Q]ass produced from PUREX waste :Th1s sect10n1w111 quant1tat1ve1y de-
v'_ flnevthe borosw11qate g]ass and the PUREX'waStetWhich, after calci-
nation, is mixed with the glass. |
| 'In'addition, the borost?icate waste form fitted to the solution
" rate exphession in Chapter 2 is studied in'terms thitS_PadTOiSOtOPe'
re1ease and subsequent- environmental transport For catcu]ationa1‘pur~
poses, it is- assumed that the rad1onuc11de ‘content to be specified for

»Vthe reference waste form will exist in the modeled form..

PUREX Waste Descr1pt1on

- Th1s ana]ys1s cons1ders nuciear wastes generated by the LWR
fuel cycle. While in the reactor, the LWR fuel will acquire-a fissile
fuel burnup of 2,85.TJ/ng-(33000 MWD/MTU) over a three year period.17 '
.'The‘tue1~considered.wi11'have been removed. from the reactor 160 days

prior to reprocessing.

17



The nucTear fueT is processed 1n'the PUREX process. This PUREX -
‘L proeess uses . concentrated n1tr1c ac1d in aqueous soTut1ons and trlbutyT'“
lrphosphate in kerosene to separate uran1um and pTuton1um from the f1s-
4_ts1on~productsf1n spent reactor'fuel The resuTt1ng T1qu1drwastesvare :
i"m“t‘-ra‘tt.a‘s The chem1ca1 content of these Tiquid wastes is described in

Table 11.18 |
The h1gh Teve] PUR:X wastes are -highly rad1oact1ve and. self-

~Q'heat1ng The. tota] f1ss1on product act1v1ty in the Tiquid waste is

0. 451 EBq/m (1 22 X TO C1/T) The total act1n1de activity, assum1ng o

"f,O 5% Toss of uran1um and pTuton1um in reprocess1ng, is 4.28 PBq/m

(5.8 C1/1) Thus the total radioisotope content is 0.455 :Bq/m

7”(1 24 X 10 Cl/T) ThevmaJor_rad1o1sotope,compo31t1on.1n the PUREX

“waste at.160 days outaof—reactor is Tistedvin Appendix A. In adddtion,'p

- ﬁn'TabTe'III the voTumetr1c heat rate of PUREX waste as it varies. with -

time is 1isted. 19

The analysis neXt'COnsiders that.the'PUREX 1iquid waste is
soTidified by the caTcination;process. . This process drives the waste
nitrates to odees,'removingkthe nitrates»and water as off-gas. ‘The
~calcined product is thenxsuspendedltn.a glass matrix, specifically in»v
a borosilicate glass matrix. This form_is’discussedsin thé next |

section..



Table .I1.

v Chemical Content of PUREX Process’ Liquid Wastes® -

(COmponént'

:V'Concentratien (kg/m

3)

hydrogen

© o dron ..

nickel

chronium
nitrate

' phosphate

uranium

‘plutonium. .-

neptunium ..

© americium

“curium -

Total fission products: 1 ’ »; 76.

o o N

.058
09102;{;.
265
529

1-

380
.70
106
270
370
106

19

*based on

a waste production rate of 3.78 x_10é4m3/ng



(R fgb1é‘lilf Héét Geneféticn Rate of PUREX Waste

Time Out of Reactor (YR)

20

Heat Generation Rate (W/mS) -

- 160 days
1
5

10

20

S

40
- 50,
60

70

80

90
100
120
140
160
180
200 -
220
240
260
280
290

.04
.73
.05
.91
.06
.60
.25
.80
.70
.10
.80
.80
.00
.90
.30
.54
.95
.29
.25
.58
.14
.84
.74

E+04 -

E+04

E¥03°
E+03
E+03 -
E+03 -

E+03

E+02
E+02
E+02 -
E+02

E+02
E+02
E+02
E+02
E+01
E+01
E+01
E+01

E+01"
E+01

E+01

E+01




'7:DeSCkiptiOh‘of*Reﬁerehce"Borééilicaté*waste G1ass

A boros111cate gTass conta1ns 8203 and 3102 as 1ts maJor :

'“':const1tuents The boros111cate g]ass cons1dered in th]S analys1s is

-Savannah River P1ant s M1x #18 Its chemical compos1t1on is Tlsted

Cin Table IV 20

: TabTe,IV.ZVCompositiOn QF~Reference Borosilicate Glass

Compound ~ - . e Wt% of Giass Frit
Csio, o s
Na 0 225
3203 - 10.0"
- TiOo, | 10.0
CaO - . : 5.0 -

Production requirements for borosilicate glass vary from
17 3

m°/3 (1.2 1/1000 WD) to 5.8 x 107 m%/d (5.0 1/1000 MD)).
17,3,

(2»0 1/(1000 MWD)). - For this va]ue, waste oxides are about 22 wt% of

1.4 x 10°

.This analysis will cons1der a production rate of 2.3 x 107

"~ the boros111cate glass product
Theiheat generat1on rate of the borosi]icate-product is

calculated from the heat genéfation-rate of the PUREX waste as shown
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~in TahTe III. The g1ass heat generat1on rate is caTcu1ated from

| 'lf equat1on (15)

q, = q R /(BR ) o (s
fpwhere"'qb = the heat generat1on rate of boros111cate gTass (w/m ) |
9 = the heat generatwon rate of PUREX waste (w/m )
- Ry = the production rate of PUREX'(m3/ng)
B = the f1ss11e fue] burnup of the fuel (J/ng)
t' 'RB = the vo]ume o§ boros111cate g1ass produced per energy
o - generated (m /J)

' h LIn this ana]ys1s,-Rp 3 78 x 107 .m3/ng, B-= 2t85-TJ/ng‘(33000}MWD/ B
‘e’MTU), and Ry is 2 315 x 10 -17 3/J., Hehce, q, is described in equation
(16). L | N o |

o ) et

.Thus;,to determine the heat generation rate of the borosilicate giase.
product, the data in Tab]e:III need be mu?tip]ied'by.5,30; as shown

