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RADIOACTIVE WASTE DISPOSAL 

by 

Walton A. Rodger 

CHAPTER 1 

INTRODUCTION 

Waste d i sposa l p r o b l e m s a r e as old as c iv i l iza t ion i tself . The m o r e 
complex c iv i l iza t ion b e c o m e s , the m o r e complex the p r o b l e m s b e c o m e . The 
advent of the n u c l e a r e n e r g y indus t ry p r e s e n t e d a whole new s p e c t r u m of 
p r o b l e m s . F o r t u n a t e l y , th i s i n d u s t r y s t a r t e d in an age when an a w a r e n e s s 
of was t e d i sposa l p r o b l e m s had begun to develop . The indus t ry began in 
e a r n e s t dur ing a war when al l e m p h a s i s was d i r ec t ed toward the p r i m a r y 
goal of p roduc ing f i s s ionable m a t e r i a l and conver t ing it into a weapon. 
T r e a t m e n t of w a s t e s was someth ing to be postponed unti l the m a m job was 
a c c o m p l i s h e d . F o r t u n a t e l y , the pos tponement was done in such a m a n n e r 
as to m i n i m i z e the insul t to the e n v i r o n m e n t . It cons i s t ed of venting g a s e s 
to the a t m o s p h e r e th rough t a l l s t a c k s , bury ing so l ids in w a s t e - l a n d a r e a s , 
and holding liquid w a s t e s in unde rg round re ten t ion t a n k s . These t e m p o r a r y 
so lu t ions worked wel l ; so wel l , in fact , tha t a l l a r e s t i l l in use and in a l l 
p robab i l i t y each will have some p lace in the s y s t e m s finally adopted for 
handl ing w a s t e s f rom a n u c l e a r power economy. 

In the in te rven ing y e a r s t h e r e has been a g r e a t deal of work done 
on the t r e a t m e n t of w a s t e s , and the was te p r o c e s s o r now has at his d i sposa l 
a v e r y c o n s i d e r a b l e a r s e n a l of in format ion and avai lable p r o c e s s e s In th i s 
d i s c u s s i o n t h e r e wil l be c o n s i d e r e d the n a t u r e of rad ioac t ive w a s t e s , the 
phi losophy of t h e i r handl ing, the o r ig in of was t e s in the nuc lea r fuel cyc le , 
was te m a n a g e m e n t as it i s p r a c t i c e d today t r e a t m e n t of g a s e o u s , sol id, and 
liquid w a s t e s , the ques t ion of u l t ima te d i sposa l , and some e s t i m a t e s of what 
th i s p r o b l e m m a y b e c o m e in the future 

Na tu re of Radioac t ive Was tes 

Wastes f rom the n u c l e a r e n e r g y indus t ry a r e unique in at l eas t 
t h r e e r e spec t s* 

Ij The i r r ad ioac t i v i t i e s cannot be de tec ted by any of the human 
s e n s e s . However , with a p p r o p r i a t e i n s t rumen ta t i on the n a t u r e , 
c h a r a c t e r , and concen t r a t i on of the was t e s m a y be d e t e r m i n e d 
with g r e a t a c c u r a c y . 
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2) The toxic i ty of some of t hem is g r e a t e r than that of any h i t he r to 
known i n d u s t r i a l w a s t e . 

3) T h e r e i s no known p r a c t i c a l p r o c e s s by which they can be d e ­
s t royed o ther than to allow them to decay to innocuousness by 
t h e i r own n a t u r a l d i s i n t eg ra t i on . Some of them (those with 
shor t ha l f - l ives) do th is quite rap id ly ; but many of them have 
v e r y long ha l f - l ives and the se take c e n t u r i e s to d i s a p p e a r . 

Our r e s p o n s i b i l i t i e s to future genera t ions demand that such was t e s be g u a r ­
anteed supe rv i s i on and con t ro l for v e r y long p e r i o d s of t i m e . 

The r ad ioac t iv i ty which finds i t s way into was t e s t r e a m s m a y o c c u r 
na tu ra l ly , or be p roduced by f iss ion or by neu t ron ac t iva t ion in nuc lea r r e ­
a c t o r s . F o r subs t an t i a l amounts of a rad ionuc l ide to have surv ived the i n ­
t e r v a l s ince the e l emen t s w e r e c r e a t e d ( e s t ima ted at ~6 x lO ' y e a r s ) the 
nucl ide m u s t have a half- l i fe of at l e a s t 3 x 10^ y e a r s . While a few l igh te r 
e l emen t s have n a t u r a l l y o c c u r r i n g r ad ioac t ive i so topes (potassium-40 i s a 
notable example ) , u r a n i u m and t h o r i u m and t h e i r r e s p e c t i v e daughter p r o d ­
uc t s a r e the i m p o r t a n t rad ionuc l ides of th is c l a s s . T h e s e , toge ther with 
some of t he i r p r o p e r t i e s , a r e shown in Table 1. 

U r a n i u m - 2 3 5 , u r a n i u m - 2 3 3 , and p lu ton ium-239 m a y undergo f i ss ion , 
t h e r e b y producing a v a r i e t y of f i s s ion p roduc t s c o m p r i s i n g the whole midd le 
por t ion of the pe r iod i c t ab le s t a r t i n g with e l emen t no . 30 (Zn ) and ending 
with e l emen t no. 66 (Dy^^^). F r o m the s tandpoint of was te d i sposa l only a 
few of t h e s e , those with long ha l f - l ives and high h a z a r d potent ia l to m a n , 
a r e s igni f icant . A dozen of the m o r e i m p o r t a n t of t h e s e a r e l i s ted in 
Table 2 toge the r with t h e i r half l ives , f i s s ion y ie lds , and m a x i m u m a l low­
able concen t ra t ions in the body and in w a t e r . 

As b o r n in f i ss ion, the f i ss ion p roduc t s a r e d i s t r i bu ted accord ing 
to the f a m i l i a r s a d d l e - s h a p e d cu rve of yield vs m a s s n u m b e r . But each 
f iss ion p roduc t i m m e d i a t e l y begins to decay with i t s c h a r a c t e r i s t i c half-
l i fe . Since t h e s e ha l f - l ives v a r y f rom seconds to c e n t u r i e s , the c o m p o s i ­
t ion of mixed f i ss ion p r o d u c t s in a r e a c t o r af ter s t a r t u p and in spent fuel 
or was t e s t r e a m s af ter d i s c h a r g e f rom the r e a c t o r is a cons tant ly chang­
ing function of t i m e . 

In an ope ra t ing r e a c t o r the accumula t ion of any p a r t i c u l a r f i s s ion 
p roduc t over a d i f fe ren t ia l t i m e e l emen t dt can be e x p r e s s e d by the 
equat ion: 

dn RYM ^ ,.. 
- Xn (1) dt 235 



Table 1 

SOME NATURALLY OCCURRING RADIONUCLIDES 

'Radionuclide 

Uran ium 238 
Thor ium 234 
P r o t a c t i n i u m 234 
T h o r i u m 230 
Radium 226 
Radon 222 (gas) 

Uranium 235 

Uran ium 234 

Thor ium 232 
Radium 228 
Thor ium 228 
Radium 224 
Radon 220 (gas) 
B i smuth 212 
Polonium 212 
Tha l l ium 208 

Na tu ra l 
Abundance in 

N a t u r e ^ 
P e r cent 

99.28 
b 
b 
b 
b 
b 

0.71^ 

0.005^ 

100.00 
d 
d 
d 
d 
d 
d 
d 

Mode of 
D i s in t e ­
grat ion^ 

a 

/3 
P, IT^ 

a 
a 
a 

a 

a 

a 

P 
a 
a 
a 

a,^ 
a 

^ 

Half-life e 

4.5 X 10^ y 
24.5 d 

6.7 h 
8.0 X 10* y 

1,600 y 
3.8 d 

7.1 X 10* y 

2.5 X 10^ y 

1.4 X l O " y 
6.7 y 
1.9 y 
3.6 d 

54.0 s 
1.0 h 

Very shor t 
3 .0m 

Maximum Allowable ConcS 

in Body 
(Mc) 

5 X 10"2 
4 

-

0.05 
0.1 

-

0.03 

0.05 

0.04 
0.06 
0.02 
0.06 

-
0.01 

-

-

in WaterJ 
(Mc/ml) 

4 X 10~* 
2 X 10"^ 

_ 

2 X 10-5 
10-7 
-

3 x 10-4 

3 X 10-4 

2 X 10-5 
3 X 10-7 
7 x 10-5 
2 X 10-5 

-

4 X 10-^ 
-

-

a-F. L. Culler. Nature of Radioactive Wastes. ORNL-CF-59-1-106 (Jan. 26, 1959). 
Paper prepared for the record of the JCAE hearings on Waste Disposal, 
January 1959. 

bMore important decay products of Û ®̂ 

^Decay products of U , not very important due to low concentration of parent. 

dMore important decay products of Th^^^ 

®s = secondj m = minute; h = hour; d = day; y ~ year. 

^Hanson Blatz, editor, Radiation Hygiene Handbook, Section 6, McGraw-Hill 
Book Co., New York (1959). 

8U.S. Bureau of Standards Handbook 69 

bisomeric Transition 

J For continuous exposure. 



Table 2 

PRINCIPAL FISSION PRODUCTS OF INTEREST 
IN WASTE DISPOSAL OPERATIONS* 

Radionucl ide 

S t ron t ium 90 

Ces ium 1 37 

P r o m e t h i u m 147 

C e r i u m 144 

Krypton 85 (gas) 

Iodine 131 (gas) 

Z i r c o n i u m 95 

B a r i u m 140 

Ruthenium 103 

Ruthenium 106 

S t ron t ium 89 

F i s s i o n 
Yield,®'f 

Atoms/ lOO Atoms 
U"5 

F i s s ioned 

5.9 

5.9 

2 .6 

6.1 

0 . 3 

2 .9 

6 .4 

6 .3 

2 .9 

0.38 

1 4 . 8 

Half- • 
l ifeb 

28.0 y 

26.6 y 

2.6 y 

290.0 d 

10.3 y 

8.1 d 

63.0 d 

12.8 d 

41.0 d 

1.0 y 

54.0 d 

Max Allowable 
Concent ra t ion^ 

In 
body 
(Mc) 

2 

30 

60 

5 

-

0 . 7 

20 

4 

20 

3 

4 

In 
w a t e r ^ 
(Mc/ml) 

I Q - * 

2 X 10"* 

2 x 10-3 

10"* 

-

2 x 10'5 

6 x 10"* 

3 x 10"* 

8 X 10"* 

10"* 

10-4 

a F . L. Culler,_Nature_^of Radioactiye Wastes. ORNL-CF-59-1-106 
(Jan. 26, 1959). Paper prepared for the record of the JCAE 
hearings on Waste Disposal, January 1959. (Modified). 

l>d = days; y = yea r s . 

'^U.S. Bureau of Standards Handbook 69 

"For continuous exposure 

6For thermal fission 

^Harold Etherington, editor. Nuclear Engineering Handbook, 
Section 11, McGraw-Hill Book Co., New York (1958). 



where 

n = mass of isotope 

X = decay constant = 0.693/tj_ 
2 

(ti = half-life in convenient time units) 
T 

Y = fission yield 

M = atomic weight of species considered 

R = rate of fission of U^̂ ^ in mass / t ime (time units consistent 
with those used for X). 

The solution of equation (1) when n = 0 a t t = 0 i s : 

RYM 
n 235 X 

1 - e-^^ (2) 

This states that each fission product will approach a limiting concentration, 
R Y M / 2 3 5 X, the approach being the more rapid the shorter is the half-life 
of the part icular species. This equation neglects the destruction of accu-
nnulating fission products within the reactor by neutron absorption. For 
those species with large absorption cross sections (e.g., Xe"^ and Sm^ ' ) a 
correct ion must be made for this factor. The correction results in a lower 
equilibrium value than that given by these equations Fur thermore , equa­
tion (2) is accurate only for the first significant member of a decay chain or 
for any member all of whose progenitors have reached their equilibrium 
values. For intermediate t imes the effect of decay chains must be taken 
into account. 

Once the fuel has been discharged from the reactor, only decay 
equations are needed. Generally, the second decay is to a stable or very 
long-lived product; thus for the chain 

. ^A „ ^B ^ 
A ^ B C stable 

the only equations needed are 

^ ^ - X ^ A (3) 

and 

"dT-" "A-

™ = ^ A A - ^ B B (4) 
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Upon solution of these equations there are obtained 

A = A ^ e - ^ A t c (5) 

B = ^A^C 4. Bn 
^ A ^ 

^ ^Aj 

. X e t c (6) 

where Ag and B© are the amounts of A and B present at discharge, as cal­
culated from equation (2), and t ^ is the cooling t ime, again in consistent 
units. These equations have beensolved for thermalfissionof uranium-235(l) 
and for fast fission of uranium-235 and plutonium-239. '^ Very precise cal­
culations have been done at Oak Ridge by means of the computer ORACLE.^^/ 

In the operation of a nuclear reactor some of the neutrons do not ef­
fect collisions with fissionable mater ia ls but rather are absorbed by the cool-
ants its contained impurit ies j or by s t ructural componentSj to form radioactive 
isotopes of the absorbing mater ia l . These are referred to as activation prod­
ucts . A list of some of the principal coolant and impurity activation products 
is given in Table 3. 

Finallys there occur in a reactor a number of side reactions which 
lead to highly active isotopes of uraniumj plutonium and higher t ransuranic 
elements. These reactions consist of neutron absorption (n, 7) and neutron 
absorption and emission (nj, 2n) interspersed with a or ^-decay schemes . 
The patterns are often very coinplex. As burnups are increased and fuel is 
recycled,-products so formed will become more and more important in 
waste disposal operat ions. Table 4 shows some of these heavy isotopes, 
their sources , half-lives, and allowable concentrations in the body and in 
wate r . 

Radioactive wastes occur as gases, liquids, or solids, or as mix­
tures of these. Liquids and gases often contain suspended particulate mat ­
t e r . In fact, most of the activity in waste gas s t reams is usually associated 
with suspended solids. Solids may be wet with liquids and liquids may f re­
quently give off a gaseous product at some stage in their handling. The 
treatment and handling of wastes will be considered, however, in t e rms of 
the c a r r i e r phase. 

Radioactive wastes vary in activity content over a wide range. Liq­
uid wastes , for instance, may contain activity from at or near natural back­
ground, about 10" c /ml , up to very high-level wastes which contain more 
than 1 c /ml . Pa r t of the great difficulty in dealing with these wastes is that 
the general public does not understand the import of this wide range of con­
centration and the fact that wastes at the ends of the range can, and must, 
be t reated differently. Low-level wastes are character ized by high volume 
and low or nonexistent hazard potential. 



Table 3 

COOLANT AND IMPURITY ACTIVATION PRODUCTS 

Radionucl ide^ 

Water R e a c t o r s 
Coolant ac t iv i ty : 

Ni t rogen 16 
Ni t rogen 17 
Oxygen 19 
F luor ine 18 

Impur i ty act ivi ty: 
Sodium 24 
Aluminum 28 
Argon 41 
Manganese 56 
Cobalt 58 
Cobalt 60 
I ron 55 
I ron 59 
C h r o m i u m 51 
Copper 64 
Tan ta lum 182 
Tungsten 187 

Sodium R e a c t o r s 
Sodium 24 
Sodium 22 
Rubidium 86 
Antimony 124 

Hal f - l i fe* '^ 

7.0 s 
4.0 s 

30.0 s 
1.9 h 

15.0 h 
2.0 m 

110.0 m 
2.6 h 

71.0 d 
5.2 y 
2.9 y 

45.0 d 
27.0 d 
12.8 h 

111.0 d 
24.0 h 

15.0 h 
2.6 y 

19.5 d 
60.0 d 

Mechan i sm of 
fo rmat ion* 

0 '^{n,p)N" 
0 " { n , p ) N " 
0 " { n . 7 ) 0 " 

Al"{n,a)Na** 
Al " (n , 7)A1*8 
A « ( n , 7 ) A « 
F e " ( n , p ) M n 5 ' 
Ni58(n,p)CoS8 
CoS»(n,7)Co*« 
F e " ( n . 7 ) F e * * 
Co5 ' (n ,p )Fe" 
C r " ( n , 7 ) C r " 
C u " ( n , 7 ) C u " 
T a " * ( n , 7 ) T a " * 
W " V 7 ) W i " 

N a " ( n , 7 ) N a ' * 
N a " { n . 2 n ) N a " 
Rb«5(n,7)Rb" 
I»"(n, a )Sb"* 

Maximum Allowable 
Concent ra t ion^ 

in Body (flc) 

-
-
-
20 

7 

-
-

2 
30 
10 
10^ 
20 

800 
10 

7 
30 

7 
10 
30 
10 

in WaterC (/i c /m l ) 

-
-
-

5 X 10-* 

2 X 10 '* 
-
-
1 0 - ' 
10-* 

5 X 10-* 
8 X 10 '* 
6 X 10-* 

0.02 
2 X 1 0 " ' 
4 x 10-* 
6 X 10 '* 

3 X 10-* 
3 X 10"* 
7 X 10"* 
2 X 10"* 

^Summary-Analysis of Hearings on Industrial Radioactive Waste Disposal, JCAE, 
86th Congress of the United States, page 9, August, 1959. 

'U.S. Bureau of Standards Handbook 69 

For continuous exposure 

'8 = seconds; m = minutes; h = hours; d = days; y = years 



Table 4 

FORMATION OF SOME HEAVY ISOTOPES 

I s o t o p e 

^232 

U233 

U236 

U237 

U " ' 

N p " 6 

Np237m 

* N p " ^ 

N p " « 

N p " ' 

P u » ^ 

P u " 8 

P u ^ * 

P u ^ l 

P u ^ « 

P u ^ « 

A m ^ « 

A m ^ « ™ 

A m ^ « 

A m 2 « 

C m ^ « 

C m ^ « 

Cm^*^ 

T y p e of 
D e c a y 

a 

a 

a 

(3 

/3 

fi 

IT 

a 

P 

P 
a 

I'l 

a 

|3 99+% 
a ~ 1 0 " ^ % 

a 

iS 

a 

P 6 0 % , 
E C 2 0 % 
IT 2 0 % 

P~ 99% 
a ~ 1% 

a 

a 

a 

a 

Half- l i fe 

74 y 

1.6 X 10^ y 

2.4 X 10^ y 

6.75 d 

23.5 m 

22 h 

6.3 X 10-8 g 

2.2 X 10* y 

2.1 d 

2.3 d 

2.7 y 

90 y 

6,300 y 

13 y 

~5 X 10* y 

5 h 

470 y 

16 h 

100 y 

880 y 

163 d 

100 y 

17.9 y 

Method of 
P r o d u c t i o n 

Daugh te r of Pu^** 

Daugh te r of Pa^** 

U"^ (n ,7 ) 

U"«(n,2n) 
Daugh te r of Pu^*' 

U " 8 ( n , 7 ) 

Np"^(n,2n) 

Daugh te r of Am^*' 

Daugh te r of U ^ " 

Daugh te r of Am^*^ 
Np"^(n, 7) 

Daugh te r of U^*' 

Daugh te r of Np^** 

Daugh te r of Np^** 
Daugh te r of Cm^*^ 

P u " ' ( n . 7 ) 

P u 2 * ( n , 7 ) 

P u ^ « ( n . 7 ) 

Pu^*2(n,7) 

Daugh te r of Pu^*' 

A m 2 « ( n , 7 ) 

Am2«(n ,7 ) 

Am^*2(n,7) 
Daugh te r of Pu^** 

Daugh te r of Am^** 

Cm^«(n ,7 ) 

C m 2 « ( n , 7 ) 

M a x i m u m Allowable 
C o n c e n t r a t i o n * 

in body (/ic) 

0.01 

0.05 

0.06 

. 

-

-

-

0.06 

_ 

30 

-

0.04 

0.04 

0 . 9 

0.05 

-

0.05 

-

-

0.05 

0.05 

0.09 

0 .1 

in w a t e r ^ ( / i c / m l ) 

3 X 10-4 

3 X 10-* 

3 X 10-* 

, 

-

-

-

3 X 10-5 

_ 

10-3 

-

5 x 10-5 

5 X 10-5 

2 X 10-* 

5 X 10"5 

-

4 x 10-5 

-

-

4 X 10-5 

2 X 10"* 

5 X 10-5 

7 X 10-5 

^U.S. Bureau of Standards Handbook 69 

"For continuous exposure 
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High- leve l w a s t e s , on the o the r hand, a r e c h a r a c t e r i z e d by quite low vol­
u m e s but a r ad ioac t iv i ty content which is not only a s e r i o u s h a z a r d now, 
but will continue to be one for m a n y y e a r s . It is a s imple economic fact 
that low- leve l , l o w - h a z a r d was te m u s t r e ce ive a m i n i m a l t r e a t m e n t b e ­
fore d i s c h a r g e if the cos t of was te t r e a t m e n t is not to "purify us out of 
business." '"^^ And it is a s imp le biological fact that h igh- leve l , h igh-
h a z a r d w a s t e s m u s t r e ce ive comple te t r e a t m e n t , no m a t t e r what the cos t , 
if we a r e not to do s e r i o u s in jury to our env i ronment . 

Definit ions 

T h e r e a r e a number of uni ts and t e r m s used h e r e i n which need def-
inicion, s o m e b e c a u s e they a r e often used loosely; o t h e r s a r e included for 
r e ady r e fe rence . !^ ) 

Units 

C u r i e (c) Tlia,t quanti ty of any radionucl ide in which the number 
of d i s i n t e g r a t i o n s pe r second is 3,70 x 10 . An e a r l i e r def ini­
t ion was that quant i ty ( g r a m s ) of radon in equi l ib r ium with 
I g r a m of radiurn , 

Mi l l i cu r i e (mcj One- thousandth of a c u r i e . 

M i c r o c u r i e (jJ.c) One-mi l l ion th of a c u r i e . 

Roentgen (r) That quant i ty of X or gamina radia t ion such that 
the a s s o c i a t e d c o r p u s c u l a r e m i s s i o n p e r 0.001293 g r a m of a i r 
p r o d u c e s , in a i r , ions c a r r y i n g 1 esu of e l e c t r i c i t y of e i t he r 
s ign . 

Mi l l i roen tgen (mr) One- thousandth of a roen tgen . 

Roentgen equivalent , man , or m a m m a l ( r em) The dose of any 
ioniz ing radiation, tha t will p roduce the s a m e b io logica l effect 
as that p roduced by one roen tgen of h igh-vol tage X r a d i a t i o n s . 

R.oen'cgen equivalent , phys i ca l (rep) A unit of a b s o r b e d dose of 
r ad i a t i on with a ma-gnitude of 93 e r g s per g ra in of abso rb ing 
m a t e r i a l (u&u.ally soft t i s s u e ) . 

_Rad One hundred e r g s ol a b s o r b e d ene rgy per g r a m of a b s o r b ­
ing mater ic i l . 

E l e c t r o n \ o I t (ev) A unit of e n e r g y equal to the e n e r g y gained by 
a p a r t i c l e ha \ ing one c l e c t r o m t cha rge when ic p a s s e s in a \a .c-
uum through a potenlicil diirerua<.,e of 1 volt , 1 ev - 1 6 0 x 1 0 " ' ^ e r g . 



Terms 

Background Ever-present effects in physical apparatus above 
which a phenomenon must manifest itself in order to be meas ­
ured. "Background" can take various forms, depending on the 
nature of the measurements . In electr ical measurements of 
radioactivity and nuclear phenomena, the te rm usually refers 
to those undesired counts or currents that ar ise from cosmic 
rays , local contaminating radioactivity, insulator leakage, 
amplifier noise, power-line fluctuations, and so on. In nuclear 
work and photographic emulsions, the t e rm refers to develop­
able grains unrelated to the t racks under investigation. 

Background radiation Radiation arising from radioactive ma­
te r ia l other than the one directly under consideration. Back­
ground radiation due to the cosmic rays and natural radioactivity 
is always present . There may also be background radiation due 
to the presence of radioactive substances. 

Dose or Dosage According to current usage, the radiation de­
livered to a specified a rea or volume or to the whole body. Units 
for dose specification are roentgens for X or gamma rays , reps 
or equivalent roentgens for beta rays . In radiology the dose may 
be specified in air , on the skin, or at some depth beneath the sur ­
face; no statement of dose is complete without specification of 
location. In recent years there has been an increasing tendency 
to regard a dose of radiation as the amount of energy absorbed 
by t issue at the site of interest per unit m a s s . (See rad.) 

Maximum permissible dose (MPD) Maximum dose of radiation 
which may be received by persons working with ionizing radiation. 

Maximum permiss ible concentration (MFC) That concentration 
of radioactivity in air or water which under specified conditions 
is expected to give r i se to a MPD. 

Permiss ib le dose The amount of radiation which may be r e ­
ceived by an individual within a specified period with expecta­
tion of no significantly harmful result to himself. 

Tolerance dose Synonym for "permissible dose." The latter 
is generally considered the preferable t e r m . 

Half-life, biological The t ime required for the body to el imi­
nate one-half of an administered dose of any substance by reg­
ular processes of elimination. This time is approximately the 
same for both stable and radioactive isotopes of a part icular 
element. 
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Half- l i fe , effective T ime r e q u i r e d for a rad ioac t ive e lement 
fixed in the t i s s u e of an an ima l body to be d imin ished 50 pe r 
cent as a r e s u l t of the combined act ion of rad ioac t ive decay 
and b io logica l elinnination. 

b io logica l half- l i fe x 
xT'̂  *.• 1. ir i-r r ad ioac t ive half- l i fe Effective half- l i fe = 

b io logica l half- l i fe + 
r ad ioac t ive half-l ife 

Re la t ive b io logica l ef fec t iveness (of radiat ion) (RBE) The in ­
v e r s e r a t io of the d o s e s of two different rad ia t ions n e c e s s a r y 
to p roduce the s a m e b io logica l effect. 

H igh- leve l was te A c h a r a c t e r i z a t i o n of the ac t iv i ty leve l of 
was te which has been , and wil l p robab ly continue to be , used 
l oose ly . Here in it will m e a n l iquids containing m o r e than 
10~^^c /ml ; g a s e s containing m o r e than 10"^fic/rBl; sol ids r e a d ­
ing m o r e than 50 m r / h r on contact or containing m o r e than 
1 mc of alpha ac t iv i ty . 

Low- l eve l was te Any was te containing act iv i ty at c o n c e n t r a ­
t ions l e s s than those specif ied for h igh - l eve l w a s t e . 

I n t e r m e d i a t e - l e v e l was te An even loose r t e r m gene ra l l y m e a n ­
ing l iquids in the r ange having 10"^ to 10*/ ic /ml . The t e r m will 
be u sed h e r e i n spa r ing ly , if at a l l . 

Ph i losophy 

Since t h e r e i s no p r a c t i c a l p r o c e s s whereby the r ad ioac t iv i ty of 
t h e s e w a s t e s can be d e s t r o y e d , t h e r e a r e b a s i c a l l y only two things which 
can be done with t h e m . They m a y be di luted with nonact ive , n a t u r a l l y o c ­
c u r r i n g m a t e r i a l unt i l t h e i r concen t r a t i on is so low that they a r e h a r m l e s s 
and m a y be r e l e a s e d to the env i ronmen t ; or they m a y be concen t r a t ed to a 
point whe re it is t echn ica l ly and economica l ly feas ib le to ma in ta in t hem 
under con t ro l in s o m e m a n n e r o r o t h e r . The f i r s t method is ca l led d i s p e r ­
s a l and the l a t t e r con ta inmen t . T h e r e is a l so a combinat ion of the two 
ca l l ed p a r t i a l con ta inment , which c o n s i s t s of d i scharg ing a was te to the 
env i ronmen t in such a way tha t , al though cont ro l is los t , the r a t e of r e t u r n 
of the ac t iv i ty to tha t p a r t of the b i o s p h e r e used by m a n is so slow that no 
d a m a g e wil l o c c u r . An example of the f i r s t method is the d i s c h a r g e of a 
was te into the a t m o s p h e r e o r a wa te r way, us ing the a i r o r w a t e r as d i lu t ­
ing a g e n t s . The second is exempl i f ied by the s to r ing of w a s t e s in t anks for 
an indefini te pe r iod ; the t h i r d by the p r a c t i c e of d i scha rg ing a was te into a 
n a t u r a l geologica l formr±ion such that the n a t u r a l ion exchange p r o p e r t i e s 
of the so i l p lus the ca lcu la ted t i m e for the l iquid to r e a c h ground wa te r and 
then get back to m a n is so long tha t the was te wil l have decayed by the t ime 
it r e t u r n s . 



Figure 1 

R.elative Cost of Waste 
Disposal a.s a Function 
of Discharge Goal 

In devising a wa.ste disposal sys tem it is f i rs t necess3,ry to decide 
which of these th ree ba.sic methods of approach is going to be used - or 
what combiiia.tion of chem> F r o m the standpoint of protect ion of the envi­
ronment, it v/ould be des i rab le to d ischarge no radioact ivi ty. It is i m ­
possible , howe\''er, to ha.ve a.iiy v/a.ste concentrat ion p rocess so efficient 
that 100 per cent cleanup can be 3,ccoiiipiished, Therefore , while a de­
s i rab le goal might be to d ischarge m a t e i i a l conta.ining no radioactivity, in 
prac t ice this is imposs ib le . It i s , therefore , n e c e s s a r y to se lect some 
rea l i s t i c disposal level which can be maintained at a reasonable cost . If 
the total cost of operating a waste disposal sys tem -were plotted against 
the d ischarge goal, some sor t of U-shaped curve s imi la r to that shown in 
F igure 1 would be obtained. To rea.lize a d ischarge level approaching zero 
would be ex t remely expensive. As the discharge level is re laxed the 

cost of process ing would diminish quite 
rapidly for a, while, the effect dropping 
off exponentially. As d ischarge levels 
were increa.sed, however, the point would 
be reached where rea l or imagined injury 
to the surroundings and its inhabitants 
would take place. Under these c i r cum­
s tances , damages awarded as the resu l t of 
law suits would become a highly signifi­
cant factor and the cost would incre3.se 
markedly . No sca les ha.ve been placed up­
on the axes of Figure 1 for the reason that 
the actual position of this curve will vary 
from si te to si te and is dependent upon 
many fac tors . In fact, i ts position probably 
cannot be calculated very accura te ly for 
any situation. However, some such curve 
exists and it is desira.ble to operate any 
integrated waste disposal sys tem in such 
a manner that it is located somewhere in 
the trough of the U. 

Finally; s t i l l another philosophic 
decision must be made - that i s , just hov/ 
much segregat ion of wastes at the source 

DISCHARGE GOAL 

will be prac t iced . The working scient is t p re fe rs to have a single avenue 
through which all of his waste will flow. If he is permit ted to have his \va,y, 
the waste problem will be one of p rocess ing a very large volume of waste 
which is just a little contaminated. If, on the other hand, the waste p r o c ­
es so r has his way, wastes will be divided at the source into many c l a s s i ­
fications by physical staJe and concentrat ion level . This will resul t in 
process ing a. very much sma l l e r volu^xie of waste at a soiTiewhat higher 

http://incre3.se
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l eve l . But a l a r g e p a i t of the was te will be d i s ca rdab l e d i r ec t l y without 
t r e a t m e n t . The solut ions a r r i v e d at u sua l ly r e p r e s e n t a c o m p r o m i s e b e ­
tween t h e s e two v i ews . 

Concept of P e r m i s s i b l e Leve l s 

hi d i s c u s s i n g d i s p e r s a l it was indicated that was tes mus t be d i s ­
c a r d e d at l eve l s which will not be h a r m f u l to the env i ronmen t . This i m ­
p l i e s tha t someth ing m u s t be known about the toxic i ty of the was t e . The 
d e t e r m i n a t i o n of concen t ra t ions which a r e be l ieved to be h a r m l e s s is an 
e x t r e m e l y complex p r o b l e m . It has involved much work by b io log i s t s , 
p h y s i c i a n s , r oen tgeno log i s t s , public hea l th officials , chemis tS j and r a d i o ­
log ica l p h y s i c i s t s . In the U.S. , th i s work has been the r e spons ib i l i t y of the 
Nat ional C o m m i t t e e on Radia t ion P r o t e c t i o n under che sponso r sh ip of the 
IxJational B u r e a u of Starida.rds. A p r e d e c e s s o r of this commi t t ee da tes back 
to l^l^ and both have a lways worked c lo se ly with the In ternat ional C o m ­
m i t t e e on Radio logica l P r o t e c t i o n , The findings of the NCRP have been 
publ i shed as B u r e a a of Starida.rds Handbooks. 'O' ' ' ') Values publ ished in chese 
Ha.ndbooks do not have the force of law, but they a-<-e the bes t n u m b e r s 
ava i lab le and they a r e used by e s s e n t i a l l y eve ryone . Opera t ions in d i i s 
coun t ry c a r r i e d out by AEC L i c e n s e e s a r e cont ro l led by r u l e s given in 
Ti t le 10, Code of F e d e r a l Regu la t ions , P a r t 20 - Sta,ndards for P ro t ec t i on 
Agains t Radia t ion . These r u l e s , publ i shed in the F e d e r a l R e g i s t e r , a r e 
ba.sed on the NCB.P values» They do have the force of law for l i c e n s e e s . 

Methods of E s t i m a t i n g P e r m i s s i b l e L e v e l s . 

T h e r e sire at l e a s t five m e t h o d s which have been used in e s t i ­
mat ing max i inum p e r m i s s i b l e l eve l s of rad ia l ion exposu re , ma,xiniuni p e r ­
m i s s i b l e amounts of r ad io i so topes in the body, and the maxiiriuni p e r m i s s i b l e 
concen t r a t i ons in a i r and w a t e r , 

1. C o m p a r i s o n with X - r a y Damage 

T h e r e h a s been m o r e tha.n 50 y e a r s of expe r i ence in the 
u s e of X r a y s . F r o m e s t i m a t e s of d o s a g e s r ece ived by long- t ime X - r a y 
w o r k e r s and o b s e r v a t i o n s of t h e i r m e d i c a l h i s t o r i e s , a working l imi t of 
100 m r / d a y was set dur ing the w a r . Af te rward , th i s was dropped to 
0.3 r / w e e k and m o r e r e c e n t l y was se t at 5 r e m / y e a r . 

Z, C o m p a r i s o n with R.adium Damage 

Man ' s expe r i ence with r a d i u m fixed in the body goes back 
m o r e than 25 yea , r s . The body bu rden of an individual can be deter i i i ined 
by m e a s u r i n g the to ta l ga inma r ad i a t i on f rom the body, by m e a s u r i n g the 
r adon exhaled , or by a.utopsy findingSo After c o r r e l a t i n g as much data as 
vfas avadlable, the N C R P se t the p e r m i s s i b l e body burden of Ra^^^ as 0.1/ic. 
Then by e s t ima t ing the e f fec t iveness of v a r i o u s i so topes as c o m p a r e d to 
r a d i u m , va lues c3Ji be se t for e a c h in t u r n . 



3. Comparison with Background Values 

The naturally occurring radium content of water varies 
considerably from one place in the world to another, as i l lustrated in 
Table 5. If in some part of the world a large group of people can be found 
having 10 t imes the average radium content in their bodies compared to 
the res t of the people and they have shown no detectable damage from this , 
the conclusion could be that the higher concentration could be considered 
safe. Just such a group is being studied at Stateville Penitentiary at 
Joliet, Illinois (see Table 6). 

Table 5 

RADIUM CONTENT OF SOME PUBLIC WATER SUPPLIES 
AND NATURAL WATERS* 

Loca t ion 

MPC^ 

City Suppl ies^ 
B a l t i m o r e , Md. 
B i s m a r c k , N.D. 
Chicago, 111. 
Jo l i e t . 111. 
Miami , F l a . 
P i t t s b u r g h , P a . 
T a c o m a , Wash. 

N a t u r a l W a t e r s 
Bou lde r , Colo. 
Shinaane, Japan 

Water Source 

Gunpowder R 
M i s s o u r i R 
L Michigan 
Deep wel l s 
Shallow wel l s 
Allegheny R 
G r e e n R 

Cur i e Spr ing 
Hot Spr ing 

Radium 
Concentration, ' '^ 

/ i c / m l 

10-^ 

0.2 X 10-1° 
2 . 4 x 1 0 - 1 ° 

0.24 X 1 0 " " 
65 x l O - i ° 

4.8 X 10-1° 
37 X 1 0 " " 

0.02 X 10"i° 

2.7 X 10"* 
7.1 X 10"* 

3-Hanson Blatz, editor, Radiation Hygiene Handbook, 
McGraw-Hill Book Co., New York (1959). pp. 4-10, 11. 

Reference gives concentrations in g Ra /ml and g R a / 1 . 
For conaparison these have been converted to / ic /ml , 
assuming the radiumi is all Ra^^* and using Ig = 1 curie. 

^National Bureau of Standards Handbook 69 for continuous 
e3q)osure. 

^Data given are for raw water. 



Table 6 

MEAN VALUES OF BODY RADIUM FOR 
GROUPS OF SUBJECTS^ 

- ^ 

Group 

^ . _ _ _ _ _ _ _ _ _ „ « . . . _ _ ^ - _ ^ 

Maximum P e r m i 

Chicago Adult 
S ta tev i l l e : 

New 
I n t e r m e d i a t e 
Long T e r m 

Chicago Boys 
Lockpor t Boys 

Number 
of 

Subjects 

s s ib l e Body 

1 

11 
8 

U 
7 
8 

Mean 
Age, 
y e a r s 

Burden"^ 

29 

27 
38 
44 
16.6 
16,6 

Mean Time 
at S ta tevi l le , 

y e a r s 

0 

0 .3 
7.6 

19.7 
0 
0 

Mean Body 
Content of 

Radium,b juc 

0.1 

0.4 X 10"* 

1 X 10"* 
2 X 10°^ 
2,4 X 10"* 
0.4 X 10"* 
3.7 X 10"* 

3-A. F . Stehney and H. F . L u c a s , J r . , Studies on the Radium Content of 
Humans Ar i s ing f rom the N a t u r a l Radium of The i r Env i ronment , 
P r o c e e d i n g s of the F i r s t In te rna t iona l Conference on the Peaceful 
Uses of Atomic Ene rgy , Geneva (1955) Vol. 11, p . 49. 

l^Reference r e p o r t e d da ta in uni ts of 10~i° g of r a d i u m . Conver ted for 
c o m p a r i s o n a s s u m i n g al l the r a d i u m is Ra^^^ and 1 g = 1 c u r i e . 

^Nat ional B u r e a u of S t a n d a i d s Handbook &9 for continuous e x p o s u r e . 

4. E x p e r i m e n t s with An ima l s 

A wide v a r i e t y of a n i m a l s a r e being used to d e t e r m i n e the 
in i t ia l r e t en t ion , concen t r a t ion in v a r i o u s o r g a n s , and bio logica l half- l i fe of 
specif ic i s o t o p e s . Obse rva t i ons a r e m a d e on living and sac r i f i ced an ima l s 
to d e t e r m i n e the amount of d a m a g e to va r ious o r g a n s . Ex t rapo la t ion is 
n e c e s s a r y to r e l a t e t he se da ta to m a n . More weight i s given to the da ta 
the m o r e n e a r l y l ike m a n is the e x p e r i m e n t a l a n i m a l . 

5. E x p e r i e n c e with Man 

This is l im i t ed . But da ta on m a n will give the only c o m ­
ple te ly r e l i ab l e d a t a . Acc iden ts m u s t be p r even t ed whenever pos s ib l e ; but 
when they happen they a r e examined v e r y carefu l ly to obtain as much data 
as p o s s i b l e . C a s e s where Pu^"*' o r Sr^" have been acc iden ta l ly inhaled 
have given s o m e of the b e s t e s t i m a t e s of the biological ha l f - l ives of t he se 
i so topes in nnan. T h e r e have a lso been a few c a s e s where vo lun tee r s have 
d e l i b e r a t e l y t aken v e r y s m a l l d o s e s of inges ted ac t iv i ty to d e t e r m i n e in i t ia l 
r e t en t ion and b io logica l ha l f - l i fe . 



F a c t o r s De te rmin ing H a z a r d of a P a r t i c u l a r Isotope 

F a c t o r s which he lp to d e t e r m i n e the r e l a t i v e h a z a r d of the 
va r ious r ad io i so topes a r e as fol lows: 

1. Quanti ty Avai lable 

As long a s the only rad ioac t iv i ty to which nnan was exposed 
was that which o c c u r s na tu ra l l y , t h e r e was a quite l imi ted h a z a r d , p a r t i c ­
u l a r l y s ince t h e r e was l i t t le use for u r a n i u m . The m o s t c e l e b r a t e d example 
of a h a z a r d exis t ing before the d i s c o v e r y of f i ss ion is the damage which o c ­
c u r r e d to p a i n t e r s of r a d i u m clock d i a l s . With the advent of a c c e l e r a t o r s , 
r e a c t o r s , and b o m b s , the quant i t i es of r ad ioac t iv i ty avai lable to cause 
t roub le has i n c r e a s e d t r e m e n d o u s l y , and the n u m b e r s of i so topes have l i k e ­
wise i n c r e a s e d . Even so , it i s only the m o r e commonly used rad io i so topes 
and the l o n g e r - l i v e d components of bomb d e b r i s which p r e s e n t ma jo r p r o b ­
l e m s b e c a u s e of the quant i ty ava i l ab le . 

2. Init ial Body Retent ion 

T h e r e a r e s e v e r a l avenues by which a rad io i so tope m a y 
invade the body. T h e s e include inhala t ion, inges t ion , absorp t ion through 
the skin, o r into cuts o r wounds . It is n e c e s s a r y to d i s cove r the path that 
the i so tope t akes once it h a s e n t e r e d the body. Some of the i so topes a r e 
e l imina ted rap id ly th rough the g a s t r o i n t e s t i n a l t r a c t . Some get into the 
blood s t r e a m from whence they m a y be e l imina ted rap id ly , o r they m a y be 
depos i t ed r a t h e r p r e f e r e n t i a l l y into a specif ic o r g a n or o r g a n s . 

3. Rad iosens i t i v i t y of T i s s u e 

Some body t i s s u e s a r e m o r e r a d i o s e n s i t i v e than o t h e r s . 
Lymphat ic t i s s u e and bone m a r r o w a r e among the m o s t s e n s i t i v e . Musc le 
and n e r v e t i s s u e a r e l e s s s o . T h e r e f o r e , p lu tonium, which c o n c e n t r a t e s in 
the m o s t s ens i t i ve p a r t of the bone , is m o r e h a z a r d o u s than u r a n i u m , which 
goes to r e l a t i v e l y l e s s s ens i t i ve p a r t s of the body. E l e m e n t s such as p lu ­
tonium (and s t ron t ium) a r e often r e f e r r e d to as b o n e - s e e k e r s . 

4. Size of C r i t i c a l Organ 

F o r a given quant i ty of i so tope inges ted , the h a z a r d v/ill be 
g r e a t e r the s m a l l e r is the o rgan which that p a r t i c u l a r i so tope s e e k s out, 
s i nce the concen t r a t ion of the r ad io i so tope v/ill be h ighe r , a s wi l l be the 
dose d e l i v e r e d to the c r i t i c a l o r g a n . T h i s , for example , is p a r t of the rea.-
son why iodine is a r e l a t i v e l y h a z a r d o u s e l emen t even though m o s t of the 
iodine i so topes have s h o r t h a l f - l i v e s . Iodine c o n c e n t r a t e s r a t h e r c o m ­
p le t e ly in the thyro id gland, which vveighs about 20 gra-iTis. 
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5. E s s e n t i a l i t y of the C r i t i c a l Organ 

Not a l l body o r g a n s a r e equal ly impor t an t . Some can be 
r emoved and m e d i c a m e n t s supplied to compensa te for the i r reduced func­
t ion . Others cannot . When damage is to the l a t t e r type (bone m a r r o w , 
k idneys , eyes ) , the h a z a r d b e c o m e s g r e a t e r . 

6. Biological Half-l ife 

This i s a r a t h e r loose t e r m applied to the t ime needed for 
the body to get r id of one-hal f of the amount of an isotope which it has in ­
ges t ed . T h e r e is an in i t ia l per iod dur ing which the e l iminat ion of an in ­
ges ted rad io i so tope is quite rap id . This usua l ly t akes p lace before the 
rad io i so tope is t r a n s l o c a t e d f rom the blood to a m o r e p e r m a n e n t a r e a such 
as the bone . The in i t ia l pe r iod is usua l ly of the o r d e r of a few days to a 
few w e e k s . After that , the e l imina t ion r a t e becomes m o r e n e a r l y exponen­
t i a l and the appl ica t ion of the t e r m bio logica l half- l i fe has m o r e mean ing . 
Those e l emen t s which depos i t in po r t ions of the body where the r a t e of 
t u r n o v e r is v e r y s low a r e the m o s t d a n g e r o u s . The h a z a r d of r ad ium, 
plutonium, and s t r on t i um is added to by th is fac to r . On the o ther hand, 
t h e r e a r e r ad io i so topes such as ca rbon , sodium, and sulphur which have 
v e r y shor t b io logica l ha l f - l i ve s , thus reducing the i r h a z a r d s . 

7. Radio logica l Half-l ife 

The specif ic ac t iv i ty of a r ad io i so tope , number of d i s i n t e ­
g r a t i o n s pe r unit ( t ime) ( m a s s ) , v a r i e s i n v e r s e l y with the r ad ioac t ive half-
l ife . T h e r e f o r e , v e r y long- l ived ac t iv i t i e s a r e not too much of a h a z a r d 
b e c a u s e the i r specif ic ac t iv i t i es a r e low. F o r in s t ance , the m i x t u r e of 
u r a n i u m i so topes which o c c u r s in n a t u r e does not p r e s e n t much of a r a d i a ­
t ion h a z a r d (if the r ad ioac t ive daugh te r e l e m e n t s a r e removed) b e c a u s e with 
the v e r y long cont ro l l ing half- l i fe of U^^^ (4.5 x lO ' yr) it r e q u i r e s 1.5 x 
10 g r a m s of this u r a n i u m iso topic m i x t u r e to m a k e a c u r i e of a lpha ac t i v ­
i ty . The m a x i m u m p e r m i s s i b l e amount of this m i x t u r e in the body is 5 x 
10 ^ c . This c o r r e s p o n d s to about 0.01 g r a m and it i s unl ikely that a p e r ­
son would get th is much u r a n i u m in the body. If he did, it p robab ly would 
r e s u l t in a c h e m i c a l h a z a r d before any d e t r i m e n t a l effects of r ad ia t ion 
would b e c o m e evident . 

At the o the r e x t r e m e , even though s h o r t - l i v e d r ad io i so topes 
have high specif ic a c t i v i t i e s , they a r e not much of a h a z a r d b e c a u s e the 
r ad ioac t i v i t i e s decay v e r y rap id ly and the exposu re s take p lace over r e l a ­
t ive ly sho r t pe r iods of t i m e . Such r ad io i so topes b e c o m e s e r i o u s h a z a r d s 
only when the exposu re is ma in t a ined by continuous up take . 
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It is the radioisotopes of intermediate half-life, from a few 
to 50 years , which present the greatest hazards , other factors being equal. 
Again on this count, strontium 90 with a 28-yr half-life is a part icularly 
hazardous mater ia l . 

^• Energy of the Radiation 

The radiation hazard associated with radioisotopes depos­
ited in the body is proportional to the average energy of disintegration 
weighted for the biological effectiveness of the radiation. Since the energy 
of disintegration may vary from many Mev to a few ev, the relative effect 
of the energy alone is quite large. The relative biological effectiveness of 
beta and gamma radiation is taken as unity, whereas that of alpha disinte­
grations is taken as twenty, that i s , alpha part icles are considered to be 
twenty t imes as damaging on an energy-absorption basis as the beta or 
gamma radiation, because of the high specific ionization. 

Beta radiation is absorbed in the immediate vicinity of the 
atoms from which it is emitted, whereas the attenuation of gamma radiation 
of the same energy is much slower. For example, a beta emitter with a 
maximum energy of 2 Mev will be almost completely absorbed in one centi­
meter of t i ssue . Alpha radiation is even more localized; almost all the 
energy of the 6-Mev alpha from At̂ ^^ is absorbed in the thyroid gland in 
which it localizes. 

All of these factors must be considered together in de ter ­
mining permissible levels . Est imates a re first made of the permissible 
body burden for each isotope, and from this and from estimates of the ab­
sorption of this isotope from air or water, calculations of the permiss ible 
concentrations in air and water are made. It should be recognized that 
there are great uncertainties in these data - they are not precise de te r ­
minations. For this reason, they should be considered maxima and ideally 
the goal is to work as near to background levels as possible. 

Use of Permiss ib le Levels 

The first compilation of permissible concentrations was put 
out in National Bureau of Standards Handbook SZPI The data were recently 
(June 1959) brought up to date and refined somewhat in National Bureau of 
Standards Handbook 69." In the latter, figures are given both for a 40-hour 
week and for continuous exposure (l68-hour week). The data on specific 
isotopes cover 65 pages in Handbook 69. They are part icularly useful when 
only one, or at worst a few, isotopes a re being used. In the case where a 
wide variety of mater ia ls are being used, for example mixed fission prod­
ucts, the analytical problem to determine the concentration of each com­
ponent is so great as to make the use of individual levels almost out of the 
question. In this case permiss ible levels for unidentified radionuclides 



must be used. In Handbook 52 this was stated rather simply as shown in 
Table 7. In Handbook 69 cognizance has been taken of the fact that a pa r ­
tial analysis may be made to show the absence of the more hazardous iso­
topes and thus a more relaxed level may be used. The current suggestions 
are given for water in Table 8 and for a i r in Table 9- Values only jo ®f 
these are recommended for use beyond the site control area on the theory 
that the general public, not being afforded the careful health monitoring 
programs used for nuclear workers , should be provided an additional 
safety factor. 

Table 7 

PROVISIONAL LEVELS OF PERMISSIBLE 
CONCENTRATION OF RADIOACTIVE 
CONTAMINANTS FOR USE BEYOND 
THE CONTROL AREA (OCT 1951)^ 

Medium in which 
conta ined 

Air 

Water 

^ or 7 e m i t t e r 
(Mc/ml) 

10^9 

10"^ 

a e m i t t e r 
( / ic /ml) 

5 X 1 0 " " 

1 0 - ' 

^National Bureau of Standards Handbook 52, 
Maximum Permiss ib le Amounts of Radio-
isotopes in the Human Body and Maximum 
Permiss ib le Concentrations in Air and 
Water, (March 1953). 

Exposure of Man to Natural Background Radiation 

One of the tests of adequacy of maximum permissible concentrations 
is the effect their use has on the existing natural radiation background. The 
natural background is due part ly to the naturally occurring radioactive ma­
ter ia ls and partly to cosmic radiation. Although the background varies con­
siderably from place to place, at sea level it is about 100 mir/year. Cosmic 
rays account for a little less than half of this and the contribution from this 
source approximately doubles for each 5000-ft increase in elevation. 
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Table 8 

PROVISIONAL MAXIMUM PERMISSIBLE CONCENTRATION OF 
UNIDENTIFIED RADIONUCLIDES IN WATER (MPCU)^^ 

Values that are applicable for occupational exposure (168 hr/wk) 
to any radionuclide or mixture of radionuclides. 

Limi ta t ions 

If Sr 'o , I«9, P b " ° . P o " o . A t " \ R a ^ " . Ra"* . 
R a « ^ A c " \ Ra^"^ ^ h ^ " . P a » \ Th^^, and 
n a t u r a l Th a r e not present ,3- the continuous 
e x p o s u r e l eve l ( M P C ) ^ i s 

If S r » , l"9 , P b " » . P o ^ " , R a " ^ R a " ^ Ra^^s, 
Pa^^^, and n a t u r a l Th a r e not p r e s e n t , ^ the 
continuous e x p o s u r e leve l (MPC).^ i s 

If S r ^ , P b " ° , Ra22^ and Ra^^^ a r e not p r e s ­
ent ,^ the cont inuous e x p o s u r e leve l 
( M P C ) ^ is 

If Ra^^^ and Ra^^^ a r e not p r e s e n t , a the 
continuous e x p o s u r e leve l (MPC).^ i s 

In a l l c a s e s the continuous occupa t iona l 
l eve l ( M P C ) ^ is 

Mc/ : c 

3 

2 

6 

of w a t e r ^ 

X io-5 

X 10-5 

X 10-^ 

10-* 

10"' ' 

^In this case "not present" implies that the concentration 
of the radionuclide in water is stnall compared with the 
MPC value in Table 1, NBS Handbook 69. 

Use ^ of these values for interim application in the 
neighborhood of an atomic energy plant. 

'^National Bureau of Standards^ Handbook 69> Maximum 
Permiss ib le Body Burdens and Maximum Permiss ible 
Concentrations of Radionuclides in Air and in Water for 
Occupational Exposure, (June 1959). 
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Table 9 

PROVISIONAL MAXIMUM PERMISSIBLE CONCENTRATION OF 
UNIDENTIFIED RADIONUCLIDES IN AIR (MPCU)^'^ 

Values that a r e appl icable for occupat ional exposure ( l68 h r / w k ) 
to any rad ionuc l ide o r m i x t u r e of r ad ionuc l ides . 

L imi t a t ions 

If t h e r e a r e no a e m i t t e r s and if j6 e m i t t e r s Sr ' ° , 
f^\ P b " ° , A c 2 " . R a " 8 , P a " ° , Pu2^\ and Bk^^' 
a r e not p r e s e n t , ^ the cont inuous exposure 
leve l (MPC)a^ is 

If t h e r e a r e no a e m i t t e r s and if ^ e m i t t e r s 
P b " ° , Ac^" , Ra^^s^ ^^^ p^j24i ^^g ^Q^ p r e s e n t , ^ 

the continuous exposu re leve l (MPC)a, is 

If t h e r e a r e no a e m i t t e r s and if ji e m i t t e r 
Ac^^'^ i s not p r e s e n t , ^ the cont inuous exposure 
leve l , (MPC)a is 

If A c ^ " , T h " ° , P a " \ T h " ^ n a t u r a l Th, P u " 9 , 
P u " ^ Pu2^°, Pu^*^ and Cf̂ *̂  a r e not p r e s e n t , a 
the cont inuous exposure leve l (MPC)a is 

If P a " \ n a t u r a l Th. P u " ' . Pu^*", Pu^*^ and 
Cf^*' a r e not p r e s e n t , ^ the cont inuous exposure 
leve l (MPC)^ i s 

In a l l c a s e s the continuous occupa t iona l 
leve l (MPC)a i s 

Mc/cc 

7 X 

4 x 

of 

IQ-

10 ' 

10" 

10 ' 

10 

10 

a i rb 

-9 

-10 

- 1 1 

- 1 2 

- 1 3 

- 1 3 

^In this c a s e "not p r e s e n t " imp l i e s the concen t ra t ion of the 
rad ionuc l ide in a i r is s m a l l c o m p a r e d with the MPC value 
in Table 1, NBS Handbook 69. 

bUse -^ of t he se va lues for i n t e r i m appl ica t ion in the 
neighborhood of an a t o m i c e n e r g y plant . 

*^National B u r e a u of S t a n d a r d s , Handbook 69. Maximum 
P e r m i s s i b l e Body B u r d e n s and Maximum P e r m i s s i b l e 
Concen t r a t i ons of Rad ionuc l ides in Air and in Water for 
Occupat ional E x p o s u r e , (June 1959). 
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To date, the operation of the nuclear industry, with the exception of 
weapons testing, has had a negligible effect upon the natural background. 
This is indicated by the data presented in Table 10 which were put together 
for the National Academy of Sciencei°) 

Table 10 

TOTAL DOSE FROM VARIOUS SOURCES TO PERSONS 
IN U.S. ACCUMULATED IN THIRTY YEARS^ 

Source 

C o s m i c r a y s 
E a r t h 
In te rna l 

Subtotal f rom 
N a t u r a l s o u r c e s 

Medica l examina t ion 
Fa l lou t 
Luminous d ia l s 
Nuc lea r r e a c t o r s 

To ta l 

Ave: 

«-

— 

rage Dose, '^ 
r a d s 

1.1 
2 .4 
0 .8 

4 . 3 

3.0 
0 .4 
0.03 

« 

7.7 

%of 
Tota l Dose 

14 
31 
11 

56 

39 
5 

-
_ 

100 

^I. Pullman, Physical Proper t ies of Ionizing Radi­
ation Which Affect the Population of the United 
States, National Acadenny of Science 
(April 18, 1956). 

^gonad dose 

PROBLEMS FOR CHAPTER 1 

1. Assuming the continuous operation at full power of a 100-Mwt reac­
tor using uranium with low enrichment, plot the buildup of the following nu­
clides during the first year of operation of the reactor and calculate their 
equilibrium quantities. Express in gramis and in cur ies . 

Group A Group B 

Sr 90 

Pm 
Ce 
Sr 

147 

144 

89 

Cs 
Ru 
Zr 
Ru 

137 

106 

95 

103 
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2. Assume that each of these isotopes is the first significant member 
of its chain or that all progenitors and the isotope itself are at equilibrium. 
At the end of a year the reactor of Problem 1 is shut down and the fuel r e ­
moved. By means of the simplifying assumption that the eight nuclides 
calculated in Problem. ] are the only ones present, calculate the per cent of 
total fission product activity due to each of these at 

a) time of discharge 
b) after 100 days 
c) after 3 years 
d) after 30 years 

3. If a sample of a waste effluent liquid reads 

a not detectable 
^ - 7 5 dpm/ml, 

is it discardable directly? 

4. If the sample of Problem 3 is analyzed for Sr'", P b ^ " and Ra^^* and 
they are not detected, is it discardable? Assume that sufficient dilution 
exists in the immediate environment to take care of the factor of 0.1 for 
off-site exposure. 

5. If a laboratory purchases the following isotopes 

Isotope MPC,fxc/ml 

2 X 10"3 

2 X 10 -* 
5 X 10"^ 

10-^ 

and has no other sources of radioactivity, and if it is assumed that any 
activity in the waste comes equally from each of these isotopes, what is 
the MPC for discharge from this laboratory ? 

6. If the laboratory of Problem 5 began experimentation with S r ' , 
using the same assumptions, what does this do to the MPC for the Labora­
tory? MPC for Sr '° is 10~* |:ic/ml. 

« 

Na^* 
p32 
Co'o 
Ru"6 



CHAPTER 2 

ORIGIN AND MANAGEMENT OF WASTES 

The nuclear energy industry encompasses a wide spectrum of effort 
starting with mining of ore and continuing through milling operations to en­
rich the ore , the preparation of various feed mater ia l s , fuel fabrication, 
reactor operation, and fuel processing. In addition, isotope enrichment may 
be practiced on part of the s t r eam. Nor is this just a once-through process . 
At several points mater ia l is recycled back to an ear l ier stage. This com­
plex of operations is often referred to as the nuclear fuel cycle. A schematic 
representation of the fuel cycle is shown in Figure 2, which gives part icular 
emphasis to the wastes encountered. At each step some wastes a re pro­
duced but the volumes, types of activity, and activity levels vary widely 
throughout. 

In the mining and feed mater ia ls steps, only naturally occurring 
radioacti^-e elements are encountered, and the activity levels in wastes are 
very low. During the operation of a reactor , fission and activation products 
and some transuranic isotopes are formed. Except in the case of an acci­
dent, the activation products form the normal reactor waste, and the concen­
trat ions, although higher than in mining and milling, are quite moderate . Of 
the four c lasses of radioactivity discussed in the first chapter, the fission 
products represent by far the greatest potential problem. In normal oper­
ation they do not enter a waste s tream until the spent fuel is processed 
chemically. Therefore, the most serious problems in this field are asso­
ciated with fuel reprocess ing. 

This chapter will deal not only with the origination of wastes at each 
step of the fuel cycle, but also with systems of waste management. This 
te rm means the overall system which is used to handle the total problem at 
any s i te . In succeeding chapters some of the specific unit operations and 
unit p rocesses which are used within the framework of any o£ these overall 
systems will be discussed in detail. 

Mining 

Uranium ore is taken from many mines, large and small , in the 
United States, at a current rate of about 18,000 dry short tons (2000 lb) per 
day and an average concentration of 0.25 per cent UsOg. Since 1943 about 
125,000 tons of UsOg have been procured from domestic and foreign 
sources.(10) 

In the mines the most important radioactive waste products are 
radon and its short-lived daughters . Studies made in a number of mines 
have measured emanation rates for radon ranging froin 5 x lO-*^ to 
2 X 10"^ curie/(min)(lOOO cu ft) of mine volume.(^D 
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As radon diffuses into the mine air , it is free of its daughters, but because 
the immediate daughters have very short half-lives they rapidly build back 
up again, thus increasing the hazard by several-fold. To maintain the radon 
concentration below the maximum permissible concentration for a 40-hr 
week exposure of 3 x 10"^ fxc/ml, a complete change of air is required in 
the mine about every four minutes, with 500 cfm supplied per worker from 
an outlet not more than 30 ft from the working face.(12) Ventilation costs 
range from 15^ to $1.35 per ton of ore , with an average of about 40^ per 
ton. Disposal of these gaseous wastes to the atmosphere is no problem, 
since the air is exhausted at concentrations below 3 x 1 0 " / ic /cc and is 
further diluted with atmospheric air . The total quantity of radon discharged 
to the atmosphere from uranium mines is very small compared to that 
which is naturally produced from the surface of the earth. 

Ventilation is also required in the mines to take care of diesel-
operated equipment as well as dusts including uranium, silica, and arsenic. 

Most mines on the Colorado plateau are dry or nearly so and pump­
ing of mine water is negligible. However, in the Ambrosia Lake, New 
Mexico, area some mines a re pumping as high as 600 gal/min. Pumping 
costs vary from nothing up to 75^ per ton of ore , with an average of about 
25^ per ton of ore . The mine water contains only the normal amounts of 
radioactive mater ia ls for local ground water and its disposal is no problem. 

Thus, the waste products of uranium mines a re not of major signif­
icance in the overall waste disposal picture. The principal problems are 
the protection of miners from radon gas and radioactive dust. Adequate 
ventilation prevents harmful concentrations of these mater ia l s . The ex­
haust air discharged to the atmosphere presents no problem of general at­
mospheric contamination. 

Milling 

The ores a re shipped from the mines by truck or rai l to mills 
where they are processed by hydrometallurgical methods. The ores are 
first crushed in jaw or gyratory c rushers and ground in rod and ball mil ls . 
The coarse crushing produces large amounts of dusts containing all the 
constituents of the ore . The pr imary health hazard in these areas is p ro ­
duced by silica dusts rather than by a radioactive mater ia l . A survey made 
on the Colorado plateau in which 124 samples were taken in mill crusher 
a reas gave dust counts from less than 5 x 10^ to over 10^ part icles per cu ft 
of a i r . Proper ventilation or wet crushing can control this hazard without 
difficulty.(ll) 

Ground ores which contain small amounts of lime are treated with 
strong sulphuric acid to dissolve the uranium, (acid leach). Ores which con­
tain large amounts of lime are treated with a solution of soda ash and 



sodium b ica rbona te (carbonate l each) . F r equen t ly , an oxidant is added to the 
l each so lu t ions . Addition of 10 lb of manganese dioxide pe r ton of o r e is 
t yp i ca l . Acid consumpt ion v a r i e s f rom 40 to 350 lb per ton of o r e . 

Th3 va r ious leach solut ions a r e t r e a t e d in different ways to r e c o v e r 
the u r a n i u m . The bulk of the ta i l ings is s e p a r a t e d by c lar i f ica t ion equip­
men t and the r e m a i n d e r r e m o v e d by f i l t ra t ion in mos t p l a n t s . Since f i l t r a ­
t ion of the s l i m e s i s difficult in many c a s e s , addition of f i l ter a ids and 
coagulants is common,. In r e s i n - i n - p u l p p lan t s , the f i l t ra t ion s tep is omi t ted 
and the s l i m e s a r e left in the solut ion. 

The u r a n i u m is r e c o v e r e d from the solut ions by ion exchange, s o l ­
vent ex t r ac t i on or p r e c i p i t a t i o n . In r e s i n - i n - p u l p p lan t s , c o a r s e ion exchange 
r e s i n s in bucke ts a r e s lowly moved up and down in the leach solution and 
s l i m e s to a b s o r b about 99.7 p e r cent of the u r a n i u m disso lved in the sulphate 
so lu t ion . The u r a n i u m is r e c o v e r e d f rom the ion exchange r e s i n s by an 
acidif ied n i t r a t e solut ion containing about 50 g r a m s of n i t r a t e ion p e r l i t e r 
at a pH of abour 1.2, Uran ium is p r e c i p i t a t e d f rom th i s solution by m a g n e ­
s ium oxide , f i l t e red , repulped , d r i ed on a d r u m d r i e r , and b a r r e l l e d for 
sh ipmen t . In solvent ex t r ac t ion p l an t s , n i t r a t e ion is added and the u r a n i u m 
r e m o v e d f rom the f i l t e red solut ion as u r a n y l n i t r a t e hexahydra te (UNH) by 
an o rgan ic solvent , such as t r ibu ty lphospha te d i sso lved in k e r o s e n e . The 
u r a n i u m is r e - e x t r a c t e d f rom the o rgan ic solvent by v e r y dilute n i t r i c acid 
and r e c o v e r e d by p r e c i p i t a t i o n . In the a lka l i p l an t s , the l each solution is 
f i l t e red and the u r a n i u m p rec ip i t a t ed by addit ion of s t rong c a u s t i c . The 
p r e c i p i t a t e is f i l t e red , d r i e d , and d r u m m e d for sh ipment . 

In the c h e m i c a l p r o c e s s i n g sec t ions of these p lan t s , the was te p r o d ­
uc t s a r e ma in ly g a s e s f rom c h e m i c a l s added to the s l u r r i e s and solut ions -
such toxic compounds as hydrogen sulphide , a r s i n e , o r acid g a s e s . In the 
final p r o c e s s i n g a r e a , the p r i m a r y w a s t e s a r e u r a n i u m compounds which 
a r e d i s s e m i n a t e d into the workroonn a i r a s d u s t s . With p rope r vent i la t ion 
ne i t he r r e p r e s e n t s much of a h a z a r d . 