. above. | | ,

| 'The reference bohosi]icate glass has several measured proper-
ties which help describe it. So1uti6n hates‘of‘this glass ‘under vari- t
~ ous cendttions are shown in Table y.20,21,22
The;conStants:for'the.di3501uti0h equation calculated earlier
B are-used:with the~dissolution equation to-calculate dissolution rates
 for use in this section. Tempehature cenditiohs selected are 298K and -
372K as the dissolution temperatures‘ The time for disso1ut10n is ar-
bitrariﬂy selected toabe-one day' In th1s manner “dissolution rates

: are calculated and shown in Table V. |

\



Table V.:-

So]ution‘Rétéé of‘Reference'BorosiTicate-G1ass
L Compohent: . Leaching : = Solutjon Rate 2- ' ;
‘Leached - - Condition.  (ug/més) (atoms/m“s)*
137¢5 1 0.0138 -

s, 1 0.0467 -

o 128 | 1 0.261 -
- alpha act1n1de5~,-~ T © 0.0201 --

- bulk glass - . T_Q 605.0 o3 96 E+T8
- 13 - Lz C0.0190° -

903r 2 0.832 --

125, 2 0.230 --

- alpha: act1n1des-ai* L2 0.0104 -~ -
bulk glass 2 535.0 3. 50 E+18
37 3 - 0.394 -

s, 3 0.749 --
1254, 3 1.01 -
alpha actinides 3 - 0.0435 -
bulk glass - 3 .2350.0 1. 54 E+19
bulk glass 4 61.2 4,01 E+17 -
modeled glass 5 176.3 1.15 E+18 -

6 248.0

modeled glass

1.62 E+18

0

Cond1t1ons N

1 - g]ass in H20 at 298K (25°C)

2 - glass heated to 773K (500°C) for 1 month, in H,0 at 298K (25°C)
3 - glass heated to 873K (600°C) for 1 month (dev{trifiéd)s in HZ

at 298K (25°C) ' S

| 4.§'glass in H20-at 372K (99°C) A |

::5.-‘g1ass in HZO at 298K (25°C) surface temperature for 8 =1 dayr

 6 - glass in H,0 at 372K (99°C) surface- temperature for é = 1 day

*Based on a calcine molecular we1ght of 190g/m01e and a waste glass
mo]ecu]ar we1ght of 92g/mole. -
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' A Few add1t1ona1 propert1es of the reference waste g]ass are

knoWn These are descr1bed below.

The dens1ty of any waste: g]ass varies w1th waste ex1de content° hh":

A11 data 1nd1cate that expected dens1t1es will range from 2900 to

3500 kg/m3 23,24,25,26"

: Th1s work calculates a density of 3000 kg/m

for the reference g]ass ' N

'; The therma] conduct1v1ty of bor03111cate g]ass var1es from 1.0

' to 1 4 W/mK 23 24 25, 26 ‘

| The therma1 stab111ty of boros111cate g1ass is we11 known

7 Giass undergoes two steps to therma] 1nstab111ty, dev1tr1f1cat1on and.

mechan1ca1 1nstab111ty o t_ . '” "7 |
Dev1tr1f1cat1on is a phase transformatlon in glass, in wh1ch

the supercoo]ed 11qu1d structure of a gTass crysta1]1zes Four main

factors d1rect1y affect ‘the devitrification of a gTass 1) time, -

- 2) temperature, 3) nucleation, and 4) internal structure. | o

It has been observed that the rate of dev1tr1f1cat1on may- be

v eXpressed‘1n the arrhen1us form as in equatlon (17)

Rate = Ae"E/RT (17)
‘where. A= constant
E = activation energy
R= gashconsteht
VT = absolute témberature-
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Thus, dev1tr1f1cat1on 1s a k1net1c process wh1ch w111 proceed |
f'to some degree at alt temperatures It may be expected that a huc1ear f?
,;iwaste g]ass w111 eventua11y compTete]y dev1tr1fy, even at Tow tempera- -;-‘
'1Vtures “‘ | | :
' The se]feheating nature of‘nuoTear wastes.provide more advanced_;
: temperatures, and ‘thus higher rates of dev1tr1f1cat1on It has been
observed that at temperatures over 87OK the- dev1tr1f1cat1on of the
t*reference g1ass proceeds rap1d1y 185 23 28
h’r1f1cat1on on- a g]ass are varied, data in Table v demonstrate that the .
f.reference g]ass so]ut1on rate may increase w1th dev1tr1f1cat1on

4 as the

Mechan1ca1 1nstab111ty of g]ass beg1ns at about 973K,
:g1ass takes on a molten behavior. This behav1or_becomes-more»seVere’
' with’ihcreasing‘temperature unttT at 1373K to 1473K, thefg1ass behaves
_ as a viscous 1iquid.2! . | '
| Waste form‘geometry is of yet uncertain: This work assumes a

E canister geometry of 0.30m in»diameter by,3.0m 1ong,>

_ Erﬁmary‘Radioisotope,Release
.The radioisotOpe-re1ease by dtSsolution is to be ca1cu1ated for
the reference‘borosi1icate glass. To demonstrate the possible range of
reieases which'may resu1t»from“the;waste form, fourteen distinct'cases_r
will be consxdered as shown below:
oa - v1treous product w1th Teachant at 298K for cylindrical. mono-
| 1ith and for monolith broken_into cube particles 0.1 mm on

- a side,swithuwaSte>age at one and ten years out-of-reactor;

wh11e the effects of dev1t-'”hh



b - rdevvitri"r'i'é-d. product with 1e$ch'an%; at 298K for cylindrical.

o ,'Vmon011th and cub1c pleces w1th one and ten years out- of=

-»reactor ages, | |
";arfé -‘vitreousfproductlwith'1éachanf-at 372K5f0k cnyndrica1
| monol1th and cub1c p1eces with and ten years out-of-
o reactor ages; . |
d'vrthe modeled g1ass in cy11ndr1ca1 monolith form at one day :
~of 1each1ng w1th the 1eachant at 298K and 372K.

»  The,calcu1at1on of rad101sotop1c release by solution, ut111z1ng
the data of Table V and the prev1ous]y described ana]ytic express1ons,
o requ1res some pre11m1nary explanat1on Tab1e V Tists spec1f1c Teach

‘3 rates of 90 ]37C | 1258b a1pha act1mdess and bulk glass ThoSer
radioisotopes not specifically mentioned will be assumed to be released
vfrom-the wasté form by‘COrroéionw-.Thus,-thé actuaTvradioiQOEdp1C-re— ;
lease 1is the.feleasefof the waste forms times the weight frdétion_Which
>"those»radioisotopes;make up- of the mafrixn These weight %racfions are

~ found in.AppendiCeS'B and C.

The aha}ytic:éxpréséions pfesented describing'the concen=

trat1ons of rad1o1sotopes re1eased from waste forms were of the general

. form shown below in equat1on (5).

P | - (5)
where . C_ = concentrations of radioisotopes
m = ﬁass f]onrates of radioisotopéé
£ :Vo]umetric f]oﬁ»rate.of_ieachéht

=T
I}
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ero assure that ca]cu]at1ons are not we1ghted by the estimation of a- |
.i:‘vo1umetr1c f]ow rate of a 1eachant the mass flow rate of rad1o1sotopestlr
tvfalone w111 be ca]culated in the un1ts of (MPC-m /s)9 from Append1x D. -
Thus, the potent1a1 mass f1ow rates of rad1o1sotopes from the :
reference waste glass are shown below in Table VI with spec1f1c re-
1eases shown in- Append1ces E, F, G, and H. |
| | Ca]cu1at10ns performed to arr1ve at vaTues found 1n Tab?e VII =
.‘p show some add1t1ona1 1nformat1on of 1nterest ' Those rad1o1sotopes —
wh1ch are of maJor 1nterest at a waste age of ten years are reveaTed

fﬂ These_are tabulated below in Table VII.

Radioisotope_Transport_Throogh_the_Environment

This settion wi11'discuss the releasesfof radfoisotopes pre-
‘v1ous1y ca]cu1ated as they are moved through the environment. In par-
t1cu1ar, rad1o1sotope transport in a river type env1ronment and in a
B typnca] desert env1ronment‘w111 be cons1dered° |
| Equation (14) shows that concentrations. of radioisotopes at
some point in the environment is as shown below.
(14)

For a river environment,‘one in which the decay of radioisotopes during
the transport may be neg]ected this equation may be reduced to the .

Form of equat1on (18).

o | o , - _ -
=y - o , (18)
Vo : S : o



Table VI;"Radioisotopic Releases from Waste Forms -

 Waste Waste .- ‘Leaching :;:  Méss,Fiow Rate3of _
- Geometry -_Age.(Yr)_j : Condition . .. Release (MPC-m>/s)
cylinder 1 1 9.73 E+2
cylinder - 10 e - 4.75 E+2
 cubes 1 1 5.84 E+3
cubes - 10 1 2.85 E+3
cylinder . 1 2 2,50 E+5
-~ cylinder ~ - 10 2 3.97 E+3
cubes = . ] 2 1.50 E+6
cubes 10 2 2.38 E+4
cylinder 1 3 6.58 E+3
cylinder 70 3 13.37 E+3
cubes 1 '3 3.97 E+4
cubes 10 3 2.02 E+4
~ cylinder 10 4 7.26 E+3
cylinder - 10 5 1.02 E+4
1 - vitreous waste, Teachant at 298K -
2 - devitrified Waste, leachant at 298K
3 - vitreous waste, leachant at 372K _
4 - modeled glass, leachant at 298K, one day of leaching
5 - modeled glass, leachant at 372K, one day of leaching



v.fTableVVII.r Major Radioisotopes Released from. Ten Year 01d Waéte‘
AR - Forms R S SR

© Waste Leaching ' Radio= ' Mass Flow Rate
Geometry - " Condition jsotope (MPC-m3/s) - .

cylindrical - 1 90s,. 236.3
125¢,

: o » 154Ed i '[1: 0.

v*cubic R .: 1 = gosf
137Cs 7 _
125, 2

154Eu

“cylindrical 290, 1699,

154Eu

w
W s O W N Ul W s

TOGRU

147Pm

o
N
-—

144Ce

'137-CS

-~ cubic .2 'QQSr 10194.

154

N O or O

Eu | 15560
TO6RU_ 530.1

147 372.

Pm .

144 .

Ce 137.

O 00

137, 4.



- Table VII, Continued *

~ Waste
Geometry

~ Leaching -~
Condition "

~ Radio-
~ isotope -

Mass Flow Rate
~ (MPC-m3

/s)

cylindrical

- cubic

cylindrical

- cylindrical

90

137

90g,

137,

134
- By
137
138,
106g,,
s
137

154Eu

134Cs N
‘ 10’6Ru

QOSP

154,
134,
106

Cs

Cs

Cs

Cs

1641

35,
8.
9849.
212.
51.

6841.
149.

9621.
210.
12,

6

‘o

‘NN oy 0 > W o

2
-—d

lT'w o © =~ o

"“Ru

- vitreous waste, leachant at 298K

- devitrified waste, leachant at 298K

‘vitreous waste, leachant atg372K-

- modeled g]aés, 1eathant at 298K, 1 day of Téaching
- modeled glass, Teachant atj372K, 1. day of leaching

ol B W N
| .



31 -

Il-

- where m ‘mass fTow rate of rad101sotopes 7-‘

VVOJ voTumetr1c flow rate of body of water (V D)

The concentrat1ons of: rad1onuc11des caTcuTated by th1s equat1on:,.~~

'are cont1ngent on the perfect m1x1ng of reTeased rad1o1sotopes w1th thef
volume of flow of water. Thus, us1ng equat1on'(18), and knowing the
'mass,fTow rate of,radioisotopes from the waste form, the amount of B

;water necessary to achieve properxdiTution of'radioisotopes may - be de- .