Since the o r e conta ins such a low concen t ra t ion of u r a n i u m , p r a c ­
t i c a l l y a l l the m a t e r i a l fed to the m i l l s i s d i s c a r d e d as w a s t e s , s l i m e s , and 
s a n d s . In addi t ion, 13,000,000 gal of wa te r a r e used each day, m o s t of which 
i s d i s c h a r g e d as plant effluent, c a r r y i n g with it to the ta i l ing ponds mos t of 
the ac t iv i ty d e l i v e r e d to the m i l l s . The sol id w a s t e s , which a r e s t o r ed in 
the i m m e d i a t e a r e a s of the concen t ra t ion p l an t s , u sua l ly contain about 1 mg 
of r a d i u m p e r ton which m a y be in a f a i r l y soluble form that is l eachable 
by su r f ace w a t e r . At a plant us ing the r e s i n - i n - p u l p p r o c e s s , 99.8 pe r cent 
of the r a d i u m r e m a i n e d und i s so lved and was effectively r e t a ined in the 
sands and s l i m e s in the t a i l ing ponds.(13) The r ad ium content of the d r i ed 
sands (440 t o n s / d a y ) was about 1.5 x 10""* / ic /g and of the s l i m e s (80 tons /day) 
was about 2.5 x 10"^ Mc/g« Other s u r v e y s have indicated that s m a l l anaounts 
of both t h o r i u m and r a d i u m a r e d i s so lved in the leach solut ion. The a lkal i 
m i l l s d i s so lve about 1 p e r cent of the r a d i u m while the acid m i l l s d i s so lve 
up to 5 p e r cen t . Individual m i l l s v a r y c o n s i d e r a b l y . 
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The 13,000,000 ga l /day of liquid was tes contain, then, smal l amounts 
of radium, usually severa l o r d e r s of magnitude above the maximum p e r m i s ­
sible concentrat ion for unlimited use (10~® /-ic/ml). They also frequently 
contain added chemicals in amounts far above to lerance for d i spersa l in 
s t r e a m s tlia.t a r e to be used as drinking v/ater. Manganese and n i t ra te ions 
a re of par t icu lar concern. They r e p r e s e n t a considerable disposal problena 
to some of the Colorado plateau mi l l s . 

Table H p resen t s i-neasured and calculated tai l ings pond overflov/ 
compositions for severa l types of uranium mil ls in compar ison with Utah 
specifications for drinking water . Tlie data, p resen ted in this table were 
obtained on conaposite samples taken in the fall of 1957 and the spring of 
1958. 

Table 11 

CHEMICAL COMPOSITIONS FROM TAILINGS POND OVERFLOW'S 
FOR VARIOUS TYPES OF URANIUM MILLS^ 

(All values are ppm) 

C o n s t i t u e n t 

C h l o r i d e 
S u l f a t e 
N i t r a . t e 

Mg 
C u 
F 

B 
F e 
M n 

P b 
A s 
U3O8 

D i s s o l v e d 

s o l i d s 
p H 

^-Concien 

S l a t e 
o£ U t a h 
S o e c i f i -

c a t i o n 

2 5 0 
250 

20 

125 

3 
1.5 

2 

I 0.3 

0.1 
C O 5 

10 

1000 

L '•" 
led i r o j r i i \ 

A c i d 
R i p b 

190 
3 0 3 5 
2 0 0 0 

2 9 0 
I 

1 

0 .15 

20 

55 

0 .35 
0.1 
1.8 

6 9 0 0 
5 .5 

a t u r e 0 

A.llvaline 
F i l t r a t i o r ; ^ 

81 
ITcO 

-
< 1 0 

-
. 

< 0 . 1 

-

-
13 

1 0 , 0 0 0 
10 .5 

f ""vVastes f r o n 

M i x e d 
A c i d 
R I P 

1490 
1 8 3 0 

3 2 5 

< 0 . ! 
1.7 

0 .2 

< 0 . i 
170 

0 .2 
0 .06 

21 

8 9 0 0 

6 .9 

1 t h e M I 

A c i d 

C o u n t e r 
C u r r e n t 

D e c a n t a t i o n * ^ 

6 1 5 
3 1 9 5 

0 

2 0 0 
4 

-

0.1 

3 7 0 

_ 

5 

5 7 5 0 

l l i n g I n d u s t r y , 

A c i d C C D 

S o l v e n t 
E x t 

E H P A "̂  

1 0 5 
3 8 5 0 

0 

55 

< 0 .6 
< 5 . 6 

0 .1 

3 9 5 

-
-
17 

6 3 0 0 

S t a t e m e n t fo 

A c i d C C D 
Aii:iiiie 
S o l v e n t 

E x t 

110 
2 9 1 0 

-
70 

~ 
4 

_ 
2 2 0 

30 

_ 
-
-

4 4 0 0 
2 .6 

r t h e 

P^ecord, Hearings on Industrial Waste Disposal, JCAE, 86th Congress of the 
United States, Vol 1, page 63, August 195Q. 

'^Average of two mills 

"^Calculated 

RIP R.esin-in-pulp 

CCD Counter current decantcition 

EHPA di-2-ethylLexyl ohosphoric acid 

Results indicate tlia^t: 

1) manganese is the mos t ser ious consis tent offender. Five pounds 
of iTianganese dioxide per ton will give a soluljle niaaga-nese 



concentra/t ion of i-UU to 400 ppm, and the i ron and ma,nganese 
speci f ica t ions wil l r e q u i r e a 1,000-fold dilution. 

2) Ni t r a t e is a s e r i o u s probleiTi m those m i l l s using niira,te 
so lu t ions . 

3) Sulphate and to ta l sol ids 3,re offenders in n ios t m i l l s . 

4) Ma.giiesium exceeds speci f ica t ions in, a c i d - l e a c h m i l l s and 
ch lo r ide -e lu t i on m i l l s . 

5) Copper , f luor ide , boroja. lead , a.nd a r s e n i c may be p r o b l e m s 

Table 12 gives data on the radioaxLivily contents of effluents f rom 
a, number of different k inds of m i l l s . In al l c a s e s the specif icat ion for 
radiumr-226 i s exceeded in some c a s e s by as much as a fac tor of 1000.(1-1) 
A U.S. Publ ic Heal th Se rv i ce su rvey conducted in 1958 and 1959 showed 
that the w a t e r in the A n i m a s River in Colorado and New Mexico exceeded 
m a x i m u m p e r i n i s s i b l e l eve l s by f rom 40 to 160 p e r c e n t . ' l ^ ) A number of 
the Colorado p la teau m i l l s have been o r d e r e d to e l imina te the e x c e s s 
rad ioac t iv i ty in t he i r effluents a s a condi t ion of cont inuance of the i r l i c e n s e s . 

Table 12 

RADIUM CONCENTRATION IN URANIUM MILL 
TAILINGS POND E F F L U E N T S ^ 

T y p e of P l a n t 

S p e c i f i c a t i o n " 

A c i d L e a c h - S o l v e n t 
E x t 

A c i d L e a c h - R I P 

A c i d L e a c h - R I P 

A c i d L e a c h - R I P p l u s 
A l k a l i n e L e a c h - F r e e 

A l k a l i n e L e a c h 

A c i d L e a c h - C C D -
S o l v e n t E x t 

p H 

1 5 

3 .3 

7.7 

6.9 

9.9 

2 .0 

U3O8, 

g / 1 

0 .002 

0.01 

0 .0034 

0 .0003 

0 ,02 

0 .009 

0 .002 

R a d i u m 2 2 6 , 
P c / m i 

4 X 1 0 " ' 

4 X 10-^ 

5 .4 X 10"^ 

3 .3 X 1 0 - ^ 

8.1 X 10-® 

2 .0 X 10"^ 

2 .7 X 10"^ 

3-Coiidensed f rom Na tu re of Wa-stes f r o m the 
Mill ing Indus t ry , S ta tenient for the Record , 
H e a r i n g s on Indus t r i a l Waste Disposa l , JCAE, 
86th C o n g r e s s of the Uni ted S ta te s , Vol 1, 
page 69, August , 1959-

^T i t l e 10, Code of F e d e r a l R e g u l a t i o n s , P a r t 20. 
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Radium can be removed froin acid tailings by two means. Simple 
neutralization removes radium by coprecipitation and adsorption on the 
precipitated mater ia l . Contact of the radium-bearing solution with natural 
barium sulfate (barite) rennoves radium by adsorption and possibly by in­
clusion in the bar i te . The neutralization-barite t reatment is also effective 
in decontaminating alkaline tailings.(lo) 

Feed Materials 

Ore concentrates from the mills contain about 70 per cent UjOg. 
Feed mater ials plants convert this and uranium which has been recylced 
from spent fuel reprocessing plants into pure uranium metal for the p ro ­
duction reac tors , uranium hexafluoride for the isotope separations plants, 
and uranium oxide for power reac tors . 

There are several feed naaterials plants in operation in the United 
States, some government and some privately owned. Large integrated 
government plants are located at Fernald, Ohio, and Weldon Springs, 
Missouri. Each is capable of handling thousands of tons of each of the dif­
ferent uranium compounds per year. Several private plants car ry out one 
or more of the steps conducted in the Fernald and Weldon Springs plants. 
Of part icular interest is the General Chemical plant which converts ore 
concentrates to uranium hexafluoride in fluidized beds. All the other plants 
purify the raw mater ia ls by solvent extraction. 

At Weldon Springs and Fernald the ore concentrates are dissolved 
in nitric acid and the uranium purified by solvent extraction with ether or 
tributylphosphate dissolved in kerosene. The f irst solvent extraction 
column waste contains practically all the radium and other radioactive 
mater ia ls in the ore concentrate other than the uranium. Since the amount 
of radioactive mater ia ls is small and most of it is attached to solid part ic les 
the wastes are run to settling tanks, a coagulant added, and they are filtered. 
The solid residues are combined with other solid wastes for burial, and the 
filtered liquid wastes a re run to large settling basins and allowed to over­
flow into neighboring s t reams . 

The purified product from solvent extraction, a solution of uranyl 
nitrate, is evaporated to liquid UNH and heated to 450 C to decompose the 
nitrate and formi uranium trioxide. This oxide is reduced with hydrogen to 
uranium dioxide at 800 C. The dioxide, in turn, is converted to uranium 
tetrafluoride by t reatment with hydrogen fluoride at 600 C. Pa r t of the 
tetrafluoride is converted to metal by reduction with powdered magnesium 
in refractory-l ined bombs. The remainder is made into uranium hexa­
fluoride for the isotope separations plants. 

The radiochemical nature of wastes from these operations is s imilar 
to that of the mill wastes - containing natural uranium and its decay 
daughte r s. 



Gaseous w a s t e s a r e insignif icant . Very sl ight amounts of radon and 
solid pa r t i cu l a t e m a t e r i a l a r e p r e s e n t . The venti lat ion a i r , p a r t i c u l a r l y 
f rom the u r a n i u m reduc t ion a r e a s , conta ins cons ide rab le amounts of non­
rad ioac t ive dus ts which a r e r e m o v e d by f i l t e r s . 

The solid w a s t e s include the sma l l amount of f i l ter r e s i d u e s conta in­
ing r a d i u m and l a r g e amounts of m a g n e s i u m fluoride s l ags . The s lags con­
ta in l e s s u r a n i u m than the o r ig ina l o r e . Some cleanup m a t e r i a l s ( r a g s , 
r e j ec t ed equipment , e tc . ) conta in sufficient rad ioac t ive m a t e r i a l that these 
w a s t e s , along with the s l a g s , c r u c i b l e s , and o ther d e b r i s , a r e p laced in 
c l ay - l i ned p i t s o r bu r i ed . Combus t ib le w a s t e s a r e bu r i ed o r burned . Con­
t amina t ed equipment containing u r a n i u m is f requent ly washed with n i t r i c 
ac id and the wash ings added to the feeds to the solvent ex t rac t ion p r o c e s s 
for r e c o v e r y . 

F o r each ton of u r a n i u m p r o c e s s e d , approx imate ly 1,000 gal of l iquid 
was te a r e produced . G a s e s fromi the reduc t ion and hydrof luor inat ion o p e r a ­
t ions a r e sc rubbed to r e m o v e c h e m i c a l fumes and en t ra ined u r a n i u m . Waste 
m a t e r i a l s f rom u r a n i u m m e t a l p roduc t ion a r e s o m e t i m e s leached to r e m o v e 
conta ined u r a n i u m . The l each l i q u o r s a r e t r e a t e d by the solvent ex t r ac t ion 
pur i f ica t ion cycle o r by ion exchange . 

Isotope Concen t ra t ion P l an t s 

Some of the p roduc t of feed m a t e r i a l s p lan ts is d ive r t ed to the g a s ­
eous diffusion p lan ts to obtain e n r i c h e d u ran ium-235 . The diffusion p lan ts 
a lso u s e a s a s o u r c e of feed r e c y c l e d u r a n i u m f rom product ion r e a c t o r s 
such as those at Hanford, Savannah Rive r , or the Idaho Chemica l P r o c e s s ­
ing P lan t . The l a t t e r p roduc t s a r e s t o r e d long enough to allow decay of 
u ran ium-237 . They have a p lu tonium content of l e s s than 10 p a r t s p e r 
bi l l ion p a r t s of u r a n i u m . F i s s i o n p roduc t s a r e r e m o v e d a l m o s t comple te ly . 

The diffusion p lan ts s t a r t with p u r e u r a n i u m t e t r a f luo r ide , which is 
conve r t ed to u r a n i u m hexaf luor ide by t r e a t m e n t with e l emen ta l f luor ine . 
By m e a n s of a s e r i e s of ga seous diffusion s tages an en r i ched p roduc t con­
taining about 93-|-per cent u r a n i u m - 2 3 5 is p roduced . F o r power r e a c t o r 
fuels , s ide s t r e a m s containing l e s s e r concen t ra t ions of u r a n i u m - 2 3 5 a r e 
a lso p roduced . Depleted u r a n i u m t a i l i ngs , containing about 0.2 p e r cent 
u ran iuna-235 , a r e s to red . Some w o r k is being done to devise u s e s for this 
m a t e r i a l . 

Very s m a l l amoun t s of w a s t e s a r e p roduced and e v e r y effort is 
m a d e to r e c o v e r the m a x i m u m amount of u r a n i u m , p a r t i c u l a r l y in the en­
r i ched sec t ion of the plant . G a s e o u s , l iquid and solid w a s t e s contain 
sma l l amounts of u r a n i u m - 2 3 5 and u r a n i u m - 2 3 8 but negl igible amounts of 
daughter p r o d u c t s . The r ad ioac t i ve was t e g a s e s a r e p r inc ipa l ly u r a n i u m 
hexaf luor ide and dus t s and m i s t s f rom m a c h i n e r y and chemica l o p e r a t i o n s . 



The uraniura hexafli'oride feed, after conversion from uranium te t ra ­
fluoride, is passed through cold t raps a.nd condensed. Very sniall amounts 
of o::"gen aaid nitrogen 3,re present in this gas s t ream a,nd these pass through 
the condensers ca-rrying t races of the hexafluoride with them. These gases 
are e.-hausced at intervals to the atmosphere. About 0 7 nic/da.y is lost at 
Oak Ridge and 1.75 nnc/day at Paducah.fl^^) The building ventilation air 
also picks up very small amounts of uranium hexafluoride, but the concen-
lra.tion is so low that the exhausted a.ir c iea tes no ha,zard The highest 
value of radioactivity measured a.t the edges of the control area of the 
Paducah plant has been 1 x 10"^* uc/cc, which may be compared with the 
iTiaxii-num allowable concentration for insoluble uranium (continuous expos-
sure outside the controlled area,) of 2 x 10"^^ / ic/cc. 

Liquid wastes produced are almost entirely as a result of decon­
tamination and recovery procedures . Nitric acid is used to remiove uraniuni 
hexafluoride from surfaces of equipment The resulting solutions are 
stripped of uranium by solvent extraction. The wastes consist of the aque­
ous column raffinate, spent acid, a-nd rinse v/ater. These wastes a,re 
passed through settling basins and discharged to local s t reams . 

The solid v/astes include contaminated paper, floor sweeping com­
pounds, lubricants, containers, activated alumina, etc. These are generally 
disposed of to land fills. 

Fu-el_ Element Manufacture 

Before they can be used as fuel in a reactor , the products of the 
feed mater ia ls plants must be made up into fuel elements of varying degrees 
of complexity. Fuel elements are made from uranium, its alloys, and u ra ­
nium oxide. The uranium may be natural or enriched. Operations involved 
include melting, casting, rolling, machining, and metal cleaning. Varying 
quantities of uranium-bearing wastes a re produced in the form of alloy scrap 
liquids, contaminated pieces of rnetal, paper, rags , and a certadn amount of 
airborne dust. 

In handling natural or slightly enriched uranium, gaseous wastes are 
almost negligible. The regular building ventila-tion is adequate throughout 
most of the plant It is necessary to check the air around melting and heat-
treating furnaces, hot rolling mil ls a-nd extru&*ion processes but nothing more 
serious than the use of face ma.sks is required under normal conditions. 
¥/"lien highly enriched uranium is used, good ventilation, use of face masks , 
and the usual health-physics surveys a re required. The exhaust air is 
filtered through high efficiency AEG fil ters The dusts so collected usually 
do noc wsr ran t recovery 



Liquid wsistes formed in surface clea-ning operations are usually 
vei*y dilute A typical waste after neutralization contains 0 005 gram of 
ura.nium per liter., with calcium^ iron and sodium ions present in large 
ciuantities. These wastes may be processed by ion exchange or by precip­
itation of uranium followed by fiitrci-tion, or they may be monitored, diluted 
and discharged to the r iver The volume of such waste at one plant was 
5,000 gal per year.(17) 

Solid wastes may be divided into four kinds of material 

1) Turnings, cuttings, trimrriirigs, powder recovered from- grinding 
oper3.tions, smd rejected mater ials v/hich contain a high percent­
age of fuel. 

2) Crucibles and molds used in casting operations 

3) Contamins-ted equipment 

4) Contaminated rags , cleaning mater ia ls , clothing, etc 

Ea.ch of these four ca.tegories is handled sepai-ately. 

The turnings, cuttings, tr inimings, etc. , ma.y contpin 10 to 50 per 
cent of the total fuel 3,nd cannot, therefore, be treated as v/astes even vdien 
natur.al uranium is being processed. They must be recycled to a feed ma­
ter ia ls plant, where they a re dissolved and recovered by solvent extraction. 

Crucibles and molds used for natural or slightly enriched uranium 
are added to the general solid wastes and shipped to one of the permanent 
burial grounds. Those used for enriched fuel must be crushed and the u ra ­
nium leached out with acid and recovered. 

Some contaminated equipment is decontaminated. Some is simply 
buried. Used steel and copper extrusion cladding is etched v/ith nitric acid 
for uranium recovery before burial . At one plant, 7,000 lb per year of 
slightly contaminated copper and steel were produced by hot-working 
operations. 

Cleaning rrjateriaJs which contadn very small amounts of natural 
uraniuiTi may be buried or combined v/iLli solid scrap for shipm.ent to a, 
permanent burial ground Mctte.ci.ali containing even small anioants of en­
riched fuel a.re sent to a recovery plant 

As burnup of fuels becomes higher and as faels .are recycled through 
reactors several ciines, and as the use of platonium for power reactor fuel 
becomes more widespread, the concentra,tion of higher isotopes can be ex­
pected to build up to a point where the contsxt metallurgical operations now 
practiced may become impractical Under these circmmscances, incomplete 
decontcimination processes (such as the pyrornetaliurf^ical processes nov/ 
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being developed for the EBR-II) m.ay become practical . If this is the case, 
the entire gamut of metallurgical operations will have to be done remotely, 
and the wastes produced by this portion of the fuel cycle will become 
radically different - more nearly akin to those now produced by chemical 
processing. At the present t ime, however, essentially all fuel element 
fabrication is done as described and the waste problems are relatively 
mino r. 

Reactor Operation 

Radioactive wastes stemming from reactor operations are produced 
by two general p rocesses : (1) fission and (2) neutron activation of the cool­
ant, its impurit ies, and structural components to form activation products, 
or of the fuel itself to form transuranic elements. A reactor which has 
operated for any length of time represents a most considerable inventory of 
all of these products. In case of an accident, it is conceivable that hazardous 
quantities of radioactivity could be released to the surrounding environment. 
Such a possibility is a proper consideration in the hazards evaluation of any 
reactor but not in the operation of its waste disposal system, which is set 
up for handling only those small quantities of activity which may be expected 
to escape from the system during normal operation. 

Reactors a re classified into two broad categories: heterogeneous 
and homogeneous. Heterogeneous reac tors are typified by a core lattice 
of solid fuel elements clad with a s tructural mater ia l (aluminum, zirconium, 
stainless steel) to protect the fuel from the coolant (water, liquid mietal, 
organic, air) and to contain fission products. So long as the integrity of the 
cladding is maintained, fission products a re not re leased into the coolant. 
However, in all operating heterogeneous reactors occasional failure of fuel 
elements can be expected as a normal occurrence. The failed fuel elements 
then permit the escape of small amounts of fission products into the coolant 
s t ream, where they are added to the coolant activation products, increasing 
somewhat the concentration of radioactivity. These reac tors feature elabo­
rate electronic devices designed to detect clad ruptures so that the failed 
element may be removed before significant an:iounts of fission products a re 
released into the coolant s t ream Bypass coolant purification systems p ro­
vided for the removal of corrosion and impurity activities are also capable 
of retaining the fission products. 

Homogeneous reac tors have fuel dispersed in the coolant-moderator 
which is cycled through an integrated pr imary and secondary heat-removal 
system. The entire coolant system, then, is the pr imary container of both 
induced activities and fission products. In this case , the induced activities 
are insignificant in comparison with the fission products. The complete 
system is enclosed in a secondary container to prevent the release of these 
highly radioactive mater ia l s in the event of the system failure. The waste 



problems connected with a homogeneous reactor are more analogous to those 
of a fuel-processing plant than to those of a heterogeneous reactor . Homo­
geneous reactors have not yet become important in the commercial aspects 
of the nuclear power industry, 

Reactor waste problems vary somewhatwith reactor type. There­
fore, a number of examples will be described. Operating heterogeneous 
reac tors are at present predominantly water cooled. During operation the 
major source of radioactive wastes is the short-lived isotopes produced by 
nuclear reactions in the bulk coolant (see Table 3, page 15). After a short 
shutdown period, however, these decay away and the impurity activation 
products a re left as the major contributor of activity. To these induced 
activities may be added fission-product activities introduced into the cool­
ant by fuel-element failure. These fission products seldom markedly in­
crease the difficulty of the waste problems. The activity level of coolant 
is , in any case, low, 

Hanford Production Reactors!^ °) 

In the Hanford reac tors the heat of the fission process is r e ­
moved by passing Columbia River water through the reactor tubes. The 
reactor locations are dictated by the combined needs of access to river 
water and relative isolation from populous a reas . The latter feature was 
required for protection only in the extremely improbable event of a major 
operational accident. It should be rennembered in this connection that the 
site selection was made before anyone had successfully operated a reactor . 
At the present time reactor sites are routinely considered for much more 
populous a reas . 

The Hanford production reactors are designed for low-pressure , 
single-pass water cooling. Since the amount of activation products which 
get into the effluent is controlled by the concentration of stable isotopes in 
the cooling water, close control of water quality is maintained. The raw 
r iver water is t reated by coagulation with alum, settling, filtration through 
beds of coal and sand, chlorination, addition of sodium bichromate for cor­
rosion control, and pH adjustment. 

During their passage through the reactor, t races of minerals 
in the coolant water are made radioactive as a result of neutron bombard­
ment. Small quantities of fission products a r i se from natural uranium in 
the r iver water and from occasional ruptures of fuel elements. The effluent 
leaving the reactor thus contains a complex mixture of many different 
radioisotopes. The effluent flows by gravity to retention tanks where it can 
be held up from one to three hours - long enough for radioactive decay to 
reduce the gross activity by 50 to 70 per cent. Under normal circumstances 
the discharge is then put into the r iver The effluent enters the r iver 
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through large pipes buried in the r iver bottom and is immediately mixed with 
the large volume of water flowing in or near the main channel. There is , 
however, a tendency for higher concentrations of the effluent to remain in 
midst ream for some distance. 

At the time of discharge, approximately 90 per cent of the gross 
activity consists of Mn^^, Cu^̂ ^ Na^", CT^^, N V ^ ' , A S ' ' ^ and Si^^ It takes 
24 hours for the effluent to reach PascOj Washington, the first point of sub­
stantial use. By this t ime radioactive decay has further reduced the gross 
activity to less than 10 per cent of the level at which it entered the basin, 
a/nd the isotopes of greates t abundance are Cu^*, Na^*, Cr^^, Np^^', and As*̂  , 

The retention basins may also be used to intercept effluent 
which has an unusually high radioactive content. Such situations ar i se from 
occasional ruptures of fuel elements and from "purges" of corrosion product 
film from the tubes. In some cases abnormally corit3,iTiinated effluent water 
is discha,rged to trenches along the r iver bank v/here it seeps into the ground 
and is naturally filtered before it gets into the r iver . 

Monitoring of the effluent is an important aspect in the manage­
ment of the reactor wastes and is accomplished at several different points. 
Of the total number of isotopes detected in the effluent, 24 a re of sufficient 
interest that their concentrations are measured on a routine basis . The 
f irst indica-tion of the radioactive composition of the effluent is obtained 
from samples which originate from various p3,rts of each reactor . The 
signals from instrtiments v/hich scan the samples usually provide the basis 
for shutting dov/n the reactor when there is a fuel-element rupture. This 
system works quite well and it is estimated that ruptures which occurred 
during 1958 contributed only about 5 per cent of the radiation exposure r e ­
ceived by people in the Pasco-Kennewick area, from the drinking of Columbia 
River water. 

The effluent is next .«rionitored at the time it leaves the retention 
ba,sin. As an added precaution to assure that reactor operations do not affect 
fish, a continuous saixiple of the effluent being discharged to the r iver is 
puiTiped to an aquatic biology laboratory arnd its toxicity tested v/ith live fish. 

Gases a,nd aei'osols form a minor source of radioactive waste 
from reactor operation. Ventilation air picks up some contsjuinated dust 
from portions of the building which a,re normally unoccupied and some is 
added by gas which leaks from the rea,ctor shielding. Release of these 
mater ia ls through high stacks to the atinosphere has produced no distinguish­
able contamination levels in the a,ir or on the ground outside of the res t r ic ted 
area . 

Solid v/astes, such as cont3,niinated p3.per, boards , tools, con­
struction i tems, and a,luminuiri spa-cers used to center the fuel cha.rge a.re 



b u r i e d in shallow t r e n c h e s in the r e a c t o r a r e a . The bo t toms of the t r e n c h e s 
a r e wel l above the v/ater t ab le and the ra infa l l i s low enough so tha i p e r c o l a ­
t ion through the depos i t s is pra.ct ical ly nonexis tent . 

M a t e r i a l s Tes t ing Reac to r (MTR)^^^) 

The MTR at Idaho u s e s a r e c i r cu l a t i ng w a t e r s y s t e m The feed 
wa,ter is p r e t r e a t e d by ion exchange to r educe impur i t i e s to l e s s than one 
pa.rt p e r mi l l ion . The to ta l flow th rough the co re and re f lec to r is a.bout 
22,000 gal lons p e r m i n u t e . S o u r c e s of l iquid was te a.re (1) a continuous 
bleedoff of d e m i n e r a l i z e d p r i m a r y coolant , (2) cana.1 over f lows , (3) wa,sce 
w a t e r f rom t e s t l oops , (4) w a s t e s t r e a m s f rom v a r i o u s l a b o r a t o r i e s , and 
(5) p r i m a r y coola.nt p u r g e s at the t ime of shutdown. 

To p r e v e n t the g radua l buildup of act ivi ty in the prima-ry cooling 
w a t e r , not only is a s ide s t ream, pa t through a cat ion r e s i n bed, but a. po r t ion 
of the coolant is b led off and r e p l a c e d with f r e sh d e m i n e r a l i z e d v/ater . The 
wa,ter r en ioved f rom the s y s t e m i s fed to one of two 350,000-gal lon conc re t e 
r e t en t ion b a s i n s . The a v e r a g e holdup t i m e in these ba.sins is 150 h o u r s . 
The overf low f r o m the b a s i n s is r e t u r n e d to the ground by m e a n s of a l e a c h ­
ing pond. 

During the f i r s t 2 y e a r s of ope ra t ion of th is r e a c t o r , ve ry m i n o r 
f i s s i o n - p r o d u c t a,ctivities v/ere r e l e a s e d to the cooling s y s t e m . The act ivi ty 
n e a r the piping w a s about 50 to 100 m r p e r hour dur ing opera t ion a,nd 10 to 
20 m r p e r hour dur ing shutdown. C o r r o s i o n p roduc t and o the r ac t iv i t i e s 
identif ied included alum.inum-28, sodium-24, cobalt-SO, and t r a c e ainounts 
of nine o ther i s o t o p e s . In 1954 a s e r i e s of fue l -e le inent r u p t u r e s o c c u r r e d , 
which g radua l ly increa .sed the ac t iv i ty l eve l s to as high as 3 r p e r hour . 
It v/as at this t i m e tha t the b y p a s s ca t ion r e s i n bed was ins ta l led and o p e r ­
a ted at a r a t e of 1,000 gal p e r minu te on the bulk coolant . The act iv i ty d e ­
c r e a s e d slowly to i ts o r i g i n a l va lue . This expe r i ence indica tes that while 
fuel r u p t u r e s can p roduce an i n c r e a s e in coolant ac t iv i ty , n o r m a l l eve l s 
can be r e s t o r e d v/ith the a id of r e l a t i ve ly s imple t r e a t m e n t p r o c e d u r e s . 

The m a j o r s o u r c e of g a s e o u s ac t iv i ty f r o m the MTR is the 
cooling a i r which r e m o v e s the hea t f r om the t h e r m a l shield and g raph i t e . 
This a i r flows th rough the r e a c t o r at the r a t e of 24,000 cfm and in doing so 
argun-41 is fo rmed . Th is s t r e a m is m o n i t o r e d and d i s c h a r g e d through a 
250-foot s tack 

Solids r e q u i r i n g d i sposa l are° 

1) fuel e l e m e n t a,nd con t ro l rod end boxes which a r e r e m o v e d 
p r i o r to sh ipment to the chemica l p r o c e s s i n g pla,nt, 

2) p a r t s of e x p e r i m e n t a l equipment , and 

3) spent ion excha-iige r e s i n . 
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The f i r s t two of these ca tegor ies a r e s tored for a while in the 
reac tor canal to pe rmi t some decay. They a r e then removed from the canal 
in la rge garbage cans and shipped to the bur ia l ground in a lightly shielded 
two-wheel t r a i l e r . When the r e s in is exhausted, it is sluiced into steel tanks , 
sealed, and buried with the other solid was tes . 

Shippingport (PWR)(^°) 

The r eac to r at Shippingport is the United Sta tes ' f i r s t fu l l -scale 
nuclear power station. Demonstrat ion of its integrated waste disposal faci l ­
it ies (see Figure 3) has therefore been an important pa r t of its operat ion. 
The station is in a populated a r e a and on the heavily used Ohio River, Un­
like the Hanford r e a c t o r s , which use a once-through water sys tem, the PWR 
uses rec i rcu la ted p r e s s u r i z e d water as p r i m a r y reac to r coolant. 

F igure 3 

Radioactive Waste Disposal Fac i l i t i e s , 
Shippingport Atomic Power Station^ 

REACTOR PLANT 
EFFLUENT 

2 3 , 0 0 0 gal /mo 
© 2 91 (LC/ml (NV> 
+ 10 62 (tc/ml (V) 

HIGH SOLID WASTES 
7660 gol /mo 
@ 0 27 fto/ml 

FILTER 

OEMINERALIZERS 

SURGE AND DECAY TANKS 
OF^v = 3 6 » 10^ \ y 
DF« = 31 

HIGH SOLIDS 
SURGE TANKS 

EVAPORATi 
OF 

IRATOR 
= 10® 

VAPOR 
COMPRESSOR 

EXCLUSIVE OF TRITIUM 
DF DECONTAMINATIOM FACTOR 

V VOLATILE 
Ny NON-VOLATILE 

<200 mr/hr J& 
CONTACT D O S E — • ^ ^ 

REGENERATIVE 
HEAT EXCHANGER _ 

J CONDENSER COOLING ^^^^ T 
WATER STREAM 
53 ,000 j p m , ^ ^ 0 H 1 0 -

^ RIVER 
CEMENT " 

DRUMS 

OCEAN BURIAL 

^Bethel, A. L. et al_., P resen ta t ion on Shippingport Atomic Power 
Station (PWR) Waste Disposal Facil i t ies^ Statement for the 
Record, Hearings on Industr ial Radioactive Waste Disposal , 
JCAE, 86th Congress of the United Sta tes , Vol 1, page 656, 
August, 1959. 



Activi ty bui lds up in th is coo lan t due to 

1) ac t iva t ion of c o r r o s i o n p r o d u c t s , 

2) fo rma t ion of t r i t i u m f rom l i th ium hydroxide used to r a i s e the 
pH of the w a t e r for c o r r o s i o n cont ro l , and 

3) f rom f i s s ion p roduc t s in t roduced by fuel r u p t u r e s . 