‘,termined

Aga1n reca111ng equatlon (T45i to-demonstrate theinse-of thisv
.equation, a sample caTcuTat1on has. been ~done.. The'masSVTTow rate of -
"fmaJor rad101sotooes from ten year on dev1tr1f1ed cub1c Dart1cTes is
shown in Table VII: The caTcuTat1on assumes. that these radioisotopes

are Teached 1n 107 -4 3

/s of water and are und11uted The radioisotopes
are then transported through a typical desert env1ronment The ion ex-
- change honup-factorS‘used for each of these;rad1o1sotopes are listed

in Table VIIT.2?

FinaTTy,‘the concentrations_of these radioisotopes
are listed against the time which the Qroundwater-traveis_in the envi-
ronment in Table IX. |

Values in Table IX and all other tables in this work are Tisted
.', Tn SystemzinfernationaT.or SI units;'fA'Tisting:of a few Téss common SI-

~units is found in Appendix I..



o Tab]éTVIII Ion Exchange Honup Factors for "Typ1ca1" Western"
Lo U S. Desert Soil S ,

Element .'I“’.l  Element 1
Cteitium 0 T " jodine 1
Cberyllium 31070 Ccesium . 1x1073

) o | - | é'er;i um - : 4X]~O°’B4 T

" carbon 1x107] o ~ promethium ax107%
sodium. ... 2x1072  samarium ax10”%

~ chlorine i“ 1 R  europium ax10”%
argon 1 - holmium - axi07t
potassium  6x107> . thallium -~ 1x107)
calcium  1x1072 lead 6x107°
iron - ' 3x]0é4 A bismuth R 2x1072
cobalt . 3103 polonitm . 9x1073

nickel 3x1073 : -astatine 1
selenium 1x1072 radon 1

krypton 1 ~ francium Cx1073

rubidium  2x107° radium 2x107%

strontium  1x1072 actinium 2x107%
coyttrium 1x107% thorium »2x10q5

zirconium ~ 1x107% protactinium  6x10” -

- niobium 1x107% | uranium 7x107°
molyodenum 4x10"% , neptunium 1x10° 5 ,
technetium 1 o plutonium . 1x107*

Cruthenium - 3x107% B o
palladium = ox107% americium 1x1074
cadmium . 1x107* curium 3x107%
tin. : 9x10f2 | 4iberke11um, 3x10f4

antinomy 1x10°
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;fabfe IX. Concentrations of Réd1o1$0tobes Dissolved from Devitrified
.+ - Reference Waste as They Are Transported through the Env1ron—f~

hJQJOJ#hUIG)\JG)—J—J—Jh3n103¥>dm\JG)G)G)a)mﬂgtocoso-d

" ment
I - - Concentration (MPC) : G;gg:ggzgir-f‘_

: 905r 154Eu TOGRU 147Pm _ T44Ce T37CS Time (Yr)
.0268  1.56E7  5.30E6 . 3.72E6  1.3866-  4.50E5 0
.95E7 5.28E6 " 4.90E-4  3.67E3 '3.17E~4 ~ 3.57E5 0.01
J71E7 1.7986 = --  3.55 - 2.83E5 0.02
.47E7 6.05E5 T 3.46E=-3. == 2.25E5 - 0.03
24E7 - 2.06E5 .- s B L 1.79E5 - - 0.04
02E7 - 6.94E4 - L = N - 1.42E5 -0.05
.62E7 2.35E4 T e e 1.13E5 0.06 -
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CHAPTER 5
'DisCUSSION'ANDrcoNCLUSIONs

| A study has been performed to deve10p the 1mportance of the dis~
- solutien phenomenon to high- 1eve1 nuclear waste management Theory has
V_Vbeen presented descr1b1ng the mechan1sms of rad1o1sotope release from
}h:an arb1trary waste Form.

© Typical boros111cate g]ass waste forms made from PUREX-LWR

- waste have been cons1dered The mass flow of rad1o1sotopes from these

waste forms has -been ca]cu]ated F1na11y, express1ons have been de-
. ve1opedrshow1ngvthe relation between the.selution behaviorvofvnaste
forms and the environmental transport of radﬁoisotopes, with numerical
~ examples displayed for the'typicaj,waste fonm placed in possible envi-
Ironments, ‘

SeveralVimportant_obsenvations may be made from the analysis.
First, regarding apecific:radioisotone release, it israpparent that the
majority of the radioisotopes, which may be:botentiaily released are
composed of a few}specific fission products, not the aCtinides, The

data in Table VII indicate that for ten year old waste forms,-go

137Cs, TOGRu, 144 M7P’m‘, 154-Eu are the radioisotopes of major

Sr,
Ce, and
: Peleasegl These radioisotopes. have half-Tives euch that after several

hundred years, they will have nearly decayed. On the other hand, on
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thls t1me sca]e the summat1on of a]] act1n1des re]eased is a trivial |
fract1on of the total rad1o1sotope concentrat1on reieased by this mech~i_:
anism to the env1ronment | | ' :

From the ana1y31s compantng,vitreons'and devitfified ptoduets,...
it is cohtluded'that deVitrifieation is-a detrimentaj.phenomenonvbased-
on the higher solution rates of devitrified'glass forms. Calculations -
showed that the 1n1t1a1 mass fTow rate of rad1o1sotopes from-a dev1tr1~';”
'f1ed waste form is greater than 106 MPC-m /s ‘while a v1treous waste .
'V’form in the same cond1t10n is about 200 times 1ess soluble.

| ‘The statement that a dev1tr1f1ed product is worse than a v1t=‘J'

reous form must be made w1th a note of caut1on Th1s-ana1ys1s 1srbased
on the dissolution of waste forms;» In the case of the drepping'of the
wastevform, it may be advantageous for the product‘to‘be devitrified.
‘Some. evidence exists that'a~devitnified product has a higher-impact :
strength than the vitreous product; However, this work does not address
this éubject, rather it is noted as a possibility.