To l imi t the bui ldup of these c o n t a m i n a n t s , the coolant is continuously p u r i ­
fied by c i r cu la t ing a por t ion th rough a bypas s d e m i n e r a l i z e r . When sa tu­
r a t ed , the r e s i n is not r e g e n e r a t e d but is t r a n s p o r t e d to bu r i ed s to rage tanks 
on the s i t e . The volume of r e a c t o r w a s t e effluents is about 23,000 ga l /mon th 
and it conta ins about 3 / i c /ml of nonvolat i le act iv i ty and about 10 Mc/ml of 
gaseous ac t iv i ty . The r e a c t o r plant effluents a r e f i r s t t r a n s p o r t e d to type 347 
s t a i n l e s s s t ee l holdup tanks known a s " s u r g e and decay t a n k s . " They a r e d e ­
s igned to p rov ide s t o r age volume sufficient for 45 days if n e c e s s a r y . F r o m 
h e r e the l iquid is cooled in a hea t exchanger and then p a s s e d through a 
s e r i e s of four ion e x c h a n g e r s . Upon leaving the ion e x c h a n g e r s , the was te 
wil l have had i t s nonvolat i le ac t iv i ty r educed sufficiently for d i s c h a r g e , but 
it m a y s t i l l conta in a h igher l eve l of vola t i le act iv i ty than is d e s i r e d . Vola-
t i l e s a r e s t r i pped f rom the w a s t e us ing s t e a m and the l iquid then goes to one 
of two 5 ,000-gal t e s t t anks . When sa t i s f ac to ry ana ly se s have been obtained, 
the was te is d i s c h a r g e d to the r i v e r . The volat i le rad ioac t iv i ty which was 
r e m o v e d in the gas s t r i p p e r is sent to a c i rcu la t ing flush gas s y s t e m . At 
infrequent i n t e r v a l s gas i s d i s c h a r g e d f r o m th is s y s t e m into one of four 
decay d r u m s w h e r e it is s t o r e d a t 50 p s i g . The gas is s to red for a suffi­
c ient p e r i o d of t i m e (up to 60 days) for the rad ioac t iv i ty l eve l s to d e c r e a s e 
to a point w h e r e subsequent con t ro l l ed d i s c h a r g e and dilution with 9,000 cfm 
of a i r wil l p e r m i t d i s c h a r g e of the g a s e s at l e s s t h a n - ^ MPC. This t r e a t ­
m e n t p r o c e s s r e d u c e s the ac t iv i ty of the l iquid to about 5 x 10"^| ic/ml for the 
nonvolat i le and 1 x 10"® / i c /ml for the vola t i le ac t iv i ty . 

Combus t ib le sol id w a s t e s a r e burned in an i n c i n e r a t o r , the flue 
g a s e s of which a r e s c rubbed and f i l t e r ed before d i s c h a r g e . Noncombust ib le 
w a s t e s cons i s t ing of r e s i n s , r e s i d u e a sh f rom the i n c i n e r a t o r , sol ids f rom 
s t r a i n e r s in the pipe l i n e s , and con tamina ted equipment a r e s t o r e d on si te 
o r embedded in c o n c r e t e and d i sposed of at sea . 

Naval Reac to r s (^^ ) 

All n u c l e a r - p r o p e l l e d U.S. Naval ships now planned, in c o n s t r u c ­
t ion, or in ope ra t i on a r e powered by p r e s s u r i z e d - w a t e r r e a c t o r s . The r e ­
a c t o r coolant p a s s e s through hea t e x c h a n g e r s which t r a n s f e r the hea t to a 
s t e a m s y s t e m , which is u s e d a s a s o u r c e of power for the p ropu l s ion plant 
a s wel l a s for aux i l i a ry m a c h i n e r y . Since these a r e mobi le r e a c t o r s , was te 
p r o b l e m s , al though s i m i l a r to those of s t a t ionary p r e s s u r i z e d - w a t e r r e ­
a c t o r s , have some spec ia l c o n s i d e r a t i o n s . The p r inc ipa l source of r a d i o ­
ac t ive was t e i s the r e a c t o r - c o o l a n t w a t e r , which conta ins sma l l quant i t ies 
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of ac t iva ted i m p u r i t i e s . Some of the r e a c t o r - c o o l a n t w a t e r is d i s c h a r g e d 
dur ing plant s t a r t u p due to expans ion a s the r e a c t o r p lant is b rought up to 
opera t ing t e m p e r a t u r e . Th i s n o r m a l l y happens a few t i m e s a month on 
each ship , and the quant i ty of cooling w a t e r d i s c h a r g e d on each a v e r a g e s 
about 500 gal lons p e r month . The r ad ioac t ive s p e c i e s in the coolant w a t e r 
and the dumping t o l e r a n c e s e s t a b l i s h e d a r e shown in Tab le 13. 

Table 13 

MEASURED ACTIVITIES OF COOLANT FROM 
U.S. NAVAL NUCLEAR-POWERED SHIFS^-

Nuclide 

Mn5^ 
Co^s 
Fe59 
M i « 
C r " 
Na^^ 
Cu^* 
Tai82 
F " 
^ 1 8 7 

Half 
-l ife 

2.5 h 
5.2 y 
45 d 

2.56 h 
27 d 
15 h 

12.8 h 
112 d 

1.87 h 
24 h 

M e a s u r e d Ac t iv i t i e s 
of Coolant 

Max imum, 
| i c / m l 

9.3 x 10°^ 
2.5 X 10"^ 
2.8 X 10"^ 
1.3 X 10-3 
5.5 X 10-3 
2.0 X 10-^ 
9.1 X 10-^ 
5.6 X 10-2 
6.8 X 10"2 
9.0 X 10~^ 

A v e r a g e , 
f i c / m l 

2.2 X 10"^ 
5.7 X 10"* 
1.5 X 10"^ 
1.6 X 10-^ 
1.0 X 10™^ 
8.0 X 10"5 
1.5 X 10-s 
7.3 X 10"^ 
1.2 X 10~2 
3.3 X 10"^ 

Dumping 
T o l e r a n c e , 

II c / m l 

15 
2 

1 X 10"2 
1.9 
50 

3 X 10"^ 
8 

10 
90 

9 X 10-2 

G r o s s ac t iv i ty 
m e a s u r e d 
15 m i n af ter 
sampl ing 

G r o s s ac t iv i ty 
m e a s u r e d 
120 h af ter 
sampl ing 

1.5 X 10"^ 5.0 X 10"^ 

3.6 X 1 0 - " 3.1 X 10"^ 1 X 10- ' 

aT . J . l i t i s and M. E. M i l e s , Radioact ive Waste 
Disposa l f r o m U.S. Naval Nuc lea r P o w e r e d 
Ships , S t a t emen t for the Record , H e a r i n g s on 
Indus t r i a l Radioac t ive Waste Di sposa l . J C A E , 
86th C o n g r e s s of the Uni ted S ta l e s , Vol 1, 
page 92C', August , 1959 
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The basic cr i ter ion adopted for disposal of coolant is that dis­
posal should not increase the average concentration of radionuclides in the 
surrounding environment by more than one-tenth of the maximum permis ­
sible concentrations for continuous exposure as listed in National Bureau 
of Standards Handbook 52.(6) On this basis the Navy has adopted the in­
structions that for discharge in port, gross activity of reactor coolant must 
be less than 3 jj.c/nil and the fission product iodine-131 must be below 
10"' | ic /ml . In determining these dumping tolerances it was assumed that 
discharged waste will almost immediately be diluted in the harbor by a 
factor of at least 1,000. This requires mixing with a volume of water 
approximately equal to the displacement of the ship. Actual measurements 
indicate that the immediate dilution factor is about 100,000. 

There a re other sources of radioactive wastes derived from 
the operation of naval nuclear-powered plants which require only infrequent 
waste disposal considerations. These include the disposal of 

1) the ion exchange resin that is used to purify the coolant 
water of the reactor plant, 

2) reactor feed water, 

3) solid wastes from maintenance operations, and 

4) special wastes from laundry or decontamination operations. 

The ion exchange resin becomes exhausted and must be replaced 
approximately every six months. Table 14 shows the radioactivity associated 
with the spent resin. If res in replacement is necessary in port, the resin is 
dumped to a disposable catch tank which is subsequently sealed and buried by 
land or sea. Resin discharge at sea can take account of the great dilution 
available in the ocean. When dumped overboard, the resin will sink and as 
it sinks the radioactive ions in the res in a re rapidly replaced by ions of the 
sea water . Thus, within a few minutes the radioactivity is t ransferred from 
the resin to the sea water in the wake of the ship, where it will readily be 
dispersed. Assuming, conservatively, that the wake is no larger than the path 
of the ship itself, the distributed activity from the resin results in a gross 
concentration in the ship's wake of less than 10"^|Ltc/cc. Subsequent action 
of wind, wave and current will rapidly decrease these concentrations. There­
fore, Navy instructions allow res in disposal in the open ocean. However, in 
order to avoid any possibility of having such discharges increase the radio­
activity to which people a re exposed, there are the following restr ict ions: 

1. the ship must be more than 12 miles from shore; 

2. the ship must be underway; 

3. no other ships shall be within 3 miles; and 

4. the ship must not be in a known fishing area. 



Table 14 

RADIOACTIVITY OF SPENT ION EXCHANGE RESIN^ 

N u c l i d e 

Co^o 
Co5^ 
Fe59 

Cr^ i 

MnS* 
H f " 5 

T o t a l 

H a l f - l i f e 

5.2 y 
71 d 
45 d 
27 d 

300 d 
70 d 

M a x i m u m A c t i v i t y , ° 
c u r i e s 

10 
0 .5 
0 .5 
0 .3 
0.2 
1 

12 .5 

^T. J . litis and M. E. Miles, Radioactive Waste 
Disposal from U.S. Naval Nuclear Powered 
Ships, Statement for the Record, Hearings on 
Industrial Radioactive Waste Disposal, JCAE, 
86th Congress of the United States, Vol 1, 
page 940, August, 1959. 

"Maximum radioactivity expected based on 
measurements from operating plants. 

Some attenuation of the radiation emanating from the reactor 
core is accomplished by using water in a shield tank around the reactor . 
This shield water will seldom, if ever, be dumped during the life of a ship. 
Potassium chromate (0,2 per cent) is used in this water as a corrosion in­
hibitor. Neutron activation of potassium chromate and impurities in the 
shield water produces small concentrations of radionuclides. These con­
centrations are well below dumping tolerance and there a re no waste d is­
posal res t r ic t ions necessary on disposing of this shield tank water. 

Solid wastes from nuclear ships result pr imar i ly from main­
tenance operations. Such mater ia ls include metal scrap, pieces of insu­
lation, rags , sheet plastic, and paper. These solid wastes are given by 
the ships to shore or tender facilities for subsequent packaging and burial . 

Two other operations associated with reactor plants require 
disposal of radioactive liquids: decontamination of radioactive tools and 
equipment, and laundering of radioactive clothing which may be performed 
on some ships. Laundering wastes a re held up for monitoring and t rea t ­
ment by ion exchange if necessary, but they ordinarily may be dumped 
under the same restr ic t ions as the reactor coolant water. 

Boiling Water Reactors^^^) 

Direct-cycle boiling water reac tors , such as EBWR, and the 
Dresden and Vallecitos reac tors , generate the same kinds of wastes as 



pressur ized water reac tors with some added importance to gaseous wastes. 
Predominant gaseous activities from the EBWR, for instance are xenon-138 
and krypton-88. The normal daily discharge rates to the atmosphere at 
20-megawatt operation of EBWR are 0.2 to 0.4 curie of xenon-138 and 0.005 
to 0.01 curie of krypton-88. During a test in which an oxide fuel element 
was deliberately defected, the discharge rates of these isotopes rose to 1 
and 0.08 curie per day, respectively. 

Each time the EBWR reactor vessel is opened, the system is 
filled with water and given a hydrostatic test at the conclusion of which the 
excess water must be bled off. These operations have produced about 
30,000 gallons per year of liquid waste with a specific activity of atout 
5 X 10"^ pic/ml. There is also produced about 100 cu ft per year of solid 
waste containing about 100 mill icuries of activity per cu ft. Ten to twenty 
per cent of this is represented by spent ion exchange resin beds which read 
about 10 r / h r on contact. 

Heavy Water Reactors(^3) 

Recirculated heavy water is used as a moderator and/or coolant 
in such reactors as CP-5 at Argonne, NRX at Chalk River, Ontario, and the 
Savannah River reac tors . The economics of such systems dictates indirect 
heat exchange, and thus problems related to the disposal of radioactivity 
are alleviated, since the cooling water is not exposed to the neutron flux in 
the reactors and, therefore, does not build up induced radioactivity. The 
fuel is jacketed with aluminum or other corrosion-resis tant metal to r e ­
duce the possibility of spreading fission products, not only in the reactor, 
but also during handling after discharge. 

At Savannah the moderator-coolant is cooled by river water in 
a shell-and-tube heat exchanger. The r iver water is monitored to detect 
moderator leakage and, also, to ensure that radioactive materials accom­
panying a leak are not discharged directly to the r iver . 

In addition to nitrogen--l6 and-17 and oxygen-19 formed from the 
oxygen, tr i t ium is formed in the coolant by irradiation of deuteriumH^(n,p)H^. 
The presence of the f i rs t three of these requires the use of shielding for 
the circulation equipment outside the reactor during operation, but during a 
shutdown they decay out very rapidly. Trit ium, with a half-life of about 
12 years , continues to build up as the reactor continues operation and even­
tually additional precautions may be necessary. The heavy water also picks 
up activity from the activation of corrosion products. Suspended solids and 
dissolved metals a re removed by a fi l ter-ion exchange system. Spent fi l ters 
and res ins are removed and transported to the burial ground. Any leakage 
of the heavy water will re lease tr i t ium into the atmosphere. The reactor 
buildings were designed with adequate ventilation to dilute such activity and 
discharge it through a 200-foot stack. To date, there has been no occasion 
where the tri t ium concentration either on or off site has approached the 
permiss ible limit for continued exposure. 
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The irradiated fuel discharged from the reactor is removed to 
a storage basin where the short-lived isotopes a re permitted to decay to 
reduce the problems encountered in further processing. Following decay 
cooling, extraneous housing tubes, etc. , a re removed, baled and sent to the 
burial ground. The clad fuel is shipped in shielded containers to the sepa­
rations a reas . 

Liiquid-metal-cooled Reactors 

Liquid metals , such as sodium and NaK, a re employed as cool­
ants in reac tors such as EBR-I, EBR-II, the land-based prototype of the 
Submarine Intermediate Reactor (SIG), and the sodium-cooled, graphite-
moderated reactor . The character is t ics of the principal activities found 
in liquid metal coolants were given in Table 3 of Chapter 1. The radiation 
from activated impurities in commercial sodium is usually negligible com­
pared with that from the bulk sodium. The radioactivity associated with the 
sodium decays by a factor of ten every two days during a shutdown. 

Disposal of waste sodium or NaK is complicated not so much 
by the radioactivity content as by the vigorous chemical action of the metals 
"with water, oxygen, and carbon dioxide. The several possible methods of 
disposal all aim at forming water-soluble compounds of the meta ls . Water, 
steam, alcohols, and liquid anamonia a re used. 

Air-cooled Reactors 

Two reasonably large air-cooled research reac tors are in 
operation, one at Oak Ridge and one at Brookhaven. The principal radiation 
associated with air cooling of reac tors is argon-41 formed from argon-40 
in the atmosphere. At the Brookhaven reactor , for instance, some 
4,000 curies of argon-41 a re discharged through the stack each day.'''^^^ 
This quantity, while troublesome insofar as instrumentation is concerned, 
causes no problem in regard to the public because of local meteorological 
conditions and the low radiotoxicity of the argon. 

Organic-moderated Reactors 

The Organic Moderated Reactor, OMRE, uses polyphenyls as 
the moderator and coolant. The wastes which accumulate during normal 
operation are pr imari ly decomposition products resulting from the i r r a ­
diation of the organic mater ia l . These products contain very little activity 
and they are readily disposed of by burning. 

Homogeneous Reactors 

Maintenance of the coolants of homogeneous reac tors requires 
the separation of fission products from the fuel-coolant mixture external 
to the reactor . The waste problems will be equivalent to those experienced 



in the opera t ion of a c h e m i c a l p r o c e s s i n g plant s ince the en t i r e s y s t e m 
complex b e c o m e s contamina ted with depos i ted ac t iv i t ies to a d e g r e e m a n y 
o r d e r s of magni tude g r e a t e r than in he te rogeneous r e a c t o r s . In an aqueous 
homogeneous r e a c t o r , krypton, xenon, and iodine a r e cont inuously r emoved 
f rom the coolant along with hydrogen , oxygen, and s t e a m . Following r e ­
combinat ion of the hydrogen and oxygen, the f iss ion products a r e phys ica l ly 
adso rbed on ac t iva ted c h a r c o a l . The effluent gases a r e d i scha rged through 
a s t ack to the a t m o s p h e r e . 

F u e l Pi."ocessing 

I r r a d i a t e d r e a c t o r fuels a r e t aken from the r e a c t o r , cooled for about 
90 days to allow decay of s h o r t - l i v e d nuc l ides , and then chemica l ly r e p r o c ­
e s s e d to r e c l a i m the unburned n u c l e a r fuel and r e c o v e r b red f iss ionable 
m a t e r i a l s . 

During p r o c e s s i n g , the fuel j a c k e t s a r e f i r s t d isso lved , after which 
the i r r a d i a t e d fuel e l emen t s a r e d i s so lved in ac id . Plutonium and u ran ium 
a r e then s e p a r a t e d f rom the highly rad ioac t ive f iss ion produc ts and purif ied 
by solvent ex t r ac t ion . F ina l ly , the plutonium and u ran ium a r e p r o c e s s e d 
s e p a r a t e l y to the i r r e q u i r e d final fo rn i s . 

The magni tude of was te p r o b l e m s a s s o c i a t e d with chemica l p r o c e s s ­
ing p lan ts far outweighs those of a l l o ther p a r t s of the fuel cyc le . During 
the d isso lv ing and f e e d - p r e p a r a t i o n s t e p s , radioxenon and radioiodine a r e 
d i s c h a r g e d . The aqueous was t e f rom the f i r s t solvent ex t rac t ion cycle con­
ta ins m o r e than 99.9 p e r cent of the f i ss ion p roduc t s , and th is s t r e a m r e p ­
r e s e n t s the m o s t difficult p a r t of the p r o b l e m . Approx imate ly 1,000 gal lons 
of th is was te a r e for ined p e r ton of u r a n i u m p r o c e s s e d . Typical c h e m i c a l 
compos i t ions of t he se was t e s a r e shown in Table 15, and r a d i o c h e m i c a l 
compos i t ions for such was t e s concen t r a t ed ten t i m e s before s t o r a g e a r e 
shown in Table 16, 

These w a s t e s a r e evapora t ed to s m a l l e r volumes and a r e f requent ly 
n e u t r a l i z e d before being s t o r e d in underg round s t e e l and c o n c r e t e t a n k s . 
After 100 days of cool ing, h i g h - l e v e l w a s t e s m a y contain as much as 
1,000 c u r i e s p e r gallon and emi t hea t at a r a t e as high as 20 Btu / (h r ) (ga l ) . 
The to ta l ac t iv i ty l eve l d e c r e a s e s , and the cont r ibut ion of specif ic f iss ion 
s p e c i e s changes , with t i m e . 

High- leve l w a s t e s now in s t o r a g e at the ma jo r p r o c e s s i n g plants 
amount to app rox ima te ly 65 mi l l ion ga l lons . T h e r e is a to ta l tank capac i ty 
of about 110 mi l l ion ga l lons . In addi t ion to the h igh - l eve l was t e s from c h e m ­
ica l p r o c e s s i n g , t h e r e is a l so p roduced a much l a r g e r volume of low- leve l 
l iquid w a s t e s at f u e l - p r o c e s s i n g p l a n t s . T h e s e de r ive f rom second- and t h i r d -
cycle solvent ex t r ac t i on o p e r a t i o n s , fuel de jacket ing , l a b o r a t o r y and laundry 
o p e r a t i o n s , and ce l l decon tamina t ion 



Table 15 

TYPICAL COMPOSITIONS OF WASTES FROM THE 
REPROCESSING OF NUCLEAR FUELS^ 

Type of 
W a s t e : 

P r o c e s s : 

High L e v e l 

Redox P u r ex 

1 1 
C o m p o s i t i o n , m o l a r i t y 

Na+ 

Bi+++ 

Fe+++ 

U 

AlOz" 

OH" 

NO3 

NO2-

S O | 

C03" 

Cr03= 

SiOa 

HPOf 

6.4 

t r a c e 

t r a c e 

1.4 

0.8 

4.2 

-

t r a c e 

-

t r a c e 

-

-

Specif ic G r a v i t y 

1.32 

2.4 

t r a c e 

t r a c e 

-

0.1 

2.1 

_ 

t r a c e 

0.1 

t r a c e 

-

_ 

1.10 

F i s s i o n P r o d u c t s , a p p r o x i m a t e pe 

100 100 

B i P 0 4 

4.1 

t r a c e 

-

~ 

-

-

0.6 

-

0.25 

1.0 

-

-

0,27 

1.25 

; r cen t con 

90 

D e c o n t a m ­
ina t ion 

B i P 0 4 

4.1 

t r a c e 

t r a c e 

t r a c e 

t r a c e 

0.2 

2.5 

-

0.1 

-

-

-

0.5 

1.15 

ta ined 

10 

De c ladding 

Caus t i c 

4.9 

-

_ 

-

1.2 

1.0 

0.6 

0.9 

-

-

-

t r a c e 

-

1.18 

0.1 

3-R. E. Tomlinson, Storage of High-level Fission Product Wastes, 
Statement for the Record, Hearings on Industrial Radioactive 
Waste Disposal, JCAE, 86th Congress of the United States, Vol 1, 
page 282, August, 1959. 

At the p re sen t t ime all major chemical process ing s i tes a r e located 
in remote or semi remote a r e a s . It is not yet c lea r whether this will always 
have to remain the case . The major process ing s i tes a r e Hanford in the 
State of Washington, Savannah River in South Carol ina, and the Idaho Chem­
ical P rocess ing Plant in Arco , Idaho. Because of the importance of this 
phase of waste handling, the operat ions at each of these major s i tes will be 
briefly descr ibed. 



Table 16 

CONCENTRATION OF SIGNIFICANT RADIOISOTOPES IN 
THE LIQUID WASTE FROM IRRADIATED URANIUM^ 

Nucl ide 

SrW 

Sr '^ 

yW 

Zr^s 

R u " 3 

R u " 6 

Tel29 

C s " ^ 

Ba"° 

Ce^^i 

Pri43 

Ce^^^ 

N d i « 

P m i « 

Sm^si 

Half-
l i f e . 

Y e a r s 

0.148 

2 8 

0.159 

0.178 

0.110 

1.0 

0.090 

30 

0.035 

0.088 

0.038 

0.78 

0.032 

2 . 6 

80 

C o n c e n ­
t r a t i o n , ^ 

f i c / c c 

1.6 X 10^ 

2.3 x 10* 

2.3 x 10^ 

2.7 X 10^ 

3.5 X 10* 

7.2 X 10^ 

3.1 x 10^ 

2 x 1 0 * 

5.2 X 10^ 

9 X 10* 

5.5 X 10^ 

6.9 X 10^ 

1.6 X 10^ 

9 X lO'* 

5.6 X 10^ 

M P C , ^ 
|i c / c c of 

H20 

7 X 10"5 

8 X 10"^ 

3 X 10-^ 

6 X 10-^ 

9 X 10-* 

1 X IQ-* 

2 X 1 0 ' * 

2 X 10"^ 

3 X 10-* 

4 X 10"^ 

5 X 10-* 

1 X 10"* 

6 X 10"* 

2 X 10-3 

8 X 10-3 

N u m b e r of 
T i m e s Above 

M P C 

2 X 10^ 

3 X 1 0 " 

8 X 10« 

4 x 1 0 ^ 

4 X 10^ 

7 X 10^ 

2 X 10^ 

1 x 1 0 ^ 

2 x 1 0 ' 

2 x 1 0 ^ 

1 X 1 0 ' 

7 X 1 0 ' 

3 X 10^ 

4 X 1 0 ' 

7 X 10* 

^Assumes the f ission products f rom one ton of i r rad ia ted u r a ­
nium (2500 M W D / T at 5 MW/x) a r e segregated in 100 gallons 
of water ninety days after r eac to r discharge. 

"The maximum pe rmi s s ib l e concentrat ion (MPC) for each 
nuclide in potable water is given for each parent in equil ibrium 
with its radioactive daughters . These values were taken from 
HW-25457, Rev. 1, Manual of Radiation Protect ion Standards, 
Hanford Atomic Produc ts Operation (May 1, 1957). 

^R. E. Tomlinson, Storage of High-level Fiss ion Product Wastes, 
Statement for the Record, Hear ings on Industrial Radioactive 
Waste Disposal , JCAE, 86th Congress of the United States , 
Vol 1, page 288, August, 1959. 



Hanford^ IS) 

The gaseous effluents from the separation plants are exhausted 
to the atmosphere through 200-ft concrete stacks having stainless steel 
l iners . Shortly after startup of the two original bismuth phosphate plants 
in 1945, radioactive iodine-131 was identified on samples of vegetation col­
lected within the project. Iodine-131 has a radioactive half-life of 8 days 
and the immediate answer to the problem of release of this fission product 
was to increase the cooling period between reactor discharge and fuel ele^-
ment dissolution, even though this action temporarily delayed plutonium 
production. In addition, controls were established such that dissolving 
could be performed only during weather conditions favorable for iodine dis­
persion. In a short t ime, silver reac tors (see Chapter 3) were designed and 
installed to remove more than 99.5 per cent of the radioiodine from dissolver 
off-gas before it was vented to the atmosphere. 

Hanford has carr ied on over the years a program of continual 
sampling and analysis of exhaust air , the environmental a i r , and the vege­
tation in the environs. Based on these studies, Hanford has established a 
working limit of 10 cur ies /week total emission of iodine-131. Actual 
measured dispersal of iodine for the years 1953 through 1958 are shown in 
Table 17. 

Table 17 

ATMOSPHERIC DISPOSAL OF RADIOACTIVE IODINE 
FROM THE SEPARATIONS PLANTS STACKS ^ 

Year 

1953 
1954 
1955 
1956 
1957 
1958 

Curies of 
Iodine-131 per Day 

2.0 
1.5 
3.2 
1.0 
1.0 
1.2 

^R. E. Tomlinson, Release of Gases, Vapors, and 
Par t ic les to the Atmosphere, Statement for the 
Record, Hearings on Industrial Radioactive Waste 
Disposal, JCAE, 86th Congress of the United 
States, Vol 1, page 275, August, 1959. 

The necessity of installing fil ters for the large-volume venti­
lation exhaust a i r was f irs t recognized in 1947, when radioactive part icles 
were found on the ground around the stack. Large filter beds of graded 



l a y e r s of sand w e r e c o n s t r u c t e d through which the building exhaust a i r was 
rou ted before being r e l e a s e d to the s tack . In the m o r e recen t ly c o n s t r u c t e d 
P u r e x Sepa ra t ion P l an t , the f i l t e r bed is m a d e of g raded m a t s of g l a s s f iber 
(see Chap te r 3). E i t h e r type r e t a i n s naore than 99-5 p e r cent of the p a r t i c ­
u la te rad ioac t ive m a t e r i a l en t e r ing the unit ; the g lass f iber unit is s o m e ­
what m o r e efficient. 

Another r ad ioac t ive f i s s ion p roduc t which r e q u i r e d specif ic study 
is ru then ium. Beginning in 1952, ru then ium-1 03 and -106 were found to be 
escap ing to the env i rons and were de tec ted on the ground and vegetat ion. 
P r o c e s s changes w e r e made to r educe ru then ium los s and, m addit ion, the 
p r o c e s s off-gas was rou ted with the vent i la t ion a i r exhaust through the sand 
f i l t e r s . The sand f i l t e r not only r e m o v e s ru then ium p a r t i c l e s but a l so ac t s 
as an a b s o r b e r for any ru then ium te t rox ide vapor r ema in ing in the a i r . 
Since t he se changes , ru then ium e m i s s i o n s have been insignif icant . 

The bulk of the f i s s ion p roduc t s p r e s e n t in the i r r a d i a t e d fuel 
e l e m e n t s a r e r e t a ined m the aqueous was te solut ion f rom t h e f i r s t s tage of 
the s e p a r a t i o n s p r o c e s s . Typica l was te compos i t ions a r i s i n g f rom p a s t and 
c u r r e n t ope ra t ions a r e p r e s e n t e d m Table 15. The rad io iso topes p roduced 
by Llie f iss ion of u r a n i u m a r e of such c h a r a c t e r that they m u s t be pos i t ive ly 
conta ined for inany huiidreds of y e a r s . The concen t ra t ions of s ignif icant 
i so topes a r e p r e s e n t e d in Table 16 on tlie assurnpl ions that the u ramujn con­
ta ined an ini t ial e n r i c h m e n t of 1 2% ara .n ium-235, was ir.-aidia.ted at 5 M¥/ /T 
to a toi-al exposure of 2500 MWD/ T, cuid a l l of the f i ss ion prodt ic ts were 
s e g r e g a t e d I E 100 gal lons of 'vaste for stos*a.ge. Each coneen t ra t ion is then 
c o m p a r e d -with the r e s p e c t i v e msiximum p e r m i s s i b l e concGnlracion (MPC) 
for ths^'c i so tope in dr inking w a t e r . Any u n r e c o v e r e d plutcniiini a.nd o ther 
i r ansura r i i c e l e m e n t s a r e a l s o p r e s e n t apd m u s t be pos i t ive ly contained with 
the fissic«;i p r o d u c t s . 

T l ies t h igh- leve l v/as tes a r e s to red as alkaJine s l u r r i e s in u n d e r ­
ground ia.nks. Th'.' tanks sirc cons t rue led of reinXcTced coac re i e lined -»"ith 
s l ee l plate Each has. a capacii.y of 500.000 i© 1,000,000 gsi long. The use oF 
.fuch tanks is- co i i s idcred s t o r a g e ra.ther tha~i d i sposa l , and no ep-v i ronniental 
l''a.!:arti ez:is.'s as locg as lAe tunlzz inaiiiigd.'i theii inLegrity. The life of the 
lanks is rioc 'yet krio*!! sinc-i iiorie has e v e r failed, but it is esLi'-naied to be £,t 
l e a s t S'r'ei-cd decsides L a b o r a t o r v clcis indicate ihai Ccirbon steel (.-;:posed lo 
s imul- i tea i-". iiLr£ili:.£ii Fure r . ' as te "-.cdia sj, 210 F . . c r i c d c ^ s.t s. r a t e tCfAee 
10 " and iO""' incsi j : e r ''ro'i^h. Based O-- di ic , ifo'r-^-ia ^teol s ide l iner of l^c 
Piiie-^ \*3.5ie trJiil'-. c..-<.ild be e:.|.ecved lo Isist ir l e a s l s e e e i c J d e c a d e s . The 
bofcic'ii pl£.ie cceid be e:.|.-C"Se6 lu 'I'-jlie:- tt.ri.^,,z^t.^urcz s.n.J roi'ihi c o r r c d e 
3-•••Tie".vhaI, t"OFe leipidlj-. F-.er. so , ? '-l!': iF:-j,fct!,?•'•••' :x<eg ^urec" in dec3di"-c 
cppeai^a. te« be coF'^er^-s-'•''€ 

The ixid'.-i e round \vri«>'C-Sie>> j j e s?-"!' -̂.-̂ -.r co"-•'-«.'•: ted i'l groups 
of c fe '''. f s ' ' l -d !>r:T-i'=; •"(,»>.-.;i. .f̂ ^nr CSC?-' fa' --« 4,re T c_* 3 -ells " 'hich peei-
et.rate .c i i e qroand ^*aiar E200 or j-nore leet'i and 5 co lO d rv "/el ls 100 co 
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150 ft d e e p . T a b l e 18 p r e s e n t s d a t a c o n c e r n i n g the s i z e , c o s t s , and t i m e 
of c o n s t r u c t i o n of the t ank f a r m s a t Han fo rd . A p p r o x i m a t e l y 52 m i l l i o n 
g a l l o n s of r a d i o a c t i v e w a s t e s a r e c u r r e n t l y be ing s t o r e d a t Hanfo rd . 

Table 18 

WASTE-STORAGE TANKS AT HANFORD^ 

F a r m 

T 

U 

B 

C 

BX 
TX 
BY 
S 
TY 
SX 
A 

Total 

Tanks 
p e r 

F a r m 

16 
4 

12 

16 
4 

12 

16 
4 

12 

16 
4 

12 

12 
18 
12 
12 
6 

15 
6 

145 

Capacity 
per tank 

(gal) 

54,500 
530,000 

54,500 
530,000 

54,500 
530,000 

54,500 
530,000 

530,000 
758,000 
758,000 
758,000 
758,000 

1,000,000 
1,000,000 

-

Capacity 
per farm 

(gal) 

6,617,000 

6,578,000 

6,590,000 

6,578,000 

6,360,000 
13,644,000 

9,096,000 
9,096,000 
4,548,000 

15,000,000 
6,000,000 

90,107,000 

Year 
Con­

structed 

1943-44 

1943-44 

1943-44 
. 

1943-44 

1946-47 
1947-48 
1948-49 
1950-51 
1951-52 
1953-54 
1954-55 

« 

Cost 
p e r 

f a r m b 

$ 3,087,000 

2,969.000 

3,019,000 

2,938,000 

2,208,000 
5,859,000 
2,651,000 
3,961,000 
1,846,000 
3,983,000 
4,989,000 

$37,510,000 

Cost 
p e r 

gal,$ 

0.467 

0.451 

0.458 

0.447 

0.347 
0.429 
0.291 
0.435 
0.406 
0.266 
0.831 

0.416C 

^R. E. Tomlinson, Radioactive Waste Management Operations at 
the Hanford Works, Statement for the Record, Hearings on 
Industrial Radioactive Waste Disposal, JCAE, 86th Congress of 
the United States, Vol 1, page 293, August, 1959. 

"Includes original tank fa rm cost plus improvements , including 
instrumentation, agitation sys tems , and t ransfer lines from 
separat ion plants . A farm costs include the est imated cost of 
remotely maintained s ta in less -s tee l condensers and auxil iar ies 
($800,000)currently being installed. Operating and maintenance 
costs of approximately $200,000 per year for the entire complex 
a re not included. 

^Average 



Liquids which have in termediate concentrat ions of radioactive 
m a t e r i a l s include waste s t r e a m s from the la te r decontamination s teps , 
spent solutions used to absorb or scrub gases , condensed vapors from 
self-boiling tanks, var ious other condensates from process ing equipment, 
and aged solutions f rom which the long-lived isotopes have been scavenged. 
This type of waste is put into the ground by seepage through s t ruc tures 
known as c r ib s . Because of the favorable geological and hydrological con­
ditions in the separa t ions a r ea , it is possible to re ta in the vast majori ty of 
the radioactive m a t e r i a l s in a thick l ayer of sediment. Thus the wastes 
a r e essent ia l ly "s tored" in the ground and the water percolating to the 
water table is substantially decontaminated. Swamps and t renches a re 
also used in addition to c r ibs for the disposal of essent ia l ly uncontaminated 
but suspect w a t e r s . Through 1958 there were about 35 billion gallons of 
water disposed to swamps. There were over 3.7 billion gallons of water 
with about 1.9 mil l ion cu r i e s of g ro s s beta emi t t e r s disposed to the ground 
through a total of 71 c r ib s t ruc tu re s , and 28 million gallons containing 
647,000 cur ies of g ross beta emi t t e r s disposed to 18 t rench s i tes . 

Savannah Riverl^^/ 

The p r o c e s s used at Savannah River is essent ial ly the same as 
that used at Hanford, and the methods of handling the highly radioactive 
was tes a r e also s imi la r . Dissolver off-gases a re passed through a reac tor 
containing s i lver n i t ra te to remove iodine. Par t icula te ma t te r in the off-gas 
is removed by a f i l ter . After p rocess ing , the dissolver off-gases along with 
exhaust a i r f rom the process ing building a r e discharged to a 200-ft stack. 

As at Hanford, the bulk of the fission products appear in a f i r s t -
cycle aqueous waste s t r eam. To reduce the volume of ma te r i a l to be stored, 
all waste s t r e a m s a r e evaporated to the maximum solids concentration pos ­
sible without the formation of p rec ip i t a t e s . All liquid wastes a r e neutral ized 
and s tored in underground ca rbon-s tee l tanks. 

Cooling water f rom var ious vesse l s and s team condensate from 
evaporator coils a r e normally not contaminated and a r e discharged to su r ­
face s t r e a m s . To avoid r e l ease of activity, however, the water is monitored 
and flows through a delaying basin which has sufficient capacity to pe rmi t 
shutting down the operat ion before activity actually reaches the s t r e a m s . 

High-level was tes a r e s tored in tanks. The p r i m a r y tank is 
constructed of carbon steel . The tank r e s t s in a steel saucer designed to 
re ta in leakage f rom a faulty p r i m a r y tank, at leas t for a period. The tank 
and saucer a r e enclosed in a re inforced-concre te s t ruc ture with an annular 
space to pe rmi t inspection of the tank p roper . Tank vents a re provided 
with condensers and f i l t e r s . Cooling coils a re provided to avoid the poss i ­
bility that the radioact ive decay heat will lead to uncontrolled boiling. 



It has been found that the high-level wastes generate a precipitate during 
storage, which ca r r i e s an estimated 90 per cent of the fission products to 
the bottom of the tank with the result that the bottoms of the tank have been 
heated to about 300 F although the supernate was cool. The costs of the 
Savannah River tanks are shown in Table 19-

Table 19 

HIGH-LEVEL WASTE STORAGE TANKS 
AT SAVANNAH RIVER PLANT^ 

Original Plant 
Added 1956 
Under Construction 

Total 

Number 
of Tanks 

12 
4 
4 

20 

Total 
Gallons 

9,000,000 
4,100,000 
5,200,000 

18,300.000 

Cost 

$14,200,000 
4,700.000 
2,300,000 

$21,200,000 

^R. J. Christl , Waste Management, Savannah River Plant, 
Statement for the Record, Hearings on Industrial Radioactive 
Waste Disposal, JCAE, 86th Congress of the United States, 
Vol 1, page 40, August, 1959. 

Open seepage basins are used for disposal of very low-level 
wastes since it would be economically unfeasible to evaporate the hundreds 
of thousands of gallons involved. Flow to these basins averages about 
80,000 gallons per day, and the total activity to the basin to date has been 
2.5 curies of alpha emi t te rs , 240 curies of nonvolatile beta emi t te rs , and 
2,300 cur ies of iodine-131. 

All solid wastes are buried in a centrally located fenced area. 
Most burial is in slit t renches which a r e backfilled as waste accumulates. 

Idaho Chemical Processing Plant(24,25) 

The Idaho Chemical Processing Plant is devoted principally to 
the recovery of enriched uranium from spent reactor fuel elements. This 
recovery process also involves dissolution of the fuel elements in acid, 
followed by solvent extraction. The wastes produced are similar to those 
at Hanford and Savannah River. The high-level wastes are stored in under­
ground stainless steel tanks of 300,000-gallon capacity. These tanks are 
water cooled to eliminate boiling and to reduce corrosion of tank mater ia l s . 
The wastes from later cycles are stored together in uncooled tanks. The 
volume stored varies from 50 to 150 gallons per pound of uranium recovere 



The total investment in storage tanks is $7,700,000, made up 
as follows: nine 300,000-gallon permanent storage tanks for aluminum 
wastes, of which six are cooled. The average cost is $789,000, which is 
equivalent to a storage cost of $2.63 per gallon, including a portion of 
piping. Four 30,000-gallon tanks are provided for storage of zirconium 
wastes. The total cost is $580,000, which is equivalent to a per gallon 
cost of $4.90. 

Low-level wastes , such as cell floor drains, laboratory drains, 
and equipment decontamination solutions, are collected in small under­
ground tanks, sampled for radioactivity, and thenfed to an evaporator where 
most of the water is taken overhead at an activity level low enough to permit 
disposal after dilution directly to the a rea water table by means of a d is­
posal well. The concentrate is added to the storage tanks. 

All solid radioactive wastes generated at the National Reactor 
Testing Station are disposed of in a common burial pit, either by dumping 
into trenches or stacking in large pits . The burial ground consists of an 
area of approximately 80 axres enclosed by a barbed wire fence. It is 
located in the southwestern portion of the station and not directly up the 
ground water s t ream from existing or potential plant sites. It is at least 
60 miles from the nearest downstream populated area where water may be 
used. Trenches average 900 ft in length, 10 ft in depth, and from 5 to 10 ft 
in width. Large open pits, 6 to 10 ft in depth, 40 to 50 ft in width, and 900 ft 
in length, are also used for disposal of low-level radioactive material . 

The bulk of the solid wastes is low-level mater ial consisting 
mainly of contaminated items such as rags , papers , sample bottles, 
lumber and metal scraps . These wastes a re transported to burial sites 
in cardboard boxes by means of closed dump trucks. 

High-level wastes (defined at Idaho as those reading greater 
than 5 roentgens per hour at contact) require special handling. Remote-
handling equipment, shielded containers, and remote truck dumping control 
are utilized for the disposal of these wastes . This type of material involves 
metal pieces which have been exposed to high levels of neutron radiation 
and constitutes a personnel exposure hazard. Such waste is deposited in the 
lower level of the trenches and is covered with earth to achieve shielding. 

Low-level wastes from other AEC installations which do not 
have suitable disposal facilities a re shipped to NRTS for disposal. This 
waste contributes largely to the total volume of solid wastes which have 
been deposited in the NRTS burial grounds. Table 20 shows the amount 
of mater ia l which has been disposed of to date. 



Table 20 

AMOUNT OF SOLID RADIOACTIVE WASTE 
DISPOSED O F AT THE NATIONAL REACTOR 

TESTING STATION a 

Year 

1952 
1953 
1954 
1955 
1956 
1957 
1958 

Tota l 

Act iv i ty , 
c u r i e s 

70 1 
800 > 

1,500 j 
1,500 

10,000 
15,000 
10,000 

40,000 

Volume, 
cubic y a r d s 

2,000 

2,500 
5,000 
6,500 
9,000 

25,000 

a-J. R. H o r a n , Radioact ive Waste Disposa l 
Management at the Nat ional Reac to r 
Tes t ing Stat ion, S ta tement for the Record , 
H e a r i n g s on Indus t r i a l Radioact ive Waste 
Disposa l , J C A E , 86th C o n g r e s s of the 
United S t a t e s , Vol 1, page 593, 
August , 1959. 

Isotope Dis t r ibu t ion 

In 1946 the AEC ini t ia ted a p r o g r a m for d i s t r ibu t ing r e a c t o r -
p roduced r a d i o i s o t o p e s . Since then n e a r l y 1 mi l l ion c u r i e s of act iv i ty have 
been shipped to ove r 4,000 ins t i tu t ions throughout the United S ta t e s . About 
98 p e r cent of the i so topes shipped have ha l f - l i ve s g r e a t e r than 30 days . 
A l m o s t a l l of t h i s l o n g e r - l i v e d m a t e r i a l is conta ined in s ea l ed s o u r c e s . 

The amount of r ad ioac t ive w a s t e s g e n e r a t e d through the use of 
r ad io i so topes i s exceedingly s m a l l when c o m p a r e d to the Nat ion ' s o v e r a l l 
nuc l ea r ene rgy p r o g r a m . At the p r e s e n t r a t e of u s e it i s e s t i m a t e d that 
about 200 c u r i e s of w a s t e s with a hal f - l i fe g r e a t e r than 30 days and 400 to 
500 c u r i e s with a half - l i fe l e s s than 30 days a r e being gene ra t ed each year , 

R e s e a r c h Opera t ions 

T h e r e a r e a n u m b e r of AEC s i t e s whose b u s i n e s s i s p r i m a r i l y r e ­
s e a r c h . The amount of h igh - l eve l w a s t e s handled a t such s i t e s is quite 
s m a l l , and the m a j o r p r o b l e m is to a r r i v e at a s a t i s f ac to ry working so lu ­
t ion for l a r g e - v o l u m e , l ight ly con tamina ted l iqu ids , so l ids and g a s e s . The 
p r o b l e m is compl i ca t ed in m o s t c a s e s by the fact tha t the r e s e a r c h s i t e s 



tend to be more closely associated with urban populations than do the pro­
duction si tes. The basic operating philosophy at essentially all the research 
sites is to segregate at the source the very small volumes of relatively high-
level mater ial handled s^ that it does not contaminate the large bulk of ma­
terial , thus permitting the lat ter to be returned to the environment with as 
little treatment as possible. Gases a re , in general, filtered through AEC 
(CWS) fil ters at the point of production. This treatment is sufficient in a l ­
most all cases to permit discharge through short stacks. Solids a re col­
lected in convenient containers, accumulated in larger shipping containers 
and either shipped to a more remote site for burial (usually Oak Ridge 
National Laboratory, sometimes Idaho) or, in the case of installations 
located on the coast, dumped at sea. 

The problems of liquid disposal and the systems used to handle them 
are the most complex, and they tend to vary more from site to site. In gen­
eral , they consist of segregation into two or more activity levels, monitoring 
and discarding without t reatment as much of the waste as possible, and col­
lecting and routinely treating by evaporation, ion exchange, or coagulation 
only the low-volume, high-activity-level fractions. 

Flowsheets for the complete system used at Brookhaven (Figure 4) 
and liquid system at Argonne (Figure 5) a re given. As an example of the 
type of integrated disposal program developed for use at a research site, 
the system at Argonne National Laboratory will be described in some 
detail. (2 6) 

Argonne National Laboratory, a research and development laboratory 
operated by the University of Chicago under a contract for the Atomic 
Energy Commission, is located on a 3700-acre plot 25 miles southwest of 
Chicago, Illinois. The Laboratory has about 3700 employees, of which about 
900 to 1000 are staff members . This location is in a highly populated area, 
the ground water of which receives heavy use. In setting up the site, the 
Laboratory was obliged to develop complete waste disposal facilities of all 
type s. 

The system originally planned for the Laboratory was described in 
1951 by Rodger and Fineman.(27) There have been a number of significant 
changes but the overall pattern now used is very similar to that originally 
proposed. 

The basic philosophy upon which the Argonne waste disposal system 
was based is that: (1) no fluids will be released from control which exceed 
the standards (then) established,(6) (2) no wastes will be stored perm.anently 
on the site, and (3) all fluid wastes will be reduced to solids for shipment 
off-site. 



Figure 4 

Simplified BNL Radioactive Waste Disposal Flowsheet^ 
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Figure 5 

Liquid Waste Disposal System at Argonne National Labora to ry* 
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Containers Used for Most of 
the Solid Waste Collected -

Solid Wastes 

Two divisions of solid radioactive waste m a t e r i a l exist . The 
f i rs t is ma te r i a l which will not exceed res t r i c t ions for off-site shipment. 
This specification is defined by the Inters ta te Commerce Commission 
regulations for t ranspor ta t ion of radioactive ma te r i a l . The second is 
ma te r i a l which does exceed this level . At p resen t , the la t te r is s tored 
under controlled conditions to allow for natural radioactive decay. 

For the major port ion of the solid waste produced, a s ta in less 
steel container with a one-cubic foot fibre drum inse r t is used as the 
standard waste receptac le . These conta iners , supplied as needed by the 
Waste Control Group, a r e designed to operate by stepping on a t readle to 
operate a sliding cover. There a r e some 470 of these receptac les in 

approximately 200 locations within 
F igure 6 the Laboratory. In those a r e a s 

where considerable quantities of 
waste a r e produced or the physical 
dimensions of the waste a r e l a r g e r 

Argonne National Labora tory ^^^^ ^^^ ^^ accommodated in the 

__,^.^ _. , s tandard container , a 4-f--cubic foot 
cardboard container is supplied. 
For that waste which exceeds a 
50-mi l l i roentgen-per -hour liniit_, 
shielded containers a re available 
(see Figure 6). 

When a container is full or 
approaches the radiat ion l imit , it 
is surveyed by Radiation Safety 

« personnel and the pert inent infor­
mation recorded on a Hazardous 
Disposal For in . Pickup from 

some 27 facil i t ies in the Laboratory is maintained on a scheduled bas i s . 
It consis ts of removing the inner fibre drum inser t , sealing the lid of the 
drum if requi red , and removal from the a rea . Those was tes requir ing 
shielding a r e handled essent ia l ly the same with the exception that they a r e 
t r ans f e r r ed to additional shielded uni ts . The daily collection is t r a n s ­
por ted to the Waste Storage Area in a specially designed vehicle. 

The V/aste Storage Area compr i ses 10 a c r e s in which the v a r ­
ious control , concentrating and storage units a r e located. In this a r e a all 
was tes a r e segregated into that which can be shipped off-site and that 
which requ i res s torage. Mater ia l that does not exceed 200 m r / h r and /o r 
does not contain any alpha-act ive ma te r i a l other than natura l u ran ium is 
baled. Concentration of about half of the solid waste is accomplished by 
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compress ion in a commerc ia l - type hydraulic baling p r e s s . The baled 
ma te r i a l and other nonbalable ma te r i a l is packaged into a final container 
for off-site disposal . This container , fabricated of 12-gauge steel , r e in ­
forced with angle iron, is 4 feet wide by 5 feet long by 6 feet deep. A steel 
lid with a bui l t - in gasket when bolted to the bin resu l t s in a shipping unit of 
sufficient integrity to meet the requ i rements for in ters ta te t ransporta t ion 
on public c a r r i e r s . La rge r components of shippable waste , such as 
55-gallon d rums of solidified liquid waste and major components of pilot 
operat ions , t r anspor ted direct ly to the Waste Storage Area , a re handled 
s imi la r ly to baled ma te r i a l . 

Five underground storage vaults , some of which a r e shown in 
Figure 7, provide the t empora ry s torage requ i rements for the Laboratory. 

Three of the vaults , con-
F igure 7 s t ructed of reinforced con-

^ , „ „ Crete, a r e in the shape of 
Some of the Tempora ry Storage , ._ , . 

„ .,. , „ , . , , „ an open box with a drainage 
Fac i l i t i es for Solid Waste - . , .-, , r^. 

,^ . , , , control on the bottom. These 
Argonne National Labora tory , ^ r,r J- ^ i •• 

" a r e about 95 feet long by 
__̂  13 feet wide by 11 feet deep. 

They extend some 8 feet 
below grade and will accom­
modate a total of 38 bins 
each. After the bins a re 
placed in the vault, a 1 -foot-
thick concrete lid is placed 
above the bins. Protect ion 

^_ from the weather is p r o -
vided by peaked wooden roof 

y>-- -̂  sections covered with t a r 
paper . Storage space for 
approximately five yea r s 
exists in these vaults . The 

fourth vault, of reinforced concre te , constructed in the open box shape, 
consis ts of six adjacent ce l l s , each cell 6 feet by 10 feet in a rea by 21 feet 
deep. The vault, some 18 feet below grade , is uti l ized for storage of bulky 
and highly active i tems of was te . The fifth storage vault is an assemblage 
of ver t ica l pipe cas ings , 4-inch to 10-inch diameter , cas t as pa r t of a con­
cre te slab. Its dimensions a r e 12 feet by 30 feet in a r ea by 21 feet deep, 
with 19 feet below grade . The pipe casings serve as receptac les for alu­
minum naap ca se s and s imi lar ly sized conta iners . Six-inch-thick lead 
plugs a r e used to cap the exposed pipe cas ings . Storage space for some 
9 to 10 yea r s is available in the las t two descr ibed vaults . A 5-ton-capacity 
gantry crane provides the ineans for the handling of vault l ids, roofs and 
miscel laneous equipment requ i red for s torage operat ions . It direct ly 
se rv ices the 6-cel l s torage vault . This allows for the remote control 



handling of the crane in connection with the storage of high-level waste. 
Various types of remote control equipment, such as drum tongs, various 
size chutes, guide rods and accessory slings, are utilized in these 
operations. 

At present , one shipment of packaged waste is anticipated per 
year . In April 1957 a 240-bin. 12-car shipment was made to the Oak Ridge 
National Laboratory. Pr ior to shipment each bin was numbered, the average 
weight determined, and a radiation survey made of the five exposed bin sur­
faces. The 240 bins were loaded at the Waste Collection Area onto a low-boy 
t ra i ler by a mobile crane and transported to the railroad siding on the site. 
Here they were loaded by another crane into the railroad ca r s . Each car 
was shored to insure minimum movement of material during transi t . A 
final radiation survey was made of each car to insure compliance with ICC 
regulations. The combined operation was completed in about 4 days, uti­
lizing personnel of the Plant Services, Materials Handling and Industrial 
Hygiene and Safety Divisions. 

A tabulation of total solid waste representing the accumulation 
for the Fiscal Year 1957 is shown in Table 21. It is separated into the 
various operations and level of activities that are encountered in the waste 
disposal program at Argonne National Laboratory. Approxim.ately 97 per 
cent of all solid wastes were considered low level and prepared for off-site 
disposal. 

Table 21 

ACCUMULATION OF SOLID WASTE FY 1957^ 

Tota l Volume Low- leve l 
Waste Col lec ted 

Volume Low- leve l Waste 
Concen t ra t ed 

Tota l Low- leve l Waste 
P a c k a g e d for Shipm.ent 

Col lect ion and Stora-ge, 
High Leve l 

23,900 

10,200 

16.100 

850 

cu ft 

c u f t ^ 

cu ft 

cu ft 

^Management of Radioactive Wastes at 
Argonne National Laboratory, Statement 
for the Record, Hea-rings on Industrial 
Radioactive Waste Disposal, JCAE, 
86th Congress of the United States, Vol 1, 
page 708. August. 1959. 

Compressed volume - 2400 cu ft 
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Liquid Wastes 

The approximate liquid waste volumes of various types which 
may be expected from a research institution are indicated in Table 22. The 
varied propert ies of the different liquid ¥/astes present problems which 
cannot be handled in a single system. Consequently there are four major 
systems in use at the Argonne National Laboratory. A general schematic 
of these systems is shown in Figure 5, The following resume covers the 
physical operations of the disposal system for the Fiscal Year 1956. 
Current figures have increased by about 20 per cent. 

Table 22 

EXPECTED WASTE VOLUMES FROM 
A RESEARCH LABORATORY^ 

Type of Waste 

Sanitary Sewage 

Monitored Laboratory 
Drain Wastes 

Laboratory Cooling Water 
(U nmonito red) 

Processed Radioactive Wastes 

Volume, 
g alio ns/{ day) 
(employee) "̂  

100 

6.5 

60 

0,1 

^Data from Argonne National Labora.tory, 
Fiscal Year 1959. 

°Based on total employment - 3700. 

The first system is the sanitary system which flows to the 
sewage treatment plant, the outfall of which goes to the Des Flames River. 
No radioactivity is knowingly permitted in this system. The second, a 
siTiall one, is a plating waste t reatment plant which handles plating and 
pickling wastes from the Metallurgy Division. The effluent from this plant 
discharges into the sanitary sewa,ge system In the handling of radioactivity 
two systems are used. In the f irs t place, the working scientist is expected 
to put active liquid waste into supplied containers. These nia.y be shielded 
or unshielded as required These contadners are picked up on request and 
trucked to the Waste Processing Building, The producing scientist has the 
responsibility ol providing information concerning the content of the waste 
These wa,stes a re then processed by -%farious means, as v/ill bs explained 
later (Chapter 5). and the effluent discarded via the Labora.tory Waste 
Treatment Plant. The final system is the so-called retention tank system 
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All sink drains in a reas in which radioactivity is used are conducted to r e ­
tention tanks. These a re 1500-gallon glass-lined tanks operated in pa i rs . 
When one is full, flow is diverted to the other, a sample taken and checked 
for radioactivity. If it is above the m.axim.um permissible discharge level, 
it is pumped out into a tank truck and trucked to the Waste Processing 
Building for treatment. If it is below this level, it is discarded directly to 
the Laboratory Waste Treatment Plant. Each of these system.s will be 
discussed in more detail and operating figures for the fiscal or the calendar 
year 1956 given. 

Sanitary System 

The sanitary system and sewage treatment plant consist -of the 
following equipment; comminuter.. Dorr Clarigester , trickling filter, final 
clarifier, sand sewage f i l ters , chlorine-contact tank and sludge drying beds. 
The plant was designed for an average 24-hour flow of 217,000 gallons/day, 
a peak rate of 570,000 gallons/day, and a maximum storm rate of 
1,300,000 gallons/day. The design flowrate has been continuously exceeded. 
Nevertheless, the quality of the effluent has continued very high, due chiefly 
to final intermittent sand filtration. The average BOD reduction of 94.1 per 
cent and the average effluent BOD of 3,6 ppm are well within operating goals. 
The actual discharge to the Des Plaines River is a combination of sewage 
treatment plant effluent and Laboratory Waste Treatment Plant effluent 
discharged at an average ratio of 2.1 to L The effluent BOD from Labo­
ratory Waste Treatment Plant varies between 0,6 and 45 ppm and averages 
10 ppm. It follows that the BOD of the combined discharge averages 5.7ppm. 
This discharge is within operating goals and meets the state cr i ter ia for 
sewer effluent discharges to the Des Plaines River. 

Composite samples of the sewage plant effluent and the digested 
sludge are regularly checked for activity. No activity above MPL has been 
detected in the sewage plant effluent. Activity above MPL has been found 
in the digested sludge, requiring its disposal as solid active waste. 

Plating Waste Treatment Plant 

A small plating waste treatment plant handles some special 
metallurgical wastes . The plant contains three batch retention tanks which 
are used for plating, cyanide and pickling wastes. The principal equipment 
consists of recirculation pumps, agitators, a chlorine feeder, a sulfur 
dioxide feeder, a caustic feeder, filters and pH indicating and control 
equipment. 

Removal of cyanide is accomplished by chlorination with basic 
pH control. ChromLium. is rem.oved by treating with sulfur dioxide and 
caustic; acid wastes are merely neutralized. Copper and heavy metals are 
removed by precipitation with sodium hydroxide. The effluent from this 
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plant is d ischarged to the sewage t r ea tment plant. The chief goals of this 
plant a r e to prevent the discharge of copper, chromium and heavy meta ls 
in quantities that would affect the biological operation of the sewage plant, 
to reduce cyanide to nontoxic const i tuents , and to adjust the pH. About 
400,000 gallons pe r year a r e t rea ted . 

Trea tment of Active Liquid Wastes 

The operating philosophy of the active waste t rea tment system 
at Argonne is based upon a high degree of segregation at the point of p r o ­

duction of the waste . The 

F igure 8 

A Typical Retention Tank Ins ta l ­
lation for Monitoring Labora to ry 

Drains 

I* 

•T 1/ 

operating scientist is asked 
to put any active wastes into 
containers , which a re supplied 
to him upon request , and r e ­
moved whenever he des i r e s . 
He is requested to provide 
information concerning the 
chemical and radiochemical 
constituents of the wastes 
that he has produced. These 
a r e then trucked to the Waste 
Process ing Building. The 
total volume thus collected 
each month seldom exceeds 
a thousand gallons. 

No radioactivity is 
knowingly permit ted in the 
Laboratory dra ins . However, 
to provide complete control 
of Laboratory effluents, the 
drains in active working 
a r ea s a r e connected to r e ­
tention tanks. These a re 
g lass- l ined tanks of 1500-
gallon capacity (see Figure 8). 
They operate in pa i r s . When 
one is full, flow is diverted 
to the other , a sample taken 
and its radioactivity content 
determined. The maximum 
permiss ib le level (MPL) for 
building retention tanks is as 
follows: 
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1. Gross count (alpha plus beta) >1000 dpm/ml : P roces s , 

2. Gross count <1000 dpm/ml but >100 dpm/ml : Analyze for 
Sr ' ° and count for total a. 

a. Sr ' ° level >_10 dpm/ml and/or a level > 5 dpm/ml : 
P rocess , 

b . Sr ' ° level <10 dpm/ml anda l eve l <5 dprn/mil: Discharge 
to Waste Trea tment Plant , 

3. Gross count <100 dpm/ml : Discharge to Laboratory Waste 
Trea tment Plant . 

If the radioactivity found is below the MPL, the waste is pumped directly to 
the Laboratory Waste Trea tment Plant . If above MPL, the water is pumped 
into a portable tank and t rucked to the waste process ing a rea . 

It is expected that most of the t ime activity found in the reten­
tion tanks will be l e s s than MPL. Operating experience has been very 
good in this r egard . During the f iscal year 1956, 98 per cent of the reten­
tion tanks were below MPL and discardable direct ly. The opera,ting ex­
per ience is indicated in Table 23. 

Table 23 

ARGONNE NATIONAL LABORATORY 
OPERATION OF LABORATORY DRAIN WASTE SYSTEM^ 

July 1, 1955 through June 30, 1956 
T 

Volume, 
gal lons 

Retention tanks s amp le s and 
analyzed 

Retention tanlcs belov/ m a x i m u m 
p e r m i s s i b l e level for d i s ­
charge to la,boratory was te 
t r e a t m e n t plant 

Retention tanks above m a x i m u m 
p e r m i s s i b l e level for d i s ­
cha rge to l a b o r a t o r y was te 
t r e a t m e n t plant 

7,191,750 

7,097,725 

94,025 

^Management of B-adioactive Wastes of Argonne I»Iational 
Labo ra to ry , S ta tement for the Record ,Hear ings on Indus 
t r i a l Radioact ive Waste Disposa l , JCAE, Both C o n g r e s s 
of the United S ta t e s , Yol 1, page 70S, August , 1Q59. 

"Retent ion tanhs above g r o s s p e r m i s s i b l e 
digc'ic.rge lei.el 59 

Retention tanks above alpJia p e r m i s s i b l e 
disch8.rge le-/ol 2-1 

S.etention tanks above SErontiuiTi-9U 
pe ' -miesible d i s cha rge level 3 



Active was t e co l l ec ted in v a r i o u s po t s and con ta ine r s and the 
above - to l e r ance re t en t ion tanks a r e t r e a t e d at a cen t r a l p r o c e s s i n g facil i ty 
(Building 310) whe re in t h e r e is equipment for evapora t ion , f i l t ra t ion, f loc-
culat ion, c o n c r e t e sol idif icat ion, v e r m i c u l i t e absorp t ion , solvent washing 
and ion exchange . These wil l be d i s c u s s e d in Chap te r s 5 and 6. The co l ­
l ec ted w a s t e s a r e t r e a t e d in wha teve r m a n n e r will give the needed decon­
tamina t ion a t the l e a s t cos t . Opera t ing exper i ence for the ca lendar y e a r 
1956 is shown in Table 24. 

Table 24 

ARGONNE NATIONAL LABORATORY 
OPERATION O F RADIOACTIVE LIQUID WASTE 

TREATMENT BUILDING^ 

J a n u a r y 1, 1956 through December 31 , 1956 

Waste T r e a t e d by 

Evapora t ion 
F i l t r a t i o n 
Ion Exchange 
F loccu la t ion 
Concre t e Solidif icat ion 
V e r m i c u l i t e Absorp t ion 
Solvent Washing 

Total 

Volume, 
gal lons 

159,330 
3,850 

0 
23,450 

30 
980 
280 

187,920 

^Management of Radioact ive Was tes of 
Argonne National Labo ra to ry , S ta tement 
for the Record , H e a r i n g s on Indus t r ia l 
Radioact ive Waste Disposa l , JCAE, 86th 
C o n g r e s s of the United S ta tes , Vol 1, 
page 708, August , 1959. 

These t r e a t e d w a s t e s a r e a l so d i scha rged to the Labora to ry 
Waste T r e a t m e n t P l an t along with the re ten t ion tank w a s t e s which w e r e 
d e t e r m i n e d to be below M P L and with cooling wa te r which b y p a s s e s the 
r e t en t ion tanks 

The L a b o r a t o r y Waste T r e a t m e n t P lan t , p a r t of which is shown 
m F i g u r e 9, c o n s i s t s of the following p r inc ipa l un i t s : 

a) manua l ly r a k e d b a r s c r e e n for sc reen ing c o a r s e suspended 
m a t t e r , 



b) pH recording and control equipment, dry chemical feed 
machines , mixing tanks for automatic pH cor rec t ion by 
ineans of caust ic addition; 

c) four 70,000-gallon tanks containing rec i rcu la t ion facili t ies 
and sludge s c r a p e r mechanism for equalizing the pH and 
collecting the sett led sludge; 

d) one ra te control ler to control the discharge flow; and 

e) one 385,000-gallon capacity ear th lagoon for emergenc ies . 

F igure 9 

Por t ion of Labora tory Waste 
Trea tment Plant at 

Argonne National Labora tory 

T J. 

^ 

The plant was designed to neutra l ize acid was tes by means of 
caustic addition. It was designed to t r ea t a total flow of 137,000 gallons 
per day at a peak ra te of 420,000 gallons per day. Since this t ime the 
original tank capacity of this plant has been doubled from two to four 
70,000-gallon holding tanks. The plant is so a r ranged that it can be oper ­
ated by the batch method or by continuous flow. 

The MPL for final effluent discharge were establ ished in 1954 
at the ra tes shown in Table 25. 
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Table 25 

YEARLY DISCHARGE GOALS FOR VARIOUS TYPES OF ACTIVITY 

Type of Activity 

AJpha Emit ters 
Beta Emit ters (other 

than Strontium-90) 
Strontium-90 

Yearly Discharge, 
curies 

0.15 

10 
0.45 

Equivalent 
Concentration, 

/ ic/ml 

2.5 x 10"^ 

1.67 X 10"^ 
7.5 X 10"^ 

Reducing these values to operating levels for discharge of the 
70,000-gallon batches of waste from the Laboratory Waste Treatment Plant 
results in the following rules : 

1. Gross count (alpha plus beta)>_125 dpm/ml: 
Hold for process . 

2. Gross count <125 dpm/ml, but>.5 dpm/ml and/or a count 
>1 dpm/ml: Analyze, 

a. Sr '" level >2 dpm/ml and/or a level >1 dpna/ml: 
Obtain ruling from Industrial Hygiene & Safety 
Division as to disposition. 

b. Sr'^ level < 2 dpm/ml and a level <1 dpm/ml: 
Discharge to outfall. 