o On the basis'ofréaICUiation,_it is’concluded that it might be
advantageeus to have waste forms in small shapes rather than in large
Aones; Data presented that devitrificattonrer‘a'b0re§i1i¢ate glass
could result in a 200-fold increase in the:solution rate over a vitreous
form. From a heat transfer point of view, lower temperatures might be
. expected'with smaller waste forms thus the rate of devitrification'
would be slower. If the smaller waste formtdid not cause a suhfacez

area increase of greater.thaanOO times, then from a radioisotopic



release po1nt of view, it wou]d become advantageous to have such forms i
Before such a. decision coqu be made, an. assessment of the overaT] env1-r~
”:ronmenta] 1mpact of such a, dec1s1on wou?d have to be done to ensure that f’
"the overa11 risk to man wou]d:not be 1ncreased- |

- Regard1ng the release of radioisotopes. in some transportat1on

- accident scenar1o placing the waste form into some river type env1ron-

"llment, correlations have been deveToped showing the type of'env1ronment o

f]ow rate necessary to ensure proper d11ut1on of rad1o1sotopes as a
functlon of rad1o1sotope release rate from waste forms A terms of the
reference boros111cate waste form, it is conc1uded that-the best waste-e*
~ form.to sh1p wou1d be-a v1treous forms of at 1east ten years of age
' Th1s statement is made on the basis that th1s form has the lowest re-
1ease rate of rad1oxsotopevof those constderedg1n the‘anaiys1s.

j séyefaj simplifying assumptions were made_in the'course~oftthe

abdve mentioned‘ca1cu1ations.c Of primary importance, it was assumed;

~‘~_'for‘the'Cy1indr1ca]1y<shaped'waste‘form, that the entire surface area

of the form was exposed to some 1each1ng environment. In actua]ity, it
is 11ke1y that in any transportat1on type scenar1o th1s cond1t1on will
not exist. Rather more Tikely, several decades of reduction of the ex-
posed surface area.WQuid exist. This‘fact'aIOne wou]degreat1y reduce o
the guantities of wateerhich would be necessary to ensure proper di-
1ut1on of rad1o1sotopes | |

In regard to the release of rad1o1sotopes in some d1sposa1
scenario, it was showncthat relatively high flow rates‘of ground water

carrying radioisotopes would be sufficient to ensure proper hold-up of
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'-'had1o1sotopes in a desert type env1ronment ca1¢Q1atidns showed thet.~1
for the quant1t1es of 9OSr re]eased from a ten year old dev1tr1f1ed
-waste form, if. the. ground water took about e1ght years. to transport
from the nuclear waste. d1sposa1 site to man's env1ronment then concen~::
trations of 905r reach1ng man-wou]d-be at perm1ss1b1e<1eveis, It was

905? was controlled through its envirbnmenta1'

~ also ‘shown that if the
'transport, then all other rad10150topes wouid be s1m11ar1y contro11ed
' As prev1ous1y d1scussed s1mp11fy1ng assumpt1ons were made en -

route to these,concTus1ons. The exposed surface area s1mp11f1cat1on
';_WOuld'force ca10u1ated~va1ues.to~be 1ower 7 In additi0n~-this anaiysis -
assumed very 11tt1e rad1o1sotope d11ut1on In rea11ty, it is antici-
. pated that as some. 1eachant moved through the envn"onments it wou]d be;i
greatly diluted. Thus, ca]cu1ated values would again be lowered in
rea]ity.-w

On the basis pf the theory and’numehica]-examp?es, it is con-
c]uded‘that two. factors dominate‘the concentrations of nadioisotopeS'
“which may,reaeh man:from soTidifjed;HLw. - The first is the”temperatune'
of the waste form. This is of importance because of the arrhenius re= -
Tation describing the-dissoTutionhof a waste form. As the temperature
" for dissolution fncreaSesslthe dissolution rate is seen to increase at
an exponential rate. _ | |

The second factor of.imppntance is the waste form isolation
distance from man andhthe jon exchange holdup encountered in that dis-rr
tance allowing radioactive‘decay'to‘reduce‘thefisoﬁope.cencentration.

The initial cpncentration of radionuclides has very little effect on
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"r”.the 1soiat1on d1stance requ1red As a sens1t1v1ty ana1y31sa the vo]ume

f]ow rate of ground water used in the calculation of Table IX was in-
creased by a‘factor-of 10“;_ As this greatly;reduced the initial con- -~
,centratiOn of*the‘radiotsotopes;'it was‘beiieveo that the isolation |
distance from mah would also be greatly reduced; However,vthe decrease
was found to be only a factor of ten. This fs reasonabievsthe‘the h
o 1so]at1on distance is a funct1on of the. naturaT 109ar1thm of the initial

4 1is about 10

concentrat1on and the natura] 1og of 10
The proper 1so]at1on of a waste form may then be described as-

both the temperature control of the waste form to ensure lower d13$0n ;;
1ut1on rates,‘and geometric-isolation of the waste form in a,carefui?y ;
"seiected»environment"with favorab1e sorptioh~oharacteristic$ Thus, it
is concluded that w1th the temporary storage of a solidified waste for
severa1 years to 1ower heat generation rates and with carefu] site
se]ect1on for the waste repos1tory,.htgh~1eve1 nuclear waste disposal -

may be carried out ensuring minimum exposure of man to radionuclides.