3. Gross count<5 dpm/ml and a count <1 dpm/ml: Discharge 
to outfall. 

It should be noted from U.S. Department of Commerce Hand­
book 69,^ ' that the only maximum permissible concentrations which could 
be exceeded using these MPL values would be I^^' for a 40-hour week and 
I^^' and Ra^^* for a 168-hour week. The additional dilution contributed by 
the Des Plaines River has not been included in the calculations. 

Operating resul ts for the fiscal year of 1956 are shown in 
Table 26. 

Gaseous Wastes 

The bulk of the gaseous wastes comes from hood and cave 
exhausts. Chemical, metallurgical or biological operations involving radio­
active mater ia ls , as well as operations using hazardous although nonradio­
active mater ia ls , are done in hoods. The exhaust from such a hood may run 
from one thousand to several thousand cubic feet per minute. In the Chem­
istry Research laboratory building alone there are 175 of these hoods 



Table 26 

ARGONNE NATIONAL LABORATORY 
LABORATORY WASTE TREATMENT PLANT OPERATION 

July 1, 1955 through June 30, 1 

Tota l n u m b e r of Tanks Analyzed 
Total Gallons Discha rged 
Number of Tanks Containing Activi ty 

above P r o v i s i o n a l M P L 
Tota l Gal lons in above Tanks 

L956 

I . I U 
63,986,360 

2 
123,770 

Disposi t ion: Both tanks w e r e d i s c h a r g e d to the E m e r ­
gency Lagoon. The E m e r g e n c y Lagoon 
contents w e r e eventual ly d i s c h a r g e d through 
the outfall s e w e r , the effluent of which was 
below prov i s iona l M P L as a r e s u l t of (1) d e ­
cay, (Z) di lut ion due to ra infa l l and l abo ­
r a t o r y was t e overf lows into the lagoon. 

Radioact ivi ty D i scha rged to the L a b o r a t o r y Outfall 

Type of Activi ty 

Alpha E m i t t e r s 
Be ta EmittCBS 

(Other than 
S t ron t ium 90) 

S t ron t ium 90 

Year ly M P L 

150 m i l l i c u r i e s 

10 c u r i e s 
450 m i l l i c u r i e s 

Act ivi ty D i scha rged 
Ju ly 1, 1955 through 

June 30, 1956 

13.7 m i l l i c u r i e s 

0.135 c u r i e 
0.42 m i l l i c u r i e ^ 

Minimum. "pH" of Raw Waste 
Max imum "pH" of Raw Waste 
Min imum "pH" of T r e a t e d Waste 
Max imum "pH"of T r e a t e d Waste 
Min imum BOD T r e a t e d Wastes-
Max imum BOD T r e a t e d Was te^ 
A v e r a g e BOD T r e a t e d Wasted 

0.7 
9.7 
5.2 
9.7 
0.6 ppm 

45 ppm 
10.2 ppm 

^ R e s u l t s obta ined f rom occas iona l checks of tank contents 

"Resu l t of specif ic a n a l y s e s . Tota l volume d i s ca rded if 
j u s t a t de tec t ion l imi t would be equivalent to 300 m c . 
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Easi ly access ib le at the back of the hood a r e four pref i l te rs that 
even out the a i r flow throughout the hood volume and serve as pref i l te rs for 
both dust and radioactivity, thus lessening the load on the r e s t of the system. 
The exhaust gases a re conducted through a final f i l ter before they reach the 
blower that d ischarges them through 3-foot stacks on the roof. 

Radiation Safety personnel periodical ly survey f i l ters to insure 
that personnel working in close proximity a r e not exposed to radiation above 
the pe rmis s ib l e level. Pe rsonne l of the Reclamation Department a re r e ­
quested to install new f i l ters when par t icula te mat te r retained on the fi l ter 
r e s t r i c t s the passage of a i r below the l imi t p resc r ibed by design r equ i r e ­
ments or when the level of radioactivity r i s e s above the permiss ib le level. 
The removal and installation of f i l te rs includes the delivery of the spent 
f i l ters to the Waste Storage Area where they are disposed of as solid waste . 

Tools used to machine uran ium a re each individually hooded. 
Metal and oxide dusts make up the bulk of the contaminants in the 
1,200 cu f t /min discharged from each of these machines . These dusts a r e 
removed in a Rotoclone sys tem. The Rotoclone consis ts of two sections: the 
f i rs t , a water impingement tank, the second, an e lec t ros ta t ic precipi ta tor . 
The liquid scrubber waste is eventually trucked to the Waste Process ing 
Building for further p rocess ing . 

Costs 

The total capital investment in the Argonne waste disposal system 
is $2,740,000. The annual operating charges are about $340,000 or roughlyone 
pe r cent of the total Labora tory budget. These data a re shown in Table 27. 

Table Zl 

CAPITAL AND OPERATING CHARGES FOR THE 
ARGONNE NATIONAL LABORATORY 

WASTE DISPOSAL SYSTEM 

Capital Cost of Facilities 

Solid Waste System 
Liquid Waste System 
Gaseous Waste System 

Total 

Ai 

Capital 
Investment 

$ 180,000 
1,865,000 

695.000 
$2,740,000 

Equipment 

t 23,000 
215,000 

3238,000 

mual Operating Cost ^•'̂  

Solid Waste System 
Liquid Waste System 
Gaseous Waste System 

Total 

l 203.000 
2,080,000 

695.000 
s;2,978,000 

$ 90,000 
190,000 
60,000 

3340,000'= 

^Includes all operations, maintenance, amortization and 
overhead. 

^Amortization and depreciation totals $88,500 

CFor Fiscal 1957 
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PROBLEMS FOR CHAPTER 2 

1. How many curies of activity a re mined each day by the uranium 
mining industry at the current production ra te ? 

2. Radon diffusing out of rock in a mine is free of any daughter 
products. Taking the major decay products as 

Rn^zz 3.825 d^ 218 M5.™i£ puZW 26.8 min 
a a ^ 

Bi2»4 19.7 min ^^^14 0.00016 se^ ^^^ip 19.4 y ^ 
^ a ^ 

calculate how long it takes for Po ^ and Pb^*'* to reach their maxima. 

3. Estimate the quantity of radium-226 and thorium-230 (ionium) which 
is stockpiled at various places in this country. Where will most of it be 
found ? 

4. The uranium lost into the gaseous waste s t reams at the Oak Ridge 
and Paducah gaseous diffusion plants is largely natural uranium. Taking 
its value as $40/kg, what is the total yearly dollar loss from the two plants ? 

5. Convert the data of Table 16 into curies/gallon of initial high-level 
waste, assuming that 1000 gallons of waste are produced per ton of uranium 
processed. Compare this result (at 90 days) to the result you obtained in 
Problem 2, Chapter 1, for a total of eight isotopes assuming that this fuel 
is burned to 2500 Mwd/ton. 

6. Assuming that the average energy of disintegration is 1 Mev, con­
vert the answers of Problem 5 to watts/gallon and Btu/(hour)(gallon). 

7. Coppinger and Tomlinson give data from which an "effective h" for 
transfer of heat from a buried tank to soil can be deduced to be approxi­
mately 0.2 Btu/(hour)(sq ft)(F). Making the very simplifying assumptions 
that this is for average soil and that the heat removal will be proportional 
to the surface a rea of the tank and to At, estimate the temperature in 
spherical tanks of 10,000-, 100,000-, 500,000- and 1,000,000-gallon capacity 
holding waste generating 20 Btu/(hour)(gallon). If the temperature reaches 
the boiling point estimate the boilup ra te . 

8. Using your solution to Problem 2 of Chapter 1, estimate how long 
the 500,000-gallon tank of Problem 7 will boil. 

9. A lOO-Mw (t) reactor is cooled by once-through river water which 
is permitted to increase 10 F upon going through the reactor . Assume that 
1 gallon of the high-level waste described in Table 16 were mixed with this 
cooling water effluent. How long would the reactor have to operate to p ro ­
duce sufficient cooling water to dilute this high-level waste just to MPC? 



CHAPTER 3 

HANDLING OF GASEOUS WASTES 

In the second chapter, consideration was given to the overall 
systenas of waste inanagement in use at various s i tes . In this chapter 
the details of processes which are available for handling gaseous wastes 
will be covered. In subsequent chapters methods for solids and liquids 
will be detailed. These processes have been studied rather extensively 
and there is a wealth of information available on many of thena. They 
are available for use within the framework of any waste management 
procedure. 

Gaseous wastes may truly be gases but more likely the activity 
associated with a gas s t ream will be contained in various forms of sus­
pended solid or liquid par t ic les . Definitions of some of these forms are: 

Aerosol - a dispersion of solid or liquid part icles of microscopic 
size in gaseous media. 

Dust - a t e rm loosely applied to particles of solid capable of 
being suspended in a gas. Size of particles can vary 
from microscopic to visible. 

Fume - solid part icles formed by condensation from the gaseous 
s tate . 

Smoke - small part icles of liquid or solid, usually formed by in­
complete combustion and consisting primari ly of carbon 
or other combustible mater ia l suspended in a gas s t ream. 

Mist - a t e rm loosely applied to dispersions of liquid particles 

m a gas. 

Fog - a visible mis t fornned by the condensation of water. 

Gas 
Mixture - a state of dispersion in which the dispersed material is 

in units of molecular s ize . 

In Table 28 there a re listed ten gaseous radioisotopes and their MPC 
values for continuous exposure. Note that most of them have MPC values of 
the order of 10"^ or 10"' | i c / c c . Comparing this with Table 9 (Chapter l) it 
may be seen that the MPC for a completey unidentified source is 
4 x 1 0 •* jic/cc and that no beta emitter requires a limit lower than 10"** ^c/ 
cc. Thus not only is the activity of a gas s t ream raore likely to be associated 
with aerosols , but these are considerably more hazardous than the true 
gases . This is a ra ther fortunate circumstance since there are more ways 
to get at the removal of aerosols than of gases . The methods to be considered 
herein a re ventilation control, filtration, electroslat ic precipitation, scrub­
bing, and chemical adsorption. 



Table 28 

MAXIMUM PERMISSIBLE CONCENTRATIONS OF 
SOME RADIOGASES IN AIR (For 168-hour Week) 

Isotope 

tf 
C " (CO2) 
Cl^* 
A « 
Kr^5 
Ru^"* 
jl29 

j lSl 

X e " ' 
Xe"5 

Half- l i fe 

12 y e a r s 
5570 y e a r s 
4 X 10^ y e a r s 
1.82 hour s 
9.4 y e a r s 
1.0 y e a r 
1.7 X 10'̂  y e a r s 
8.14 days 
5.27 days 
9.2 h o u r s 

MPC, 
/ i c / c c of 

air^-

5 X 10"* 
10-^ 
10"^ 

4 X lO"'^ 
10 '^ 

3 X 10-8 
6 X 10"i° 
3 X 10-9 
3 X 10"* 

10"^ 

'National Bureau of Standards Handbook 69, 
June 1959. 

Sampling (^9) 

In handling any radioactive waste a reasonably accurate sample is 
des i rable . In some cases , part icularly for solids, this is practically im­
possible. Gases may be samples with a variety of devices, but obtaining 
a meaningful sample may be quite difficult. The various types of d i s ­
persions defined require somewhat different t reatment . 

No naatter what form gas contamination takes, the condition is 
likely to be t ransi tory and localized. Therefore, samples taken over a 
short period of time can be misleading. Selection of the sample point is 
part icularly important; a sample taken a few feet from the actual breath­
ing zone may be quite unrepresentative of the actual exposure. Ideally, 
samples should be obtained continuously from a variety of points. 

The most common air-sampling devices employ filtration. Such 
a unit would contain a source of suction, a flow-measuring device, and a 
holder containing the filter medium. Various crys ta ls , glass fibers, 
minera ls , plast ics , sand, and other mater ia ls may be used as filter media, 
but those most generally used are papers , some of which are listed in 
Table 29, The al l-cel lulose filter papers (Whatman) a re cheap, can be 
counted directly with low loss , and can be dissolved in reagents for 
analysis . They have low resis tance to heat and mois ture . Cellulose and 
asbestos papers (CWS, HV-70) are more expensive, more resis tant to 



Table Z9 

FILTER PAPERS USEFUL IN AIR SAMPLING^ 

Designation 

HV-70 

CWS-6 

MSA type S 

Glass paper 

Glass paper 

Whatman No. 1 

Whatman No. 4 

Whatman No. 40 

Whatman No. 41 

Whatman No. 41-H 
Whatman No. 42 

Whatman No. 44 
Whatman No. 50 
Whatman No. 52 
Millipore HA 

Millipore AA 

Manufacturer 

Hollingsworth and 
Voss 

Chemical Corps 
Cambridge Fi l te r Corp. 
F landers Mill 
Mine Safety Appl. Co. 
MSA 

MSA 1106-B 

Hurlburt X935-B 

Balston, Ltd. 

Balston, Ltd. 

Balston, Ltd. 

Balston, Ltd. 

Balston, Ltd. 
Balston, Ltd. 

Balston, Ltd. 
Balston, Ltd. 
Balston, Ltd. 
Lovell Chemical Co. 

Lovell Chemical Co. 

Reference 

b,d,e,f 

b,c,d,e 

b,c 

d,e,f -} 
f 

b,f J 

b,f 

b 

b,d,e 

b,c,d,e,f 

b 
b,f 

b 
b 
f 
b .g 

b .g 

Usage 

General, cannot be 
dissolved 

Same 

Low resis tance, must 
be ashed before counting 

High strength and chemical 
res is tance 

Can be leached but not 
dissolved 

Cheap, available, can be 
dissolved 

Cheap, available, can be 
dissolved 

Cheap, available, can be 
dissolved 

Variable quality, can be 
dissolved, widely used 

Higher res is tance , s t ronger 
Cheap, available, can be 

dissolved 
High efficiency 
Cheap, available 
Cheap, available 
Dissolves in solvents, high 

res is tance , low strength 
Lower res is tance than HA, 

fragile 

3-Hanson Blatz, Editor, Radiation Hygiene Handbook, McGraw-Hill Book Co, New York 
(1959) Section 20. 

^Smith, W. J. and N. F . Surprenant, P roper t i e s of Various Fi l ter ing Media for 
Atmospheric Dust Sainpling, presented at meeting ASTM, Philadelphia, Pa . 
July 1, 1951^ 

'^Adley, F . E. et a l . . A Study of Efficiencies and P r e s s u r e - d r o p Character is t ics of 
Air-fi l tering Media. Docume"nt HW-Z8065, Hanford (August 10, 1953). — 

^Fitzgerald, J. J. and C. G. Detwiler, Collection Efficiency of Air-cleaning and Air-
sampling Fi l ter Media, Am. Ind. Hyg. Assoc. Quart. , 1_6, 122-130 (June 1955). 

^Fitzgerald, J. J. and C. G. Detwiler, Collection Efficiency of Air-cleaning and Air -
sampling Fi l te r Media in the Par t i c le Size Range of 0.005 to 0.1 Micron, KAPL-1463 
(Dec. h 1955). 

^L. Silverman and P . L a T u r r e , Collecting Efficiencies of F i l t e r Papers for Sampling 
Lead Fume, A.M.A. Arch. Ind. Health, U 243 (1955). 

gM. W. F i r s t and L. Silverman, Air Sampling with Membrane F i l t e r s , A.M.A. Arch. 
Ind. Hyg. and Occup. Med., 7, 1-11 (January 1953). 
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hea t and m o i s t u r e , and can be counted d i r ec t l y with a somewha t h ighe r 
l o s s ; they cannot be d i s so lved . The g las s p a p e r s a r e m o r e expens ive and 
quite va r i ab l e in qual i ty . They have high s t r eng th even when wet and a r e 
highly r e s i s t a n t to m o s t c h e m i c a l s and to hea t . They can be counted 
d i r ec t ly with low l o s s but cannot be d isso lved . Mi l l ipore f i l t e r s a r e 
s i eves made f r o m p l a s t i c m e m b r a n e s p e r f o r a t e d with sma l l conical h o l e s . 
They a r e expens ive , f r ag i l e , and r e q u i r e specia l h o l d e r s , but they a re 
highly efficient. They a r e soluble in many organic so lvents and they 
can be r e n d e r e d t r a n s p a r e n t with m i c r o s c o p e i m m e r s i o n oil . 

E l e c t r o s t a t i c p r e c i p i t a t o r s have been u sed for fume and dust 
sampl ing . They have not been widely u s e d for r ad ioac t ive s a m p l e s ex ­
cept in c a s e s where the s a m p l e is to be subjec ted to subsequent chemica l 
manipu la t ion . 

Impingement and impac t ion d e v i c e s put the gas to be s am p led 
through a je t to i n c r e a s e i t s veloci ty and col lec t the p a r t i c l e s in a l iquid 
( impingement) or o n t h e su r f ace of a p la te ( impact ion) . Nei ther is effi­
c ient for fine dust and hence t h e i r use fu lness in r ad ioac t ive gas sampl ing 
is l im i t ed . F o r hot wet a t m o s p h e r e s they s o m e t i m e s have to be u sed . 
Inc ine ra to r s t ack g a s e s a r e often s a m p l e d in this way. 

De t e rmina t i on of t r u l y gaseous ac t iv i ty is difficult. The technique 
m o s t gene ra l ly u s e d is to in t roduce a s ample of the gas into an ion chamber 
and m e a s u r e the ion c u r r e n t p roduced . 

Samples of p a r t i c u l a t e s obta ined by f i l t ra t ion or other m e a n s may 
be taken f rom the s a m p l e r and counted in a s e p a r a t e i n s t r u m e n t o r the 
counter m a y be m a d e a p a r t of the sampl ing dev ice . If f i l ter p a p e r s a r e 
u sed , c o r r e c t i o n s m u s t be m a d e for s e l f - a b s o r p t i o n in the p a p e r , p a r ­
t i cu l a r ly in counting a lpha e r a i t t e r s . This c o r r e c t i o n m a y be d e t e r m i n e d 
by counting the s ample on the p a p e r , then ash ing it , and plat ing out the r e ­
main ing act iv i ty on a m e t a l d i sk and recoun t ing . Se l f - abso rp t ion in 
Whatnnan 41 p a p e r has been m e a s u r e d to be about 30 p e r cen t . With 
m i l l i p o r e f i l t e r s , e l e c t r o s t a t i c p r e c i p i t a t o r t u b e s , and impac to r s l ides 
t h e r e is e s s e n t i a l l y no s e l f - adso rp t i on . 

Air sanaples m u s t a l s o be c o r r e c t e d for counts obta ined f rom the 
d i s in t eg ra t ion p r o d u c t s of r adon and thoron . Since the concen t ra t ion of 
these v a r i e s c o n s i d e r a b l y , no s t a n d a r d c o r r e c t i o n fac tor i s p o s s i b l e . If 
no app rec i ab l e thor o n - d e c a y p roduc t s a r e p r e s e n t , it is only n e c e s s a r y to 
al low the s a m p l e to decay for a few h o u r s , s ince the radon daughter 
p roduc t s a r e sho r t l ived and will decay out quickly . But the t ime n e c e s ­
s a r y to p e r m i t decay of the tho ron p roduc t s is too long to be p r a c t i c a l . 
In th i s ca se the s a m p l e i s gene ra l l y counted twice , once in about 4 hour s 
and one af ter 24 h o u r s . The t r u e count of long l ived alpha e m i t t e r s i s 
then given by 
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C ? - C i e 
C - —f—. -
^ " , -XAt 

1 - e 

whe re 

C2 = to ta l count a f te r 24 h o u r s (t^) 

Ci = tota l count af ter 4 h o u r s (ti) 

At = t2 - ti 

X = decay cons tan t for t h o r i u m B 

= 0 .693/10.6 = 0.0653 hr"* 

If the m e a s u r e m e n t s a r e made exac t ly at 4 and 24 h o u r s . At = 20 and 
e - A,At = 0 .271. In th i s c a s e 

C = (C2- 0.271 C i ) /0 ,729 

It is a p p a r e n t that th is p r o c e d u r e c a u s e s a delay in de t e rmin ing 
a i r - c o n c e n t r a t i o n da ta . No h a r d s h i p is o r d i n a r i l y thus innposed b e c a u s e it 
is only in the ca se of an e m e r g e n c y tha t i m m e d i a t e a n s w e r s a r e needed, and 
in an e m e r g e n c y the counts will be so high as to make the c o r r e c t i o n 
superf luous anyway. 

When gas s a m p l e s a r e t aken f rom duc ts , s t a c k s , or any flowing 
s t r e a m , addit ional p r e c a u t i o n s a r e n e c e s s a r y . The i n s e r t e d sampl ing 
lead should be as s m a l l a s p o s s i b l e so a s to d i s tu rb the flow p a t t e r n as 
l i t t le a s p o s s i b l e . It should point u p s t r e a m so that it is not n e c e s s a r y to 
bend the path of the p a r t i c l e . Suction to the s a m p l e r should be adjus ted 
so that the flow r a t e in the s ample tube m a t c h e s that in the s t r e a m being 
sampled . This l a t t e r condi t ion is known a s i sok ine t ic sampl ing . It is 
m o r e i m p o r t a n t the l a r g e r the p a r t i c l e s being sampled . F o r p a r t i c l e s 
s m a l l e r than 5 m i c r o n s it is not n e c e s s a r y . 

Vent i la t ion 

A p r i m a r y s tep in the handl ing of gaseous w a s t e s , one which appl ies 
to both g a s e s and a e r o s o l s , is the p r o p e r se lec t ion and opera t ion of ven t i l a ­
t ion flow p a t t e r n s . A r e a s conta ining r ad ioac t i ve m a t e r i a l should a lways be 
ma in t a ined at a p r e s s u r e negat ive to the a r e a s in which opera t ing p e r s o n n e l 
a r e to be p e r m i t t e d . A nega t ive p r e s s u r e equivalent to about 0.025 in. of 
wa te r is d e s i r a b l e . Sufficient a i r flow should be p rov ided so that a l i nea r 
ve loc i ty of at l e a s t 135 f t / m i n will be ma in t a ined at al l t i m e s th rough any 
opening to the working a r e a s , and such openings should be kept to a m i n i ­
m u m . It is d e s i r a b l e to a r r a n g e a i r flow p a t t e r n s so that c lean a i r moves 
p r o g r e s s i v e l y th rough m o r e and m o r e con tamina ted a r e a s and ex i t s through 



ducts from the most contaminated a r e a . This p rocedure has the advantage 
of a i r conservation^ which is pa r t i cu la r ly important in a i r -condi t ioned 
a r ea s and reduces the size of t rea t ing faci l i t ies . F igure 10 shows an 
example of a schematic layout for good ventilating flow pat te rn . 

F igure 10 

Desirable Ventilation Flow Pa t t e rn^ 

1 
i 

Offices at pressure P| 

1 
• ^ .. ' 

1 
' Direct supplied 

clean air 

* . Supply air flow 

^ Exhaust air flow 

Relative pressures 
Pi >P2>P3>P4>P5 

I Corridor at pressure Pg 
J . _ _ „ „ „... „ „ __ ™„ _ ...... 

f 
OpefQtion orea at pressure P^ 

Cell at pressure P4 
Reaction vessels ot pressure P5 

Stack 

^H. Etherington, edi tor , Nuclear Engineering Handbook, McGraw-
Hill Book Co., New York (1958) p . 11-134 

Air leaving the working a r ea s will general ly receive some form of 
cleanup t rea tment , after which it is safe to discharge it to the a tmosphere . 
Atmospher ic discharge is made in such a way that maximunn pe rmis s ib l e 
concentrat ions a re not exceeded. If cleanup has been quite thorough and 
t rue gaseous act ivi t ies a re known to be absent, d ischarge may be through 
quite short s tacks . Pa r t i cu l a r ly at production si tes where krypton, xenon, 
and iodine contribute the bulk of the remaining radioactivi ty, discharge is 
made through tall (about 200-ft) s tacks . 

Much study has been made of meteorological conditions in the 
immediate environs of most s i tes and of the d ispers ion of gases through 
s tacks . Under favorable weather conditions, the plume from an industr ia l 
smokestack will r i s e gradually as it flows down-wind, and gases will be 
d i spersed until only a negligible concentration preva i l s in the a tmosphere . 
There a r e , however, severa l adverse conditions which a r i s e occasionally 



to d i s t u r b th is o r d e r l y d i s p e r s i o n of the s t ack gase s , such as (1) a e rodynamic 
inf luences , (2) unfavorable t e r r a i n , (3) me t eo ro log i ca l and m i c r o m e t e o r -
olog'ical inf luences , and (4) the se t t l ing of p a r t i c u l a t e m a t t e r . 

The p a t t e r n s of flow which m a y be exhibi ted by a chimney p lume a r e 
as v a r i e d as the wea the r and the topography of the wor ld . The technique 
of e s t ima t ing and account ing for the d i s p e r s i o n of gases in the a t m o s p h e r e 
is b a s e d on the s e p a r a t e t h e o r i e s of Sutton and Bosanquet . These t h e o r i e s 
have b e e n subjec ted to a p p r o x i m a t e e x p e r i m e n t a l ver i f ica t ion by T h o m a s 
et al..,(30)(among o thers) who s tudied the d i s p e r s a l of sulphur dioxide in the 
env i rons of four widely s e p a r a t e d s m e l t e r s in w e s t e r n United States (see 
a l so page 139). 

The p r o c e s s s t acks at Hanford s tand 200 feet above grade and a r e 
c o n s t r u c t e d of r e i n f o r c e d c o n c r e t e with a f r e e - s t a n d i n g , s t a i n l e s s - s t e e l 
l i n e r , of 3 ft 9 in. ins ide d i a m e t e r . The l i n e r is capped at the top to 
cover the annulus be tween the s t ack and the l i n e r . A dished head an­
c h o r e d to the ba se of the s t ack is welded to the ba se of the l i ne r . The 
s t a i n l e s s s t ee l in le t b r e a c h i n g i s welded to the s tack l ine r and e n t e r s at 
a 4 5 - d e g r e e angle . Sampl ing poin ts a r e loca ted at the top and bot tom of 
the s t a ck . Spray r ings a r e i n s t a l l ed at t h r e e l eve l s for washing down the 
ins ide of the l i n e r . Condensa te accumula t ion is d ra ined f rom the s tack 
l i n e r to a d r a in t ank . It is e s t i m a t e d that app rox ima te ly 200 c u r i e s of 
krypton~85 p e r day a r e di luted by such a s t a ck to the m a x i m u m p e r m i s ­
sible concen t r a t i on . P a r t i a l di lut ion is ach ieved when 150 cfm of d i s s o l v e r 
g a s e s a r e m i x e d with 35,000 cfm of ven t i la t ion a i r . Another 500-fold 
dilution fac to r is n e c e s s a r y and th is is p rov ided by the s tack . 

Some s i t e s have found i t n e c e s s a r y at one t ime or another to t ie 
c e r t a i n of t he i r ope ra t ions to m e t e o r o l o g i c a l con t ro l , tha t i s , the m e t e o r ­
ologis ts have d ic ta ted whe the r or not a p a r t i c u l a r ope ra t ion could be c a r r i e d 
on at a given t i m e . It has s o m e t i m e s been n e c e s s a r y to wait s e v e r a l days 
for s a t i s f a c t o r y wea the r cond i t ions . 

F i l t r a t i o n 

J u s t as f i l t r a t ion i s the m o s t v e r s a t i l e method of gas sampl ing 
ava i l ab l e , it is a l so the m o s t widely u sed p r o c e s s for handling gaseous 
was t e s t r e a m s in bulk. P a p e r , sand, and g las s f iber f i l t e r s have been 
u s e d ex tens ive ly . 

P a p e r 

F o r a l m o s t al l r e s e a r c h p u r p o s e s the s o - c a l l e d AEC f i l ter is u sed . 
This f i l t e r was deve loped dur ing World War II for the Office of Scientif ic 
R e s e a r c h and Deve lopment and the C h e m i c a l War fa re S e r v i c e . The f i l t e r s 
a r e m a d e of a s b e s t o s - b e a r i n g ce l lu lose p a p e r by p lea t ing approx ima te ly 
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250 sq ft of filter medium in 11-in. pleats and fastening these into a 24-in. 
square plywood frame using a high-softening-point cement. A continuous 
str ip of filter paper is folded back and forth over pleated separator s lats . 
Top and bottom are carefully sealed to prevent leakage. Specifications 
and character is t ics of the AEC filter are given in Table 30. 

Table 30 

SPECIFICATIONS AND CHARACTERISTICS 
OF AEC FILTERS"''^ 

Sizes (in inches) 

8 X 8 X 5 J deep 

20 X 20 X 8 j deep 

24 X 24 X 8 ^ deep 

24 X 24 X 12 deep 

Capac i t i e s @ 1-in. 
wa te r p r e s s u r e 

drop (cfm) 

50 

450 

500 

800 

Fi l te r paper made from specially t reated chemical wood 
pulp and blue Bolivian Asbestos ('^15%). 

Thickness 

Ream Weight 

Resistance 

0.035 to 0.045 in. 

130 pounds 

4.3 inches water @ linear air velocity 
of 28 ft/min 

Percentage penetration on smoke tes ter generating 
0.3-micron-diameter par t ic les with air at 
28 linear f t /min 0.1% max 

^Etherington, H. (Ed.), Nuclear Engineering Handbook, 
McGraw-Hill Book Co., New York (1958), n - 1 4 3 . 

"Some manufacturers of this filter a re : Cambridge 
Fi l ter Corporation, Syracuse, New York; Flanders 
Mill, Riverhead, New York; and Mine Safety Appli­
ance Co., 201 N. Broddock Avenue, Pittsburgh, 
P enns yl vania. 

A high-temperature filter has also been developed, comprising an 
asbestos-bear ing glass-paper medium pleated in the same manner. This 
paper is inserted in a metal frame with aluminum foil separa tors . Its 
performance is comparable to the paper filters even at temperatures 



exceeding 250 C. I ts u s e is indicated not only for gas s t r e a m s at an 
e leva ted t e m p e r a t u r e but a l so for any ins ta l l a t ion handling high concen­
t r a t i o n s of p lu tonium or o ther s i m i l a r l y toxic m a t e r i a l s where a f i re 
could be c a t a s t r o p h i c . 

The opera t ing cos t of a p a p e r f i l te r ins ta l la t ion depends upon the 
life of the f i l te r , which in t u rn v a r i e s accord ing to condit ions in the a r e a 
in which the f i l t e r ing s y s t e m o p e r a t e s . Dusty condit ions in an a r e a will 
sho r t en the life span of any f i l t e r . The a v e r a g e life span of these f i l t e r s 
h a s been shown to be about 18 m o n t h s . Annual opera t ing cos t s for a 
10,000-cfm s y s t e m run app rox ima te ly $ 6 5 / l 0 0 0 cfm ins ta l l ed capac i ty . 

F i b e r g l a s 

F i b e r g l a s f i l t e r s a r e made up of s m a l l - d i a m e t e r (1 to 
30-m.icron) g l a s s f i b e r s packed to a low densi ty (1 to 6 I b / c u ft). They 
a r e u s e d in c a r d b o a r d o r m e t a l f r a m e s a s roughing p r e f i l t e r s , as v e s s e l 
v e n t s , and in deep packed beds for f i l te r ing l a r g e vo lumes of p r o c e s s a i r 
before d i s c h a r g e to a s t a ck . 

At Hanford cons ide r ab l e study has been made of col lect ion 
efficiency and flow r e s i s t a n c e of g la s s f i b e r s , using gases containing 
p a r t i c l e s with a g e o m e t r i c - m e a n p a r t i c l e d i a m e t e r of 0.2 to 0.7 m i c r o n 
and a dust loading of 0.2 to 0.4 g ra in p e r thousand cubic ieetA^^) The 
co l lec t ion efficiency can be e x p r e s s e d as 

dF = - log (1 - a) = C L ^ p b y c 

and the flow r e s i s t a n c e by 

A P = KL^' pY V^ , 

w h e r e 

d F = l o g a r i t h m i c decon tamina t ion fac tor 

A P = flow r e s i s t a n c e in inches of wate r 

L. = bed depth in inches 

p = packing dens i ty , I b / c u ft 

V = super f i c ia l ve loc i ty , f t / m i n 

a = co l lec t ion efficiency 

C,K = p r o p o r t i o n a l i t y cons tan t s 

a ,b , c ,x ,y ,z = e m p i r i c a l exponen t s . 



The cons tan t s w e r e d e t e r m i n e d in a s e r i e s of e x p e r i m e n t s 
and a r e given for the m o r e p r o m i s i n g g las s f ibe r s in Table 3 1 . Throughout 
the veloci ty r a n g e s tudied (0 to 75 f t /min) the efficiency for any p a r t i c u l a r 
f iber d e c r e a s e d with i n c r e a s i n g ve loc i ty . This ind ica tes that the p r e d o m i ­
nant m e c h a n i s m for r e m o v a l is diffusion. The fact that the exponent on the 
veloci ty termi in the p r e s s u r e - d r o p equat ion is unity ind ica tes that l a m i n a r 
flow ex i s t s throughout the flow range s tudied (5 to 100 f t / m i n in th is c a s e ) . 

Table 31 

EFFICIENCY AND PRESSURE DROP PARAMETERS F O R 
SOME GLASS F I B E R S ^ ' ^ 

Fiber Designation 

Fiber Diam, microns 

C 
a 
b 
c 
K 
X 

y 
z 

AA 

1.3 

4.6 
0.8 
1.0 

-0.2 
0.082 
1.0 
1.5 
1.0 

B 

2.5 

„ 

-
-

-0.25 
-
_ 
-

1.0 

55 

15 

0.085 
0.9 
1.1 

-0.4 
0.00043 
1.0 
1.6 
1.0 

115K 

30 

0.054 
0.9 
0.9 

-0.4 
0,00020 
1.0 
1.5 
1.0 

450 

115 

_ 
_ 
-

-0.5 

*A. G. B lasewi tz and W. C, Schinidt , T r e a t m e n t of Radioac t ive Waste 
G a s e s , P r o c e e d i n g s of the Second In te rna t iona l Confe rence on the P e a c e ­
ful Uses of Atomic E n e r g y , Geneva (1958) Vol. 18, 187^. 

"Cons tan t s for u s e with equat ion on page 87. 

Using t he se da ta c o r r e l a t i o n s , s e v e r a l dozen g l a s s f iber f i l t e r s 
have been des igned and put into opera t ion at Hanford. F low r a t e r e q u i r e m e n t s 
have v a r i e d fromi 15 to 125,000 cfm. One such f i l t e r , a s m a l l one, has b e e n 
u sed for v e s s e l v e n t s . The fo rmula t i on for th i s unit i s shown in Table 32. 
This f i l t e r m e a s u r e d 2.5 ft by 5,5 ft, with an effective c r o s s - s e c t i o n a l a r e a 
of 12 sq ft. It handled 250 cfm at a super f ic ia l vapor veloci ty of 20 f t / m i n . 
The data in Table 32 for efficiency and p r e s s u r e drop a r e ca l cu la t ed v a l u e s . 
The efficiency of the f i l te r h a s been m e a s u r e d at >99.9 p e r cent and is 
p robab ly c lose to the ca l cu l a t ed va lue . 

Another appl ica t ion is that of decon tamina t ion of the vent i la t ion 
a i r f rom c h e m i c a l p r o c e s s i n g canyons p r i o r to sending it to the s t a c k s . The 
or ig ina l f i l t e r s i n s t a l l ed w e r e sand (see next sect ion) but the newer ones 
have been m a d e of g l a s s f i b e r s . A f i l te r capable of handl ing 125,000 cfm 
with a co l lec t ion eff iciency of 99-9 p e r cent and a p r e s s u r e drop of 4 inches 
of wa te r has been bui l t . 



Table 32 

GLASS FIBER FILTER^'' '^ 

Layer 

Bottom 
Second 
Third 
Clean-up 

Total 

Type 
F iber ­
glas d 

115K 
115K 
115K 
AA 

-

Packing 
Density 

(Ib/cu ft) 

1,5 
3.0 
6.0 
1.2 

-

Bed 
Depth 
(in.) 

12 
10 
20 

1 

43 

Initial 
Efficiency^ 

(%) 

39 
53 
93 

99.9 

99.99 

Initial 
P re s su re 
Drop (in. 
of water) 

0.10 
0,24 
1.34 
2.20 

4.0 

3-Blasewitz, A. G. and Judaon. B . F , , Chem, Eng. P r o g . , 5 1 , 1, 6 j 
( January 1955). 

"A. G, B lasewi tz and W. C, Schmidt , T r e a t m e n t of Radioact ive Waste 
G a s e s , P r o c e e d i n g s of the Second In te rna t iona l Conference on the 
Peacefu l Uses of Atomic E n e r g y . Geneva (1958) Vol. 18. 187, 

'^In equation on page 87 i s a x 100 

^Owens -Corn ing d e s i g n a t i o n s . 

It i s c o n s t r u c t e d u n d e r g r o u n d and c o n s i s t s of two p a r t s , a fo re f i l t e r and a 
h igh-eff ic iency c leanup sec t ion . The fo re f i l t e r , whose pu rpose is to p rov ide 
an adequate ly useful l i fe t ime for the f i l t e r , cons i s t s of 84 inches of 115K 
F i b e r g l a s with sufficient a r e a to give a super f i c ia l veloci ty of 50 f t /m in . 
It i s packed so that t h e r e is a dens i ty g rad ien t of f rom 1.5 to 3.3 I b / c u ft 
f r o m the top to the bot tom of the bed. The high-eff ic iency sec t ion cons i s t s 
of 0.5 inch of B F i b e r g l a s at a dens i ty of 1,4 Ib / cu ft and 0,5 inch of AA 
F i b e r g l a s at 1.2 I b / c u ft It has a super f i c i a l veloci ty of 20 f t / m i n . Air 
flow is downward th rough the fo re f i l t e r (from the l e s s e r to the g r e a t e r 
packing dens i t i e s ) and then th rough the h igh-eff ic iency sec t ion . 

Opera t ing e x p e r i e n c e with t h e s e f i l t e r s h a s been good. Two 
p r e c a u t i o n s a r e n e c e s s a r y . The f i l t e r s m u s t be careful ly a s s e m b l e d to 
p r e v e n t bypass ing of the gas a round the ends of the high-eff ic iency sec t ions . 
And the f i l t e r s will not s tand r e p e a t e d soaking and drying without l o s s in 
eff iciency. 

Smal l g l a s s f ibe r p r e f i l t e r i n g uni ts a r e ins ta l l ed in the backs of 
hoods , where they s e r v e the dual function of evening out the a i r flow in the 
hood and of keeping the duct work be tween the hood and fan c lean . They a l so 
add m a t e r i a l l y to the life of the final f i l t e r . These un i t s a r e not p a r t i c u l a r l y 
efficient for the r e m o v a l of r ad ioac t iv i ty , however , a s they a r e of low densi ty 
and do not r e m o v e the s u b m i c r o n p a r t i c l e s . 
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The use of g l a s s f iber f i l t e r s for decontamina t ing e v a p o r a t o r 
ove rheads was s tudied soigne t ime ago at Brookhaven.l-32) Based on some 
e a r l i e r work by Langmuir'-^-^) and o t h e r s , t h r e e m e c h a n i s m s of p a r t i c l e 
r e m o v a l f rom the vapor w e r e cons ide red : d i r e c t i n t e r cep t ion , i n e r t i a l 
e f fec ts , and diffusion. If the p a r t i c u l a t e s a r e in a s i ze and dens i ty range 
w h e r e they m a y be r e m o v e d by d i r e c t i n t e rcep t ion o r i n e r t i a l ef fects , it 
would be expec ted that t h e r e would be an i n c r e a s e in f i l ter ing efficiency 
with an i n c r e a s e in vapor ve loc i ty . On the o the r hand, a d e c r e a s e in f i l ­
t e r i n g efficiency with an i n c r e a s e in vapor veloci ty would ind ica te that 
diffusion i s the p r i m a r y m e c h a n i s m of p a r t i c u l a t e r e m o v a l . The op t imum 
c h a r a c t e r i s t i c s of d e e p - b e d vapor f i l t e r s for r emoving s u b m i c r o n p a r t i c ­
u l a t e s a r e : m a x i m u m height , lowes t vapor ve loc i ty , s m a l l e s t f iber d i a m ­
e t e r , and m a x i m u m packing dens i ty . F o r the condi t ions studied,C-^^) an 
adequate height and vapo r ve loc i ty w e r e found to be 3 ft and 1 f t / s e c , 
r e s p e c t i v e l y . The packing densi ty u sed was 5 I b / c u ft. 

Since e r o s i o n of the g las s f i be r s by s t e a m is a fac tor in th i s 
u s e of g l a s s f i l t e r s , a f iber d i a m e t e r of not l e s s than 10 /i should be u sed . 
It w a s a l so noted tha t unbonded f ibe r s should be used , s ince the phenol ic 
b inde r on some f ibe r s could be s t r i pped off by the s t e a m , d r a i n e d into 
the s t i l l pot , and cause e x c e s s i v e foaming. 

Sand 

The n e c e s s i t y of ins ta l l ing f i l t e r s for the l a r g e v o l u m e s of 
c h e m i c a l p r o c e s s canyon exhaus t a i r was f i r s t r e cogn ized at Hanford in 
1947 when r ad ioac t ive p a r t i c l e s w e r e found on the ground a round the s tack . 
L a r g e f i l t e r beds of g r a d e d l a y e r s of sand w e r e c o n s t r u c t e d th rough which 
the building exhaus t a i r was rou ted before r e l e a s e via the s t ack . Detai led 
spec i f ica t ions for such a sand f i l te r a r e given in Table 33 . 

In the m o r e r e c e n t l y c o n s t r u c t e d P u r e x Sepa ra t i on P l a n t , the 
f i l t e r bed i s m a d e of g r a d e d m a t s of g la s s f ibe r s as d e s c r i b e d in the p r e ­
vious sec t ion . A sand f i l t e r des igned to handle about 40,000 cfm of a i r 
cos t s about $575,000. The g l a s s f iber f i l te r hand les 125,000 cfm and cos t s 
about $600,000. E i t h e r type of f i l t e r r e t a i n s more« than 99.5 p e r cent 
of the p a r t i c u l a t e r ad ioac t i ve m a t e r i a l en t e r i ng the uni t , with the g las s 
f iber unit be ing somewha t m o r e efficient. E i t h e r type p e r f o r m s s a t i s ­
f ac to r i ly so long as the humid i ty of the vent i la t ion a i r is kept well below 
s a t u r a t i o n . 
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Table 33 

SAND FILTER SPECIFICATIONS^ 

Sand 
Type 

E 
G 

F 

E 

C 

B 

A 

No. of 
L a y e r s 

f rom 
Top 

1 
2 

3 

4 

5 

6 

7 

L a y e r s 
Thick­

n e s s 
(in.) 

6 
24 

12 

6 

12 

12 

12 

Size^ 

Max imum 

95% th rough #4 s ieve 
Max 2% p a s s #50 

Min 98% p a s s 
#20 s ieve 

95% p a s s #8 s ieve 

95% p a s s #4 s ieve 

100% p a s s - J - in . 
m e s h 

100% p a s s l-~-in. 
m e s h 

100% p a s s 3- in . 
m e s h 

Min imum 

95% on #8 s ieve 
30-50% re t a ined 

on #30 s ieve 

95% r e t a i n e d on 
#18 or 20 s ieve 

95% re t a ined on 
#8 s ieve 

100% r e t a i n e d on 
#8 s ieve 

100% r e t a i n e d on 
• j - i n . m e s h 

96% re t a ined on 
1-in. m e s h 

^Total p re s su re drop upon installation is about 7,2 in. HjO. 

bAU sieve sizes refer to U.S. Standard Test Screen. All mater ia l 
should consist of durable grains highly resistant to nitric acid and 
should be free of silt, organic mat te r , shale, coal, and acid soluble 
coatings. 

Electrostat ic Precipitation 

Electrostat ic precipi ta tors have been used successfully where gases 
a re heavily dust laden. Their chief value lies in the increased life span they 
give to f i l ters , since their efficiency for removing low dust concentrations 
(less than 0.1 grain per 1,000 cu ft and less than 1.0 micron mass median 
diameter) is seldom more than 95 per cent even under optimum conditions 
of uniform distribution and low velocity through the unit.'•5'*) 

A model used at Oak Ridge for thp removal of uranium tetrafluoride 
dusts from a mixture of gases consisted of two coaxial cylindrical insulated 
electrodes with a potential difference of 9 kvP^) The outer cylinder was 
grounded and the inner negatively charged with respect to the outer. The 
dust-laden gas flowed between the cylinders after passing through a region 
of corona discharge. Dust par t ic les in the s t ream acquire a negative charge 



when p a s s i n g through the co rona and a r e co l lec ted on the inner wal l s of the 
ou te r cy l inder . The efficiency of the unit under opera t ing condit ions was 
app rox ima te ly 95 p e r cent at 230 C, 2.5 p s i p r e s s u r e and a flow of about 
1,5 scfm. 

Scrubbing 

In many p r o c e s s p lan t s o r pilot p lan t s it has been found des i r ab le 
to subjec t p r o c e s s g a s e s f i r s t to a l iquid c h e m i c a l sc rubbing opera t ion . 
Often the p r i m a r y p u r p o s e of th i s is to r e m o v e a chemica l cons t i tuen t 
which is e i t he r i tself a h a z a r d or it will compl ica te fu r ther t r e a t m e n t by 
ano ther me thod . F o r i n s t ance , in the n i t r i c ac id d i sso lu t ion of u r a n i u m , 
copious announts of oxides of n i t rogen a r e given off. These a r e r e m o v e d 
by sc rubbing the of f -gases with a weak caus t i c solut ion in a packed tower . 
This t r e a t m e n t will a l so r e m o v e much of the iodine and ru theniu in which 
m a y be conta ined in the g a s . 

P l a n t s and pi lot p lan t s us ing ha logens and in te rha logen compounds 
usua l ly employ s c r u b b e r s , not only on p r o c e s s v e s s e l s , but on the en t i r e 
ce l l vent i la t ion a i r . The cel l vent i la t ion a i r f r om the Volat i l i ty P i lo t 
P l an t at ANL, for i n s t a n c e , i s put th rough a ho r i zon ta l , c o c u r r e n t s p r a y 
t ower in which 6000 cfm of a i r is s c r u b b e d with 10 p e r cent p o t a s s i u m 
hydroxide. l^o) Remova l s of ha logens of about 95 p e r cent a r e obtained with 
no p r e s s u r e d rop . The s c r u b b e d g a s e s a r e d r i ed and f i l t e r ed th rough 
AEC f i l t e r s before d i s c h a r g e . 

Adsorptions-^-*-) 

As opera t ing expe r i ence has been gained, it has been found d e s i r a b l e 
to add specif ic p r o c e s s e s to s e p a r a t i o n plant vent i la t ion s y s t e m s to r e m o v e 
specif ic i so topes which have been shown to be t r o u b l e s o m e . Iodine is a 
p a r t i c u l a r c a s e in poin t . Shor t ly af ter the s t a r t u p of the o r ig ina l s e p a r a ­
t ions plant at Hanford in 1945, r ad ioac t ive iod ine- lS l was ident i f ied on 
s a m p l e s of vege ta t ion . The f i r s t i m m e d i a t e s tep taken to r educe this 
con tamina t ion -was to i n c r e a s e the cooling p e r i o d be tween r e a c t o r d i s c h a r g e 
and fue l - e l emen t d i sso lu t ion and to t ighten up m e t e o r o l o g i c a l con t ro l of 
o p e r a t i o n s . A l i t t le l a t e r , equipment was des igned and in s t a l l ed to r e m o v e 
m o r e than 99.5 p e r cent of the rad io iod ine f rom the d i s so lve r o f f -gas . 
This equipment c o n s i s t s of a h e a t e r to r a i s e the gas t e m p e r a t u r e to about 
200 C and a co lumn containing a p o r o u s packing m a t e r i a l i m p r e g n a t e d with 
s i l ve r n i t r a t e . The hea t ed iodine combines chemica l ly with the s i l v e r 
and i s r e t a i n e d on the co lumn. The co lumn i s s i zed to give a supe r f i c i a l 
ve loc i ty of about 1 foot p e r second at a l e n g t h - t o - d i a m e t e r r a t i o of 4. 
The m o s t su i tab le packing is unglazed c e r a m i c B e r l sadd les which have 
been i m m e r s e d in 18 to 20 M s i l ve r n i t r a t e solut ion for one m i n u t e , d r a ined 
and then baked at 105 C for 4 h o u r s . 



The c h e m i s t r y of th i s p r o c e s s is complex. En te r ing gases contain 
NO2, O2, H2O, N2, and ICl + I2 (or ICl + CI2 with some NOCl depending on 
whe the r iodine or ch lo r ine is in e x c e s s ) . The following r eac t i ons probably 
take p l ace : 

AgNOj + 1 I2 ZZZ Agl +Y O2 + NO2 

AgNOs + 7 I2 + O2 :^Z AglOj + NO2 

A g l O a ^ ^ A g l + y O z 

Under ope ra t ing condit ions the s table p roduc t has been shown to be Agl, 
If, as s o m e t i m e s happens , the off g a s e s contain NH3 and Hj, the r e a c t i o n s 
become even m o r e compl i ca t ed . 

The equ i l i b r i um p r e s s u r e of iodine i n c r e a s e s with the squa re of 
the NO2 p r e s s u r e and d i r e c t l y with the O2 p r e s s u r e . High col lect ion effi­
c i enc ies a r e favored by high t e m p e r a t u r e s , but the t e m p e r a t u r e m u s t be 
kept below 200 C l e s t the s i l ve r n i t r a t e m e l t and run off the packing . At 
t e m p e r a t u r e s below the condensa t ion t e m p e r a t u r e for n i t r i c ac id vapo r s 
(110 C) e s s e n t i a l l y no iodine r e m o v a l o c c u r s . 

Such s i l ve r r e a c t o r s have o p e r a t e d for about a yea r with iodine 
r e m o v a l s of 99.99 p e r cen t . The m o r e gene ra l ly expected f igure is about 
99.5 p e r cen t . 

When the efficiency of a unit beg ins to fal l , it can be r e g e n e r a t e d . 
This is done by cooling the r e a c t o r to 65 C and spray ing the packing with 
0.04 cu ft of 5M s i l ve r n i t r a t e p e r cu ft of packing . The bed is then hea t ed 
to 105 C and baked for four h o u r s . The unit is again cooled, s p r a y e d , and 
baked for 6 h o u r s at H O C . A r e a c t o r m a y be r e g e n e r a t e d about ten 
t i m e s . R e g e n e r a t i o n p r o d u c e s a l iquid was te which is sent to the u n d e r ­
ground s t o r a g e t a n k s . Sa t i s fac to ry ope ra t ion of this equipment has p e r ­
mi t t ed shor ten ing cooling t i m e s and r e l ax ing m e t e o r o l o g i c a l con t ro l . 
The capi ta l cos t of a h e a t e r - s i l v e r r e a c t o r unit r uns about $20,000 to 
$50 ,000 . 



PROBLEMS FOR CHAPTER 3 

1. Derive the forinula given on page 83; 

^ ^ -XAt C? - Ci e 

-XAt 1 - e 

2. A chemical plant processes 1 ton/day of a fuel which has had a 
burnup of 5000 MWD/ton. Assuming that the irradiation time is 135 days, 
that 99.5 per cent of the iodine is retained in the plant, and that the allow­
able iodine discharge is 1 curie per day, what is the minimum cooling 
time necessary to meet this limit for iodine emission? What volume of 
air will be required to dilute this quantity of iodine (131) to MPC? F i s ­
sion yield for l ' " = 0.029-



CHAPTER 4 

HANDLING OF SOLID WASTES 

At any s i te at which r ad ioac t iv i ty is handled, a t ru ly r e m a r k a b l e 
v a r i e t y of sol id m a t e r i a l b e c o m e s con tamina ted to a g r e a t e r or l e s s e r 
d e g r e e . These a r t i c l e s r ange f rom o r d i n a r y paper , rubber g loves , l abo­
r a t o r y g l a s s w a r e and equipment to l a r g e p ieces of contamina ted p r o c e s s 
equipment . In some c a s e s fa i r ly l a rge buildings have been d i smant l ed 
and bur ied . The p r o b l e m in handling sol id was t e s has four p a r t s : 

(1) col lec t ion 
(2) volume reduc t ion (if d e s i r e d ) 
(3) sh ipment , and 
(4) s t o r a g e . 

Collect ion Methods 

The f i r s t p r o b l e m in handling sol id w a s t e s i s to develop s a t i s f a c ­
to ry handling m e t h o d s . The u sua l p r a c t i c e c o n s i s t s of accumula t ing a l l 
h a z a r d o u s w a s t e s in sui table con ta ine r s for sh ipment , fur ther t r e a t m e n t , 
or u l t imate d i sposa l . In handling these w a s t e s , p rovis ion m u s t be made 
to sa feguard p e r s o n n e l f rom rad ioac t ive h a z a r d s and to p reven t the s p r e a d 
of contamina t ion . P r o t e c t i v e clothing i s usua l ly r equ i r ed , m a s k s a r e used 
when inhala t ion h a z a r d s exist., and r ad i a t i on s u r v e y s a r e made p r i o r to and 
dur ing handling. Segrega t ion of the w a s t e s into combust ib le or noncombus -
t ible types a s wel l a s by ac t iv i ty l eve l m a y be p rac t i ced . 

Low- l eve l w a s t e s a r e handled d i r e c t l y and gene ra l ly r e q u i r e no 
p a r t i c u l a r p recau t ion . Col lect ion p r a c t i c e s for this type of was t e s a r e 
qui te uni form throughout the United Sta tes and cons i s t of d is t r ibut ing su i t ­
able con ta ine r s throughout the work a r e a s to r e c e i v e d i s c a r d e d con t ami ­
na ted m a t e r i a l . These con t a ine r s a r e plainly m a r k e d with br ight ly co lo red 
paint and r ad i a t i on symbols to d i s t ingu i sh them f rom o r d i n a r y uncon tami -
na ted t r a s h cans . They r ange f rom c a r d b o a r d c a r t o n s and k i t chen-s ty le 
ga rbage cans to 55-ga l s t e e l d r u m s These con ta ine r s a r e picked up 
rou t ine ly on schedule by an a s s i g n e d c r e w and bur i ed d i r ec t ly if poss ib le . 
If not, they a r e held unt i l sufficient quant i ty is ava i lab le to w a r r a n t sh ip ­
ping to an a l t e r n a t e s i t e . 

At Argonne , the ma jo r por t ion of the sol id was t e s produced 
throughout the L a b o r a t o r y is d i sposed into a s t a i n l e s s s t ee l conta iner with 
a s l i d e - o p e r a t e d top containing a r e m o v a b l e 1-cu ft fiber d r u m i n s e r t which 
i s u sed as the s t a n d a r d was te r e c e p t a c l e . In a r e a s where cons ide rab le 
quant i t i es of w a s t e s a r e p roduced and the phys ica l d imens ions of the was tes 
a r e l a r g e r than can be a c c o m m o d a t e d in the s t anda rd con ta ine r s , a 4 j - c u ft 
c a r d b o a r d con ta iner i s supplied. F o r that was te which exceeds a l imi t of 
50 m r / h r , sh ie lded con t a ine r s a r e ava i l ab le . 
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When a container is full or approaches the radiation limit, it is 
surveyed by Radiation Safety personnel and pertinent information recorded 
on a Hazardous Disposal Form. In the event that special precautions a re 
to be observed, the container is tagged and the drum insert is marked. The 
normal collection of these wastes is accomplished by two men from the 
waste control group. Pickup from some 27 facilities in the Laboratory is 
maintained on a scheduled basis. It consists of removing the inner fiber 
drum insert , sealing the lid of the drum if required, and removal from the 
area . Those wastes requiring shielding are handled essentially in the same 
way with the exception that they are t ransferred to shielded units. 

For the wastes of higher level, additional types of shielded con­
tainers a re available. An aluminum map case is utilized for some reactor 
wastes and Daost of the remote control cave wastes. A horizontal pot with 
8 in. equivalent of lead shielding is utilized for the transfer and disposal 
of this waste. Tnirty- and fifty-gallon drums of wastes can be accommo­
dated in a specially designed, 10-ton coffin. 

Volume Reduction 

Some sites at which storage space is at a premium have experi­
mented with the segregation and incineration of combustible wastes. 
Incineration resul ts in a volume reduction of approximately 95 per cent. 
An incinerator with a burning capacity of 100 cu ft/day was constructed 
and operated for something over a year at ANL (see Figure ll). l37) The 
combustion chamber (330 stainless steel) was supplied with air above and 
below the grates through tuyeres, and the charge was ignited with gas 
jets . During most of the burning period the combustion was self-supporting. 
The gas jets were used again during final ashing. Combustion gases were 
separated from their radioactivity before discharge by a gas-cleanup train 
consisting of three wet scrubbers in ser ies which removed most of the 
solid part icles greater than 2 microns in diameter. An AEC filter was used 
for the final cleanup. The following resul ts were obtained from burning 
16,000 cu ft of waste: 

Volume Reduction 95% 
Weight Reduction 70% 
Filter Life Approx 80 hours 
Measured Decontamination 

Factor in Specific Test lO' , 

A careful cost estimate of this operation indicated that even at a 
site as large as Argonne (3000 total employees at the time) the total volume 
of combustible waste was not sufficient to permit continuous 24-hour-a-day 
operation of the incinerator. Under these circumstances the cost of oper­
ating the incinerator plus shipment and burial of the resulting ash was a 
little greater than the cost of shipping the untreated waste. 
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Figure 11 

Active Waste Inc inera tor^ 

'D. C, Ham.pson, E. H. Hykan, and W. A. Rodger, Basic Operational 
Report of the Argomie Waste Incinerator , ANL-5067 (February 1953) 
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Since no sys tem of segregat ion of wastes i s perfect, occasional 
shutdown of the inc inera tor was r equ i r ed to remove noncombustible t r a sh . 
It mus t a lso be admit ted that an inc inera tor r e p r e s e n t s a potential hazard 
in case highly inflammable m a t e r i a l is inadvertent ly inse r ted into the co l ­
lected was tes . Consequently the use of this incinera tor was abandoned 
some yea r s ago. This experience has been cor robora ted at other s i tes , 
although some s i tes sti l l p rac t ice incineration, usually with units smal le r 
and somewhat s impler than this one. 

Another technique which may be used to reduce the volume of 
waste to be s to red is baling. Simple paper ba l e r s with the addition of a 
hooded enclosure have been used (see F igure 12). Mater ia l that does not 
exceed 200 m r / h r and/or does not contain any alpha-act ive m a t e r i a l other 
than na tu ra l uranium is baled. Concentration of about one-half of the 
collected solid waste i s accomplished by compress ion in a commerc i a l 
hydraulic baling unit. Operating p r e s s u r e s of up to 2100 psi produce an 
average volume reduction of 4. The baler is ventilated with a 400-cfm 
exhaust sys tem which includes a two-bank high-efficiency filter unit. At 
Argonne the baling operat ion costs about $0.35/cu ft. 

F igure 12 

Pape r Baler for Low-level Waste 

I 



Some figures obtained some years ago at KAPL, which indicate the 
volume reduction of solid waste by baling and incineration, are shown in 
Table 34. These figures support the thesis that the volume reduction ob­
tained by incineration is not sufficiently great to allow for the economic 
operation of an incinerator. 

Table 34 

VOLUME REDUCTION OF SOLID WASTES^ 

Paper, ClotheSj etc 
F i l te rs 
Evaporator Bottoms 
Miscellaneous 

Total 

Volume as 
Collected 

(cu ft) 

12,700 
2,200 
1,400 
6,600 

22,900 

Volume 
after 

Baling 
(cu ft) 

1,800 
Z,200 
1,400 
6,600 

12,000 

Volume after 
Incineration 

(cu ft) 

250 
1,030 
1,400 
6,600 

9,280 

Larson, R. C. and Simon, R, H.̂  Solid Waste Disposal at 
KAPL, KAPL-936 (June 1953) 

Shipment 

Interstate shipment of radioactive mater ia l by land or water in 
the United States is subject to regulation of the Interstate Commerce 
Commission. The regulations applicable to radioactive mater ia ls are 
published as Title 49, Par t s 71-78 of the Code of Federal Regulations, 
Between revisions^ annual supplements a re issued and amendments may 
be published in the daily issues of the Federa l Register. These regula­
tions may be obtained from the Supt. of Documents, U.S, Government 
Printing Office, Washington 25, D, C. The ICC regulations are also 
published by the Bureau of Explosivesl^S) and by the American Trucking 
As sociation. (39) 

Transportation of radioactive mate r ia l by air (relatively unlikely 
in the case of wastes) is regulated by the Civil Air Regulations.(40) 
Some air l ines add their own additional restrictions.(41) Transportation 
of radioactive mater ia ls by water is subject to regulation of the U.S. 
Coast Guards(42,43) and regulations for mailing such mater ials a re given 
in the U.S. Postal Guide (4'^ 

Under ICC regulations all radioactive mater ia ls are classed as 
Poison, Class D, and must be labeled for shipment as "Radioactive Materials ." 
There must be no significant radioactive surface contamination on any part 
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of any shipment. The outside of shipping containers must be at least 
equivalent to a heavy wooden box or fiberboard box. Emitted radiation 
must be less than 200 mr /hour at any point on the surface of a package 
and 10 mr /hour at one meter from the surface. 

The present ICC regulations were drafted in 1947 by an ad hoc 
committee of the National Research Council.(45) At that time isotope 
shipments were just getting underway. Only two National Bureau of 
Standards handbooks on radiation protection had appeared - one on medi­
cal X rays and the other on radium; both were prewar. Restrictions on 
the shipment of radioactivity (principally radium) were severe. This 
came about due to the fact that in 1936 it was postulated that some sensi­
tive X-ray film had been fogged by radium in a mail shipment. Radium 
was r a r e and expensive - film was common and widely used. Conse­
quently the movement of radium by common ca r r i e r was severely inhibited. 

In the drafting of the ICC regulations experience with radium 
seems to have been extrapolated to all radioisotopes. The maximum 
amount of any radioisotope which could be shipped without special per­
mission of the Bureau of Explosives was set at 2,7 curies - closely 
paralleling the existing res t r ic t ions on radium. The regulations were 
later revised to permit shipping up to 300 curies of three industrially 
used isotopes: cesium-137, cobalt-60, and iridium-192, as sealed sources. 
The problems (at the time) of shipping large amounts of radioactivity were 
largely circumvented by a provision which stated that: "Shipments of radio­
active mater ia ls , made by the Atomic Energy Commission, or under its 
direction and supervision, which are escorted by personnel specially desig­
nated by the Atomic Energy Commission, a re exempt from these regula­
tions. "(46) It may prove desirable to review these regulations from the 
standpoint of personnel, ra ther than film,protection. 

In an effort to predict something about the problems of shipping 
radioactivity, the USAEC has had for some time an Ad Hoc Committee on 
Transportation of Highly Radioactive Materials , Their report has not yet 
been issued. Some of their prel iminary work may be summarized, however. 
Surveys of current practice showed the existence of over 400 shipping con­
tainers for fluid and nonfluid sources of radioactivity (isotope shipping 
containers not included). The containers differ only slightly in concepts of 
design and construction. Most of them, have an outer and an inner steel 
cylinder, the annulus being filled with lead for shielding. The inner cylin­
der, often made of stainless steel, forms the hold for carrying radioactive 
mater ia l . Entrance to the hold is usually gained through one end. Some 
of the containers have drain lines between the hold and the exterior to 
determine the existence of leaks and to facilitate decontamination should it 
be necessary . Containers a re provided with trunnions or eye-bolt lifting 
ar rangements . 
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The cost of the units varies in proportion to the amount of lead and 
with the intricacy of design. Costs a re not available in many cases, but 
individual containers cost hundreds and even thousands of dollars. The 
average cost for the larger containers is approximately $ lOOO/ton. A 
summary of radioactive shipments during 1956 lists 869 container-trips 
covering over 1,800,000 miles . These represent all or portions of approxi­
mately 100 shipments totaling nearly seven million ton-miles. Possibly 
twice that number were made during 1956 (small shipments of radioisotopes 
a re not included). It is extremely difficult to get at the cost of these ship­
pings since the methods of reporting and accounting from various sites a re 
not comparable. It appears that 15 to 30 cents per ton-mile is the indicated 
range of transportation costs . 

As a particular example, low-level wastes are shipped from the 
Argonne National Laboratory to Oak Ridge National Laboratory in approxi­
mately lO-rai l road-car lots at a cost of about $1.50/cu ft. Nearly $1.00 of 
this cost is attributable to the disposable collection-storage-shipping con­
tainer. The cost of transporting highly radioactive materials consists 
mostly of the cost of shipping and handling the shielding containers. 

In several cases the weight of radioactive mater ials being t r ans ­
ported was reported. These indicate that the container is some 15 to 
20 times heavier than the mater ia l contained. The unit cost of shipping in 
te rms of the radioactive mate r ia l is thus 15 to 20 times more than that 
indicated. For spent fuel elements, especially those which have been 
cooled only a short time (e.g., MTR elements shipped to Argonne for use 
in the Gamma Irradiation Facility after 20 to 30 days cooling), the shield 
will weigh 500 to 600 t imes the payload. For such shipments provision 
must be made for removal of heat during transit . 

In testimony before the Joint Committee on Atomic Energy, 
Bruce^'*'/ estimated the magnitude of the waste shipping problem to be 
anticipated in the years 1980 and 2000. These resul ts are shown in Table 35. 
In the study it was assumed that wastes were shipped a distance of 500miles 
after 2,000 days of storage, a decay time which is estimated to minimize the 
combined storage and shipping costs. Under these conditions, the total cost 
for storage and shipping was about $2 per gal, or 0.05 mill per kilowatt-
hour of electricity. 

The contemplation of shipping this quantity of radioactive mater ia l 
r a i se s , of course, the question of safety from penetrating radiation and from 
internal hazard. Penetrating radiation may be taken care of with adequate 
shielding. Radioactive shipments can cause internal hazards only when 
they get out of control. Several steps can be taken to reduce and/or mini­
mize internal hazards; these a re : 
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(1) Construct the best possible containers. 
(2) Select the physical state of the radioactive material , 
(3) Select the chemical form of the radioactive mater ial . 
(4) Provide protective measures . 