~ APPENDIX A

LISTING OF MAJOR RADIOISOTOPE COMPOSITION
| IN PUREX WASTES - ~

Isotope - Ci% Wt

< 3

FISSION PRODUCTS -
| 5,
129
REL

L97E-3 1.54E-3

.49E-7 39E-6

w o W

.25E-6

=20 OV

.07E-5
89 o

s 176 (03E-1

ol

Ve 174

Yo | 1.74
| .63

TOE+T
90 '
91

.50E-3

Y .55E-1

A95Zr

95m

oy W

.36 J13E-1

—d

Nb .35E-1 . 28E-4

I3 N - SRS N RS N N

95 C19E+1

wromd

Nb L21E-1
103 .25

Ru .21E=1

103mRh

NN
. —

.24

el

~19E-4

T06 . 35

Ru 1.06E+]

106

Rh 1.06E+] .10E-6

110my

Ag 5.91E-2 J12E-2

119m

NN G O

Sn . 6.29E-4 .45E-2

123mg  4.57E-2 1.00E-2

39



40

el

Tb

‘Isotope . Wt%
1% 1.52E-1 2. 45E-1
125m, 4.78E-2 4.54E-3
127m, 7.61E-2 1.33E-2
. 127, 7.49E-2 4.84E-5
.,jznge'_j 131 6.28E-3
129 11361 1.08E-5
o e .22 5.68
136 o 7.13E-4 1;65E%s
137, .45 4.82E+1
1mg, 2.26 7.31E-6
1405, 7.22E-3 1.69E-4
140, 8.30E-3 2.55E-5
147, 1.49 8.94E=2
144, 1.62E+1 8.70
143, 1.27E-2 3.266-4
144, 1.62E+1 . 3.67E-4
1474 1.02E-3 2.17E-5
147, 5 o1 5.56
148, 4.71E-3 4.91E~5
15l 7.5’71:5.,?3 ‘ 4.91E-1
154 1.80E-1 AT
155, 7.75E-2 9.75E-2
160- 3.11E-3 4.76E-4
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- Isotope

cig

Wes oo

ACTINIDES
235,
238

238

y

Np

238,

239
240

 2Mpy
22p,,

Pu .

2l_nAm-

242Am

242Cm-

243,

244

Pu

N R S

~ W

. 00E-8
.70E-7
43E-3
.69 .
.63E-1
JO6E-1 .
JOE
AGE-3
31E-1
.43E-3
L91E+]
17E-2
.25

[C2 B~ I Yo

N w ~& W

47E-1
.06E+1
.23E-7
28
52E41
. 78E+1
100
.94
J34E-1
.97E-8
66E-2 .
. 35E-3
.56E-1




 APPENDIX B

vv'WEiGHf F§ACTiONS OF MAJOR FISSION -
- PRODUCT RADIOISOTOPES
The.abéolute.SOWQtibn in Borosilicate Glass rate 6f each iso-
tbbe from borosj1icate{g1ass, un]éss otherwise deferminedg is the
A".product;bf the bulk Waéte So]id 1each:raté times_fhe'fractionaf‘mass i
ﬂ'whjch:fhat isotope cdnstitutesléf_thé'wasté, | “ | |
Ihathis anélysis, the waste oxides conStitute’about szwt% of
'15.the to£§1 g1aSsiﬁassﬁfjih:the-waste oxfdes, the.acfuai'waéte isatopés
‘ére abouf,Bd wt%'of.thé tota] while the oxide is abouf,ZO'wt%. This
‘means thét'the-actual waéte radioisotope content is 17.6 wt%.
| [Abpendix A’presents the weight fraction of major fission prod-
uct isotopes. in wastes; The product of the weight fracfion of each
1so£6pe of all radioisotopes times the 0.176 mentioned above is the -
. weight fractien of each isotope inlg1assified wastes. These fractions

are presented in Table B-1. -
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Table B-1. we1ght Fract1ons of Major F13$10n Product Rad101sotopes
: : in. Boros111cate G1ass

'-, Iéotope . Wéight Ffaction_' Isotope Weight Fkaetion |
89, T8E-4  T2om 1.11E-5
90, 37082129, 1.90E-8
%0, 9. 6BE-6 " - 13 'TAGOE=Z |

91, 4.49E-4 - 136, 2.90E-8
- 9Tmy, v;1;11;n6 N | '8.50E=2

95, '9.17Ef4 | %My, 1.29E-8
1035, 2.13E-4 1405, 2.97E-7
 103mgy 2.09E-7 © 140, 4.49E-8

106g,, 9.42E-3 141, 1.57E-4
106, 8.98E-9 a4, 1.50€-2
110m, 3.73-5. 144y 6.46E-7
119me 4.31E-5 147, 3.82E-8
123me 1.76E-5 7, 9.79E-3
125, 4.31E-4 148, - 8.64E-6

125m, -7.99E-6 1515m 8.64E-4

127me 2.34E-5 - 154, 3.73E-3
127, 4 3.52E—8 ' -155Eu, 1.72E-4
| 160, 8.38E-7

Tb -




. APPENDIX C
 WEIGHT FRACTIQNdevACTINIDES‘IN'BOROSILLCATElGLAss

Table II shows. the rat1o of actinides to f1ss1on products in

PUREX liquid waste to be 0.190. - In Appendix B, it is stated that the

fission product isotopes constitute 17.6 wt% of the borosilicate glass = -

ﬂ'i,-so11d This- means actihidesfare-(0.176)'x (0.190) or 3.36 wt% of the

borosilicate wastes. If this figure is multiplied by the values of -

;'HWeight each actinide-constitutes-of‘a11 aétinides,»the weight'fraction L

”.of the boros111cate waste each act1n1de represents is determlned

These figures are shown: 1n Table C-1. . | .

. Table C=1,"Weight Fractioné of Aétinides.in'Borosiiicate'Gla§s

‘t Isbtopé . HWeight Fractionr-f- - .Isotope - ;.'_Nefght Fraction
235 8.30E-5 2Mpy - 3.066-3
238y 1.03E-2 2425y " 1.66E-3
28 43T lan - 1.80E-4
238p, 4,30E~4 242, 1.33E-11
2%y 1.18E-2 22m  2.576-5
2805, 5083 288en 1.13E-6

244

cm - B8.61E-5
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~ APPENDIX D

'TABULATION OF MAXIMUM PERMISSIBLE CONCEN;SATIONS'
-~ (MPC) OF VARIOUS ISOTOPES IN WATER®Y -

Isotope . MpC (Bq/mB) | Isotope -MPC'(Bq/ms)

W s MM ks
85, . o |

ke N/A . ome ©1.11E6

Bime, N/A

B B 11
1 2.2283 - 12555:7  |

TZBmTé
127m.,

129 .70E6

13 1.11€4

3
+ 7.40E6 -
89 5

St 1.11E5 .22E6

Wy, 1.11E7

129m..,, 1.1186

Osp 111
90, |

Y- . 40E5

~J

1 ngTe.

]

Y . 11E6 .96E7

zp . 22E6 Phes 70E6

.70E6 136¢,
' 137

95m

Nb- . 33E6

95

Nb . 70E6 Cs

1 .03':Ru

TOBmR

.70E5

NN W W N

.96E6 137m33

14OBa,t -

-40E5 -

h . 70E8

—

.11E6

106, 140, 40E5
106,

.70E5

w N

. 70E5 - 141

Ce .33E6

144 238

Ce . 70E5

W oW W W RN W W N

U 1.48E7
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Isotope . "‘,MPC'(Bq/m?’) - Isotope - MPC (Bq/mg)

Wop . 1.8586 28y 1.11E3

144, _70E5 238p,, 1.85E5

147 239

Nd . . 22E6

147,

s ]»48Pm,';

“Pu - 1.85E5
240 |

.40E6 | Pu- 1.85E5
C rsses o ey 7.0e6
Blgy  qase7 2%, 1.esEs
V am l.ases

242

TR L4085
TR .70E6 Am . 1.4885
160, . 1.48E6, 2820n . 7.4085

243

28em  2.59E5

235y 1.11E7 Cm ~ 1.85E5




"APPENDIX‘E

RADIOISOTOPIC RELEASES FROM NASTE FORMS VITREOUS
- FORM LEACHANT AT 298K S

~ Mass Fiow Rate from Waste Form (MPC—m3/s)
- - Cylinder - Cylinder =~ Cubes .~ Cubes
Isotope - - -1 Year- - 10 Years- . 1 Year .~ 10 Years

89$r - 280 e 173.

%0, 29,

90, 294,

2363 0 1767. 7.8

1767 Cmrs

Y .

91y 61 Ry 371.

£ W N N e
N
X3
o
w

955, = 32,
95mNb N 0.

o O w
bl

%y a0 - 36.

103 1.4 .- 8.

R I L AT ~ T B < S VL N
1
i

Ru o 7
103mp, s 00 e et

106, | 53.9 01 a2
- 106, - B39 0.1 323.

—d
[
[}

0.6
| 0.6
T1OmAg,
119mSn

]23mSn

w o o o
O 3 e o
3 (]
3 (]
: @ o
w o1 o NN
&
§

, 1255b

a7
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- Cubes

Tb.

fsotope.. 1 Year . 10 Years .1 Year - 10 Years
125mp, 0 - 0.7 --
127, 0.1 -- 0.4 --
12744 0.01 .- 0.1 -
129m, - 0.02 -~ 0.1
o129, o 0.01 - 0. -
1344 2.6 0.1 - 16.5 0.8
- 136 - - -- --
187 0.7 0.6 4.3 3.5
137my 0.7 0.6 4.3 3.5
140, ~ 0.0 - 0.1 --
40, ©0.02 - 0.1 -
141, 0.8 -- 5. -
144 80.7 0.03 484.5 0.2
143, . 0.01 -- 0.1 -
144Pr 80.7 0.03 484.5 0.2
M7Nd - -- - -
147, 0.7 0.07 4.5 0.4
148, 0.5 - 2.9 -
5T5n - - -
154, 0.5 0.3 2.7 1.9
155, £ 0.02 - 0.1 .
160 -- - 0.02 -
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- Cylinder = Cylinder  Cubes  Cubes .
Isotope: - = -1 Year . "10 Years 1 Year = 10 Years

238y - - -

238, — 0.02 -

239p,,

:240Pda?7 '

241

o N
o
ommanad
o
o
i
.w‘

Pu B

242Pu .

o 28y

ol o——d
oo
mom
W o,
ol —
N o
o
w e
~ o o
w
=
L
o
o
Ty
™
&
w

242
22,
243,

244Cm

Am -

[00] (00} o N
w
T
5.
(&)
(5))
m.
r_nf'l .
& .
(&)
.
[ 3]
]
I
I
—
a,
N
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: APPENDIX‘F

| RADIOISOTOPIC RELEASES FROM WASTE FORMS DEVITRIFIED
FORM, LEACHANT ‘AT 298K

. Mass Flow Rate from Waste Form (MPCva/S),
o . Cylinder . Cylinder Cubes Cubes -
. Isotope . 1 Year . - 10 Years .- ¥ 1 Year 10 Years

s 207.2 - 1243.3 I
Ogp 2118.1  1699.0 12710 . 10194 -

90

il

v 2118.1  1699.0 12710 1019

Oy 5iga.

Bz 4500.

e 3099 -
©oe7000 - =

(@] n N
]
8

.95m

Nb 58. — 347.8 -

P 5120.1 -~ .-- 30720 ,' -
Wy 939 - 7635 -
103Mgy - 1193.9 e 763.5 -

108y 48230 '88.3 271400 530.1

10y 45230 © 88.3 . 271400 . 530.1

110m

Ag 83 1 0.01 " 502.

119m$nr*

89. 0.01 ' '533.

1389.

‘ -06
-~ 123mg, 64.
. 125

N N e @
Q

ss 64 6.4 385

S w v O - o
i
[

e~ 10.
Te 54.1 | -- ~ 324.8° -

| -- e 61.0" -=
127m
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Isotope

Cylinder

1 Year

 Cylinder

10 Yeaﬁs

Cubes
1 Year

Cubes
10 Years

'1127Tef11'

127mTe

129Te

_?]chs

- 137,
]37mBa
14OBa
140
T41Ce
| 144Ce
143
;]44Pr'
147
T47Pm_
148Pm
 ?51va
T54Eu
15-5-Eu
160Tb

235U

238U

Cs

La - -

Pr .

Nd

160.
7.
3.

10,

740,
67730
0.

67730

625.
398.

383,
16.

10.7

7
3

e L

4442,

‘5f64n
964.
44,
211,
55.
55,
6l
7.

406400
65.
606400
.
3754,
2390.
s
2300.
99,
20.

1

o G W S s

o o1 o o
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) ,ISdtopé'

Cylinder
1 Year:

. Cylinder
10 Years

Cubes

1

Year

" Cubes
- - 10 Years

238,
238Pu
239Pu
240,
e
242,
241,
242

'2420m
243Cm'

244ij

Np
Pu':-

Am
Am

NN O oL W W B ey w ow W |

.0E-4
.7E-3
.6E-4
8E-4

263
.2E~6
6E-4
.7E-6
.01

.6E-5
.5E-3

T W N Y W W

.5E~3
.6E-4
8E-4
6E-3
2E-6 -
6E-4

JE-5
.8E-3

= S S O~ ST

ot

Lo ™N

J4E-3.
.02 -
.2E-3
E=3
03
J9E-5
2E-3
.QE-5-

06
;5E¥4
02

0.02
- 2,ZE=3 
D 4E-3

0.02
1.9E-5

U 2.2E-3




APPENDIX G

RADIOISOTOPE RELEASE FROM NAST; FORMS VITREOUS
- FORM, LEACHANT AT 372K

Mass ‘Flow Rate from Waste Form (MPC -1 /s)

- - Cylinder Cylinder Cubes Cubes
Isotope = 7 T Year - . 10 Years - T'Ygar' ‘-j]G_Years_
3, 199.8 -';"4 - 198.5 -
90s,. 2049.2 1641.6 12295 . 9849.8
90y 2049.2 1641.6 12295 9849.8

9, 43.2 -~ 259.0 -
95, 37.5 -- 2289 --
95y, 0.5 -- 2.9 --

- 95y, 42.5 - 2549 -
103, 10.0. - 59.9 -
103mg, 0.08 - -- 0.5 Za

- 106, 374.8 0.7 2248.9 4.4
106, 374.8 - 0.7 2248.9 4.4
110m, 0.7 - 4.2 -
119me 0.7 -- 4.5 - .-
123mg 0.5 - 3.2 -
125 0.5 0.05 3.2 0.3

°Sh -
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.~ .. Cylinder  Cylinder Cubes  Cubes .
. Isotope . 1 Year 10 Years ' 1 Year 10 Years-

125m, 0.8 -— 5.1 -

127, 0.4 - 2,

127, R

7
5

129me, z ”153 —- 80 -
1297, 006 .- 0.4
134 1665 8.6 9988 )
1360, - e 0.02 -
137, 43.7 . 35.5  262.1 - 212.8
- 137mg, __‘43§7“' 35.5 262.1 . 212.8

140, 0.08 - 0.

(Yo} (8]
]
&

140, 0.1 - 0.

i
B
$

141ce 5.9 .- 3.

Ty 561.9 0.2 3371

143PP~7 ' 0.09 - - 0.

~4 (87} ~
]
]

144Pr‘

147 — .- 0.0 -

561.9 0.2 . 3371.

47, 5.2 0.5 ~ 31.3 3.1

1485, 3.3 - | 19.9 | -

151, Lo = 0.0 0.04
154
155

Eu 0.1 -~ 0.8 o 0.02

]6’0Tb | 03 -- 1.7 . : --
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nder-

- Cylinder

 Cubes

Cubes

CyTi

~ Isotope »1‘Yearl- 10 Years 1 Year 10 Years
235, -- - - -
238 . - - - -
238.Np 0.04 -- 0.3 -
238p, HVOVZ 0.2 1.1 1.0
239Pu - 0.02 0.02 0.1 .;0°1

, 240PU  . 1 090334'-1 - 0.03 O,Z : ';VOQZ
2415, 0.2 0.1 1.2 0.8 .
2425 - 1.5E-4 1.5E-4 .- 9.2E-4 9.2E-4
-24?Am 002 ooozr B E R
242, , §°2E=4 - 1.9E-3 -
2420 1 0.5 -~ . 3.0 b
243 1.2E-3 1.0E-3 7.3E-3 6.0E-3
244 1 0.08 0.7 0.5




APPENDIX H -

RADIOISOTOPIC RELEASES FROM WASTE FORMS, MODELED FORM .
AT ONE DAY OF LEACHING, WASTE AGE -- 10 YEARS |

: : " Mass Flow Rate from Waste From (MPC—-mB/”fsf)-'f_ ‘
. Isotope . CyTinder -- HZO at 298K Cylinder -- HZO,_a;t' 372K

90g,. 7 es1s 9621.0

Vy " 058 14801

1% 30e A
106gn- o oom7 -~ 0.0165
18 26 . 0.318

3% 325 46

137¢s 1496 ©210.4
137, | 137. ©194.0
17,

TSTSm

.66 - ' . 3.74

.0265 ~0.0372

154Eu

155,

Eu .0172 .0242

235

.95E-10 J15E=10

238

O £ PN O W O ™

'238Pu‘

.676 .949

239

Pu .0723 .102

2
0
| 4
.28E-9 ~ 6.03E-9
0
0
(280, 131 0

=) o

185

_56.
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_ Isotope . Cylinder -- H,0 at 298K Cylinder -- H,

0 at 372K

241
242p,,
241

242Am

3,

a4

Pu |

Am

Cm |

0.539

6.46E=4

0.0726

1.61E-8

4.28E-3 -

0.351

0.756
9.10E-4

©0.102

2.34E-8

6.03E-3

0.494




APPENDIX T
0 NUMERICAL UNITS

Calculations performed in this work are carried out in the Sys-
tems International or SI units.; This section lists some of these units

with the conventional engineeringrcounterpartsg In adﬁitiﬁn,“a~mu1ti-

" plying factor to convert the SIfunit-to'thevconVentiona]-unit is:in5

':’-cluded.

R . Conventﬁdna1 . Multiplying
ST Unit : - Unit o “Factor - =

ug/(mzs) o/ (cmPday) . ~ 8.640E<6
W/mK Btu/fthroF | 1.872 .
kgm® . glen® 1.0E-3
J/kgk . - Btu/1b,°F : 7.755E-4
Td/kaU - MAD/MTU . 2.778E5
EBq/m° ci/ . . 2.703E4
PBa/m> ci/l 2,703
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