Table 35 

ESTIMATED WASTE SHIPPING IN UNITED STATES 
IN 1980 and 2000^ 

1980 2000 

Number of c a r r i e r s in t ransi t 
Probable ca r r i e r weights, tons 
Volume of waste in transit , gallons 
Amount of fission products in 

transit , curies 

505 
6 

227,000 

1.5 X 10^ 

3,270 
6 

1,470,000 

9.8 X 10' 

Bruce, F . R., Statement for the Hearings, Hearings 
on Industrial Radioactive Waste Disposal, JCAE, 
86th Congress of the United States, Vol 3, page 2353, 
Augusts 1959. 

The containers a re the first line of defense against internal 
hazards. An ideal container is one which will not rupture or divulge its 
contents no matter how severe an accident it is involved in. Resistance 
to shocks, fires or other container-wrecking forces certainly can be 
designed and built into the packages. ^The same may be said for the 
vehicle carrying the container(s). 

The physical state of the radioactive mater ia l determines its 
mobility in the event a container loses its integrity. If the radioactive 
mater ia l is solidified as in concrete or incorporated in the structure of 
a glass or clay, its chances of reaching humans are greatly hindered. 
Dust may be an ancillary problem, however. If liquids filled the pores 
of an immobile sponge-like medium, they certainly would be less likely 
to escape the container to the environment than if they were not absorbed. 
Altering the physical state may add to the cost of processing; a balance 
must be struck between cost and protection of health and safety. 

The chemical form of the radioactive mater ia l determines the 
rapidity with which it may be absorbed or assimilated by a body. If the 
mater ia l were in a nonassimilable and/or a nonsoluble form and hence 
relatively nonretainable by a body, the internal hazard would be reduced 
proportionately. Once again, cost must be balanced against health and 
safety. 



P r o t e c t i v e M e a s u r e s a r e the l a s t l ines of defense aga ins t i n t e rna l 
h a z a r d s . P e r s o n s engaged in handling and t r anspo r t i ng rad ioac t ive m a t e ­
r i a l or p e r s o n s involved in c leanup af ter acc iden t s should be wel l t r a i n e d 
and prov ided with adequate hea l th phys ics coverage and pro tec t ive 
equipment . 

S torage 

The usua l method for d isposing of low- leve l solid was t e s is by land 
fill. This c o n s i s t s m e r e l y of digging a di tch of sufficient d imens ions , 
dumping the w a s t e s , and backfil l ing to r e d u c e s p r e a d of act iv i ty by wind 
and p r e d a t o r y a n i m a l s . It is a me thod which cannot be bea ten c o s t - w i s e if 
it can be used . It is m o s t safely p r a c t i c e d in r e m o t e a r e a s with favorable 
geo log ica l condi t ions . At the p r e s e n t t i m e , the AEG o p e r a t e s r a t h e r ex ten­
sive land fil ls a t Oak Ridge Nat ional Labo ra to ry , Hanford, and the National 
R e a c t o r Tes t ing Station in Idaho. 

The AEC has announced that it is p r e s e n t l y in the p r o c e s s of s e l e c t ­
ing a s i te for a na t iona l b u r i a l g round in the n o r t h e a s t quadrant of the 
United S ta t e s . This wil l be the f i r s t a t t e m p t to e s t a b l i s h a b u r i a l ground in 
one of the m o r e popula ted a r e a s of the country , al though even in this ca se 
i t s e e m s c e r t a i n that the s i te chosen wil l be somewhat r e m o t e . 

A c o n s i d e r a b l e quant i ty of the low- leve l sol id was t e s is d i sposed of 
into the sea . T h e r e a r e a n u m b e r of c o m m e r c i a l f i r m s which pick up 
w a s t e s and b a r g e them, to des igna ted d i s p o s a l s i t e s off e i ther coas t . Although 
the amoun t s of ac t iv i ty which have been p laced in the sea off the coas t of 
th i s count ry a r e e x t r e m e l y s m a l l , th is opera t ion is one which has run into 
c o n s i d e r a b l e po l i t i ca l object ion - loca l , s t a te and in te rna t iona l 

Technica l ly , t h e r e would s e e m to be no objection to e i ther method, 
land fill or sea bu r i a l , for l ow- leve l w a s t e s . The p r o b l e m of "u l t imate ly" 
s tor ing or d ispos ing of h igh - l eve l w a s t e s has not, however , been solved. By 
one or m o r e of the me thods to be c o v e r e d in Chapter 6, it s e e m s c l ea r that 
h i g h - l e v e l l iquid w a s t e s can be r e d u c e d to sol ids if d e s i r e d . It m u s t be 
admi t ted , though, tha t at the p r e s e n t t i m e it i s not c l ea r p r e c i s e l y how the 
w a s t e s , e i the r l iquid or sol id, wi l l be finally s t o r ed . 

In C h a p t e r s 7 and 8 v a r i o u s m e t h o d s which a r e being cons ide red , 
for " u l t i m a t e " d i s p o s a l of l iquids or so l ids will be desc r ibed . This d i s c u s ­
sion wil l include the d i s c h a r g e of l ow- l eve l was t e s to surface wa t e rways , 
oceans , or shal low ground fo rma t ions ; the s to rage of h igh- leve l w a s t e s a s 
l iquids in t anks for i n t e r i m p e r i o d s ; the d i sposa l of h igh - l eve l w a s t e s as 
l iquids to deep wel l s or to cav i t i e s in r o c k sal t ; and the s to rage of h igh - l eve l 
sol id w a s t e s in geo log ica l f o rma t ions , p robably sa l t . 



The problem of removing heat from concentrated high-level wastes 
during the early years of their storage has been mentioned previously.(28,48) 
The general conclusion is that solid one-year-old wastes would have to be 
packaged so that one dimension of the container is less than a yard.(49) 
Otherwise the interior temperature will be much too high. This implies a 
multiplicity of containers and thus high packaging cost. It seems logical to 
assume, therefore, that wastes which a re originally produced as liquids will 
be stored as such for a number of years to facilitate the heat removal 
problem before they a re processed for final disposal. 

PROBLEM FOR CHAPTER 4 

1. Using the data given in Table 34 and assuming that the cost of 
shipping to a burial site is f 1.50/cu ft, calculate the cost to ship and bury 
this waste. Compare this to the total cost if that portion which is balable 
is baled at a cost of $0.10, $0.30, and $0.50 for that operation. Also com­
pare it to the total cost if the conbustible waste is incinerated at a cost of 
|0 .50, $1.00, and $1.50 for that operation. 



CHAPTER 5 

HANDLING OF LIQUID WASTES 

Liquid w a s t e s p r e s e n t by far the m o s t complex of the p r o b l e m s 
confronting the was te p r o c e s s o r . F o r this r e a s o n m o r e r e s e a r c h and 
development work has been done on l iquid waste d isposal than on any 
o ther facet of the p r o b l e m . Specific p r o c e s s e s which have p roved va lu­
able in p r o c e s s i n g l iquid w a s t e s include evapora t ion , ac id des t ruc t ion , 
p r ec ip i t a t i on and f locculat ion, ion exchange , and biological t r e a t m e n t . 
E a c h of t h e s e , p lus s e p a r a t i o n of individual f iss ion p r o d u c t s , will be 
c o v e r e d in th is chap t e r . The conve r s ion of l iquid was t e s to sol ids will 
be d i s c u s s e d in Chap te r 6. 

Evapora t i on 

Evapora t ion has p r o v e d to be exceedingly useful in the p r o c e s s i n g 
of r a d i o c h e m i c a l w a s t e s at both p roduc t ion and r e s e a r c h s i t e s . A wide 
v a r i e t y of w a s t e s can be e v a p o r a t e d and many types of e v a p o r a t o r s have 
been u sed . Decontamina t ion f ac to r s as high as 10 have been ach ieved in 
a single effect. E v a p o r a t i o n has been u sed for p r e l i m i n a r y concen t ra t ion 
of was te solut ions to r educe s to rage r e q u i r e m e n t s and for comple te r e ­
mova l of f ree l iquid to p roduce an immobi l e concen t r a t ed s l u r r y . 

During the e a r l y 1950 ' s , an informal coopera t ive p r o g r a m was 
c a r r i e d out at five s i t e s to c o m p a r e the following types of e v a p o r a t o r s : 

1. fo rced c i r cu l a t i on with ex t e rna l hor izon ta l heat ing su r f ace ; 

2. na tu ra l c i r cu l a t i on with e x t e r n a l ve r t i c a l heat ing su r f ace ; 

3. coil or pot type ; 

4. vapor c o m p r e s s i o n ; and 

5. double effect. 

C h a r a c t e r i s t i c s and ope ra t ing r e s u l t s of t he se e v a p o r a t o r s a r e shown in 
Table 36, and they a r e d e s c r i b e d in m o r e deta i l in subsequent s ec t i ons . 

To r educe e n t r a i n m e n t of r ad ioac t ive con taminants in the condensa te , 
v a r i o u s me thods and p i e c e s of equipment have been employed: 

1. cent r i fugal e n t r a i n m e n t s e p a r a t o r s , in t e rna l and ex t e rna l t ypes ; 

2. f i l t r a t ion th rough a bed of F i b e r g l a s ; and 

3. ref lux. 



Tab le 36 

COMPARISON OF VARIOUS P I L O T E V A P O R A T O R S ^ 

C a p a c i t y of 
equ ipmen t 

Type of equ ipmen t 

De - e n t r a i n m e n t 
device 

Typ ica l feed 
( a v e r a g e ac t iv i ty ) 

Typ ica l feed 
( ave rage so l ids ) 

O v e r a l l d e c o n t a m ­
ina t ion f ac to r 

Volume r educ t i on 
f ac to r 

S l u r r y ( ave rage 
so l ids ) 

S t e a m eff ic iency 

Knoll s 

400 g a l / h r 

f o r c e d - f e e d 
f l a sh 

baffled 
s e p a r a t i n g 
c o l u m n 

3 x 1 0 - 2 juc / 
cu c m 

0.3% 

lO^-lO^ 

400 

70% 

85% 

Oak Ridge 

'285 g a l / h r 

p o t - t y p e r e m o v a b l e 
hea t i ng co i l s 

c y c l o n e - t y p e 
s e p a r a t o r 

( i 8 ) 2 x i 0 " ^ / i c / c u c m 

8.0% 

10^+ 

15 

70% 

70% 

B r o o k h a v e n 

600 g a l / h r 

vapo r coxnp re s s ion 

v a p o r d o m e , 
F i b e r g l a s bed 

1 x l O " ^ j n c / c u c m 

0.5% 

10^-1 o ' 

110 

65% 

100% 

Argonne 

150 g a l / h r 

v e r t i c a l tube 
c i r c u l a t i o n 

cen t r i fuga l 
s e p a r a t o r , 
Cen t r i f i x 
s c r u b b e r , 
( ref lux if 
n e c e s s a r y ) 

(a + i6)10"Vc/ml 

0.2% 

10*-10^ 

100 

20% 

85% 

Mound 

100 g a l / h r 

1st ef fect -
v e r t i c a l tube 
f o r c e d - f e e d 

2nd effect-
v e r t i c a l tube 
n a t u r a l 
c i r c u l a t i o n 

0 ) 1 0 " * | i c / c u c m 

3.0% 

~10« 

32 

60% 

92.5% 

a n . E t h e r i n g t o n , e d i t o r , N u c l e a r E n g i n e e r i n g Handbook, M c G r a w - H i l l Book C o . , New York (1958) page 11-105 . 
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Where foam has been a p rob lem, th i s has been sa t i s fac to r i ly solved 
by m e a n s of: 

1. baffles to b r e a k foam mechan ica l ly ; 

2. c h e m i c a l s , e .g. , s i l i cones , sulfonated ca s to r oil; 

3. pH cont ro l ; and 

4. l i qu id - l eve l con t ro l . 

The c o s t s of evapora t ion a r e high. The cost f igures developed in 
the a fo rement ioned p r o g r a m v a r i e d somewhat with accounting p r o c e d u r e s 
and assu rnp t ions m a d e , but app rox i m a t ed $0 .10 per gallon. Evapora t ion is 
the m o s t expensive of the ava i lab le p r o c e s s e s but a lso the m o s t r e l i a b l e . 
It will handle the wides t v a r i e t y of was t e t y p e s . It gives the h ighes t degree 
of decontamina t ion (oftent imes much m o r e than is r e q u i r e d for the handling 
of low- leve l w a s t e s ) . 

F o r c e d C i rcu la t ion - E x t e r n a l Heat ing 

At Knolls Atom.ic Power L a b o r a t o r y , two f o r c e d - c i r c u l a t i o n 
e v a p o r a t o r s w e r e s e t upi^O) E a c h h a d a capac i ty of 400 g a l / h r and con­
s i s t ed of a f lash column, c i r cu l a t i on p u m p , heat exchanger , s epa ra t i ng 
column, c o n d e n s e r s and r ece iv ing tank. Th i s s y s t e m is shown sche ina t -
ica l ly in F i g u r e 13/^^) The f lash co lumns were 6 ft d i a m e t e r and 1 2 ft 
high. Liquid was c i r c u l a t e d by a cent r i fugal pump at a r a t e of app rox ima te ly 
650 g a l / m i n . The hea t exchange r , which had an overa l l hea t t r a n s f e r co­
efficient of 600 B tu / (h r ) ( sq f t)(F), o p e r a t e d at a p r e s s u r e sl ightly g r e a t e r 
than a t m o s p h e r i c . The f lash column was ma in ta ined at 26 in. m e r c u r y 
vacuum. This effectively p r e v e n t e d evapora t ion and consequent scal ing 
on the hea t t r a n s f e r s u r f a c e s . About one p e r cent of the r e c i r c u l a t i o n 
s t r e a m f lashed upon en te r ing the co lumn. The r e su l t i ng vapor iza t ion 
p r o d u c e d a s p r a y that tended to knock down foam. The overhead f rom the 
f lash co lumn was p a s s e d th rough baffles to the s e p a r a t i n g column (6 ft in 
d i a m e t e r and 20 ft high). The vapor e n t e r e d th i s column tangent ia l ly at 
the bo t tom, p a s s e d th rough a 12-ft d e - e n t r a i n m e n t sect ion, and then 
th rough 4 bubb le -cap t r a y s . The vapor was condensed and r e c e i v e d in 
one of two 5,000-gal t a n k s . 

Na tu ra l C i rcu la t ion - E x t e r n a l Heat ing 

A n a t u r a l - c i r c u l a t i o n e v a p o r a t o r (S t ru the r s -Wel l s Corp) was 
se t up at Argonne and is s t i l l in ope ra t ion . This type 316 s t a i n l e s s s tee l 
unit has a capac i ty of 150 g a l / h r . It c o n s i s t s of a s t e a m ches t , s e p a r a t o r 
c h a m b e r , ove rhead condense r , and feed tank. The s t e a m ches t is 18 in. 
in d i a m e t e r and conta ins f if ty-eight 1-j-in. BWG #16 tubes , 5 ft long, that 
p rov ide 106 sq ft of heat t r a n s f e r s u r f a c e . The vapor and en t r a ined l iquid 
leave the s t e a m ches t via a cent r i fugal s e p a r a t i n g sec t ion and en te r the 
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sepa ra to r , which is 20 in. in d iameter and 1 3 ft high. The entrained liquid 
is caught in this chamber f rom which natural c i rculat ion r e tu rns it to the 
s team chest . The vapor p a s s e s through the separa tor vapor space and is 
more completely de-ent ra ined by a Centrifix scrubber and reflux if de­
s i red . The vapor is then condensed in a t r i p l e -pas s surface condenser 
and re tu rned to a 3000-gal s torage tank for monitoring. 

F igure 13 

Knolls Atomic Power Labora tory Evapora tor System^ 

a-KAPL-594 (August 28, 1951). 

Coil Type 

Oak Ridge National Labora tory used a pot-type unit heated by 
125-psig s team in six removable coi ls , each coil consisting of two con­
centr ic opposite hand hel ices fabr icated from standard pipe. It had a 



capacity of 285 ga l /h r . The evaporator overhead went to a cyclone 
separa tor for de-en t ra inment and then to four s ta inless steel condensers 
in pa ra l l e l . The condensate was continuously monitored. This unit suf­
fered considerably from foaming. 

Vapor Compress ion 

At Brookhaven National Labora to ry a vapor compress ion unit 
(Cleaver-Brooks Mfg Co) was tes ted . The unit was ra ted at 85 ga l /h r . 
In this type of evaporator (see F igure 14) the feed is pumped through a 
heat exchanger , heated by re turning dist i l late and blow-down, and in t ro ­
duced into the hot well of the evaporator . The hot well contents evaporate 
inside a ver t ica l tube bundle by heat t ransfer from the vapor condensing 
on the shell side of the tube bundle. The vapor r i s e s around a baffle and is 
led to a mo to r -d r iven vapor compres so r , and finally to the shell side of 
the hot well. In the compres so r the vapor is compressed from 3 to 6 psi^ 
sufficient to r a i se the condensing t empera tu re about 10 degrees F so that 
its latent heat may be uti l ized on the shell side of the evaporator for eva­
porating the contents of the hot well . The condensate and par t of the hot 
well liquid, called blow-down, a r e then passed through the heat exchanger 
and heat is given up to incoming feeds. 

F igure 14 

Schematic Diagram of Vapor Compress ion Evaporation^ 

Feed 
2580 Ib/hr 

I I psig 

Vapor compressor 

K3 

Auxiliary steam 
60 !b/hr 
15 psig sot'd 

Sludge 

Decontaminated 
waste 

2500 !b/hr 

'•Chem Eng, 62, 194 (1955) 

This evaporator was 6 ft high, 2.5 ft in d iameter , reduced to 
1.8 ft d iameter at the hot well section, which was 2.3 ft high. The ver t ical 

3 

shel l -and-tube evaporator section contained 411 tubes, each of ~^-in. outside 
d iameter , with an effective length of 22 ft. 
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Foam and entrained matter rising with the vapor was partially 
knocked down by a baffle in the vapor dome, and final de-entrainment was 
accomplished by filtration through a Fiberglas bed. A similar evaporator 
with a capacity of 300 gal/hr was later installed at Brookhavenl^^) and is 
still being used. 

..Double Effect 

Mound Laboratory experimented briefly with a double-effect 
evaporator designed to give overall decontamination factors of approxi­
mately 10 . The f irst effect was a vertical-tube forced-circulation eva­
porator , and the second was of the vertical-tube natural-recirculat ion 
type. The equipment was designed for processing approximately 100 gal / 
hr of wastes containing an average of 2 per cent solids. Impingement 
plates were used in the vapor heads to prevent foaming. 

Multiple effect evaporation was also studied at Brookhaven 
National Laboratory (^3,54) Overall decontamination factors of 8 x 10 
(10^ in the first effect) were demonstrated with t racer levels of activity. 

Entrainment Separation 

The limit to the decontamination factor obtainable by evapora­
tion is determined by the carryover of activity by entrainment and the 
release of volatile activit ies. Of the two, entrainment is generally the 
more important factor. The exact mechanism of entrainment formation 
is not known, but presuinably it is a function of mechanical action of the 
surface of the boiling liquid and of bubble breakage. Par t ic les formed by 
either of these mechanisms are carr ied by the vapor s t ream if their 
Stokes' law rate of fall is less than the vapor velocity. Part iculate for­
mation, then, pr imar i ly should be affected by boil-up ra te . 

The part iculates in the vapor space may be considered to 
belong to one of three groups: 

1. par t ic les whose Stokes' law rate of fall is so small that they 
are car r ied along by the vapor velocity and leave the evaporator 
proper; 

2. par t ic les whose Stokes' law rate of fall is roughly equivalent 
to the vapor velocity (it would be expected that these part icles 
would build up to some equilibrium concentration within the 
vapor space of the evaporator); and 

3. part icles whose Stokes' law rate of fall is greater than the 
vapor velocity. These par t ic les will fall back into the boiling 
liquid if sufficient free space is provided within the evaporator 
for themi to reach the end of their trajectory. Of course, if 
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they r e a c h a point w h e r e the vapor veloci ty is sufficiently 
high while they a r e s t i l l in flight, they m a y be c a r r i e d f rom 
the s y s t e m . 

E n t r a i n m e n t m a y then be m a t e r i a l l y r e d u c e d m e r e l y by p r o ­
viding sufficient c r o s s sec t ion and height above the boil ing l iquid sur face 
that the l a r g e r p a r t i c l e s (Group 3) m a y fall back into the boil ing l iquid. 
D e - e n t r a i n m e n t dev ices have been u t i l i zed to r educe en t r a inmen t fu r the r 
and i n c r e a s e the ove ra l l decontamina t ion f ac to r . These include cyc lones , 
packed co lumns , s p r a y s , bubble cap co lumns , impingement p l a t e s , baffles 
and se t t l ing d o m e s . The decon tamina t ion cont r ibut ion of such devices 
v a r i e s f r om 1 0 to lOO.l^^) D e e p - b e d F i b e r g l a s f i l t e r s have been used suc ­
cessful ly for f i l t r a t ion of vapor (see Chapte r 3). 

Acid Des t ruc t i on 

N e a r l y a l l r e a c t o r fuels being chemica l ly p r o c e s s e d today a r e 
ini t ia l ly d i sso lved in n i t r i c ac id . In addit ion, the sal t ing agent u s e d in 
the P u r e x p r o c e s s is l a r g e l y n i t r i c ac id . Consequent ly , n i t r i c ac id is a 
m a j o r cons t i tuen t of m u c h of the h igh - l eve l waste p roduced , and methods 
for i ts d e s t r u c t i o n have been of i n t e r e s t off and on for over a decade . 
Chemica l and e l e c t r o c h e m i c a l me thods have been s tudied . 

The r e a c t i o n s of n i t r i c ac id with oxalic acid and with f o r m a l d e ­
hyde a r e as fol lows: 

Oxal ic Acid; 

2 HNO3 + H2C2O4 = 2 NO2 + 2 CO2 + 2 H2O 

2 HNO3 + 3 H2C2O4 = 2 NO + 6 CO2 + 4 H2O 

F o r m a l d e h y d e ; 

4 HNO3 + 3 HCHO = 4 NO + 3 CO2 + 5 H2O dilute ac id 
1_N to 8 N_ 

4 HNO3 + HCHO = 4 NO2 + CO2 + 3 HjO concen t r a t ed ac id 
l6.N_to 8 N 

The r eac t ion with oxal ic ac id r e q u i r e s heat ing at 70 to 100 C and is 
a c c e l e r a t e d when ca t a lyzed by p o t a s s i u m p e r m a n g a n a t e . The formaldehyde 
r e a c t i o n goes a l m o s t i m m e d i a t e l y at r o o m t e m p e r a t u r e with 10 to 16 .M_ 
n i t r i c ac id . Below 5 m o l a r , the solut ion m u s t be boiled to obtain an a l m o s t 
i m m e d i a t e r e a c t i o n . The p r e s e n c e of f e r r i c and u rany l n i t r a t e s in the con­
cen t r a t i ons usua l ly found in was t e so lu t ions ca ta lyzes the r e a c t i o n apprec iab ly . 
In r e c e n t work at Hanford, it was found that 95 to 98 p e r cent of the f ree 
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n i t r i c acid in a s imu la t ed f i r s t - c y c l e P u r e x aqueous was te could be d e s t r o y e d 
with the use of 1 mole of fo rmaldehyde p e r four m o l e s of n i t r i c acid.'-^ ' This 
a p p r o a c h e s the l imi t ing t h e o r e t i c a l s to i ch iome t ry v e r y c lose ly . It was a l so 
found that the de-ac id i f ied p roduc t could be evapora t ed to abou t" j the o r ig ina l 
was te volume before p r e c i p i t a t i o n was obse rved . The behavior of f iss ion 
p roduc t s dur ing th is t r e a t m e n t was e s t a b l i s h e d by adding a spike to the feed, 
and decontamina t ion f ac to r s g r e a t e r than 10^ were d e m o n s t r a t e d . 

Hanford has bui l t a s m a l l pi lot plant unit to t e s t the fo rmaldehyde 
des t ruc t ion of n i t r i c ac id . The p r i m a r y r eac t i on v e s s e l i s a 4 -ga l s t a i n l e s s 
s tee l pot s u r m o u n t e d by an absorp t ion tower . S e v e r a l runs have been m a d e . 
Cold fo rmaldehyde and n i t r i c ac id w e r e mixed in the r e a c t o r and after a 
one-half hour delay p e r i o d the r e a c t o r was hea ted . The m a x i m u m p r e s s u r e 
g e n e r a t e d was 1.7 p s i g with an ini t ia l m i x t u r e of 4.6 m o l a r n i t r i c acid and 
1.4 m o l a r f o r m a l d e h y d e . ' 5 ' ) 

This p r o c e s s has been in t r igu ing to development people for s o m e 
t ime b e c a u s e i ts p e r f o r m a n c e a lways looks good on p a p e r and s m a l l - s c a l e 
e x p e r i m e n t s a r e e a s i l y con t ro l l ed . However , it m u s t be noted tha t t h e s e 
r e a c t i o n m i x t u r e s inay b e c o m e too v igorous to con t ro l and i n t e r m e d i a t e 
r e a c t i o n p r o d u c t s m a y be f o r m e d which a r e t e m p e r a t u r e and shock s e n s i ­
t ive . The p r o c e s s h a s not yet been put into p roduc t ion u s e . 

N i t r i c ac id m a y a l so be d e s t r o y e d by a n u m b e r of e l e c t r o l y t i c 
m e t h o d s . One such p r o c e s s involves e l ec t ro ly t i c r educ t i on in a lka l ine 
solut ion; a m m o n i a i s p r o d u c e d at the cathode and oxygen at the anode.1^8) 
The p r o c e s s i s as fol lows: 

1. N i t r i c ac id w a s t e i s n e u t r a l i z e d by sod ium hydrox ide . A g r o s s 
f i s s ion p roduc t decon tamina t ion fac to r of 2 to 1 0 may be ob­
ta ined by r e m o v i n g the so l ids f o r m e d a t th i s point . 

2. The a lkal ine n i t r a t e was t e is e l e c t r o l y z e d in a ce l l s i m i l a r to 
c o m m e r c i a l hydrogen-oxygen ce l l s but u n c o m p a r t m e n t e d . 
Oxygen is s c r u b b e d and r e l e a s e d by conventional m e t h o d s . 
Some a m m o n i a m a y be r e l e a s e d with the oxygen; howeve r , 
condit ions m a y be ad jus ted to keep it in solut ion. The aqueous 
p roduc t i s sod ium hyd rox ide . 

3. This caus t i c solut ion i s e v a p o r a t e d to r e m o v e w a t e r and a lso 
to r e m o v e the a m m o n i a which is p r o d u c e d at the p r e v i o u s s t ep . 
The d i s t i l l a t e i s di lute a m m o n i u m hydrox ide that i s su i t ab le for 
d i r e c t d i s p o s a l . The e v a p o r a t o r hee l is s imply r e c y c l e d to the 
n e u t r a l i z a t i o n s t e p . 

At Hanford s t i l l ano the r e l e c t r o l y t i c destifuction p r o c e s s for n i t r i c 
acid i s being s tudied in which a t w o - c o m p a r t m e n t ce l l with a P e r m u t i t 3142 
cat ion i n e m b r a n e , a s t a i n l e s s s t e e l ca thode , and a d u r i r o n anode i s used.(59) 



In a batch e lec t ro lys i s , 88 per cent of the free n i t r ic acid was destroyed 
at an overal l cur ren t efficiency of 5 7 per cent. The solution volume was 
dec reased by a factor of 3. Neither of these p r o c e s s e s have been put into 
production use e i ther . 

Flocculat ion 

Variations of water t r ea tmen t p rac t ice have been studied exhaus­
tively in an attempt to develop a general ly useable waste t rea tment 
p r o c e s s . It appears that such a sys tem has value in t reat ing la rge volumes 
of lightly contaminated was tes , but as a method for handling high-level 
was tes flocculation is not sa t i s fac tory . With the use of a wide range of 
flocculating agents , overal l decontamination factors of about 10 a re ob­
tained for mixed fission products . If it is possible to tai lor a p roces s 
for a single radioact ive spec ies , much bet ter resu l t s can be obtained. 
Advantages of the p r o c e s s a re ra ther low cost , the ability to handle a 
wide range of solid content in the feed, and the production of a waste floe 
volume which is re lat ively independent of feed solid content. Suitable 
s torage or disposal facil i t ies have to be provided for the radioactive 
sludge. 

A number of water t r ea tment p roce s se s were investigated at Oak 
Ridge to determine their removal efficiencies for strontium-90, ces ium-137 
and the r a r e ear ths from tap water . The charac te r i s t i c efficiencies of 
5 t rea tment p r o c e s s e s a re shown in Table 37.1"^) 

Table 37 

REMOVAL OF RADIONUCLIDES FROM WATER BY COXVEKTIONAL 
WATER TREATMEKT PROCESSES^ 

Radioisotope 

Sr 
Ce 
Tr i \a len t 

Rare Ear ths 
(including Y) 

Cs 

Ru 

P roces s Waste 
Stream Compo­
sition (per cent 
of gross beta 

1954.1955) 

19.6 
15.2 

30.4 
29.9 

i.9 

97.0 

Pe r Cent Removal by Treatment Process 

Chemicalb 
Coagulation 

5 
91 

91 
0.5 

77 

Chemical 
Coagulation 

Plus 100 
ppm Clay 

0-51 
85-96 

35-65 

Sand 
Fi l t rat ion 

4 

87 
50 

Lime-Soda 
Softening 
(150 ppm 
excess) 

97.3 

90.0 
Not 

effective 

Phosphate 
Coagulation 

(240 ppm 
dose) 

97.8 
99.9 

^K. E. Cowser and R. J. Morton, Treatment Plant for Removal of Radioactive Contaminants from 
Process Waste Water, Pa r t II: Evaluation of Perform,ance, Hearings, JCAE, 86th Congress of 
the US, page 547, August, 1959. 

^Coagulant includes alum, ferrous sulfate or ferr ic chloride, l ime, soda ash or sodium hydroxide, 
and sodium si l icate. 
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Sand f i l t ra t ion and c h e m i c a l coagulat ion with a l u m i n u m and i r o n sa l t s w e r e 
unsa t i s f ac to ry for the r e m o v a l of s t r o n t i u m and c e s i u m . L i m e - s o d a soften­
ing and phosphate coagulat ion w e r e found to be capable or r emoving m o r e 
than 90 pe r cent of the s t ron t ium. 

L a b o r a t o r y s tud ies w e r e extended to include ac tua l p r o c e s s w a s t e s 
at ORNL. Up to 90 p e r cent r e m o v a l of g r o s s rad ioac t iv i ty could be ob­
ta ined with e x c e s s l i m e - s o d a softening or phosphate coagulat ion when clay 
was added for the r e m o v a l of c e s i u m . Although phosphate coagulat ion was 
p r o m i s i n g , efficient remiovals of s t r o n t i u m r e q u i r e d a c c u r a t e con t ro l of 
pH and of the r a t i o of phosphate and l ime d o s a g e s . 

Some e a r l i e r Oak Ridge work r e p o r t e d a t Geneva (19.55)1°!) gave 
s i m i l a r r e s u l t s . It was shown that coagulat ion was m o s t effective for 
the remioval of r a d i o a c t i v e ions of va lence +3, +4, and +5. Data for a 
dozen and a half specif ic i so topes a r e .given in Table 38. 

Even e a r l i e r data obtained a t Argonne s i m i l a r l y showed r e m o v a l s 
of 90 p e r cent of mixed f i s s i o n - p r o d u c t ac t iv i ty f rom low- leve l w a s t e for 
s i n g l e - s t a g e and up to 97 pe r cent for t w o - s t a g e t r e a tmen t s . ( o^ ) T h e s e 
data a r e s u m m a r i z e d in Table 39. 

Somewhat b e t t e r r e s u l t s have been shown for the r e m o v a l of 
p lu ton ium f rom l a b o r a t o r y w a s t e s containing up to 25,000 c p m / m l . 
Was t e s containing 100 p p m of f luor ide ion, va ry ing amounts of o rgan ic 
and m i n e r a l m a t e r i a l s , and at a pH which v a r i e d f rom 2 to 13 w e r e 
studied.(o3) P lu ton ium r e m o v a l s a s high a s 99.9 pe r cent w e r e obtained 
upon us ing 20 p p m i r o n (as f e r r i c ch lor ide) and adjust ing the pH to 9.5 
with l i m e . The p r o c e s s p r o d u c e s about 20 gal lons of wet s ludge (3 lb of 
d ry sol ids) p e r 100 gal lons of w a s t e . 

A t h r e e - c y c l e p r ec ip i t a t i on p r o c e s s was developed through the pi lot 
p lant s tage a t Mound Labora tory .w '*) Th is p r o c e s s was ba sed upon a b s o r p ­
t ion a n d / o r coprec ip i t a t ion of f i ss ion p roduc t s with f e r r o u s sulfide and 
f e r r o u s h y d r o x i d e - c a l c i u m phosphate . In e a r l y t e s t s , decontamina t ion 
f ac to r s of 200 to 400 w e r e obtained with c e s i u m ; ru then ium was i n c o m ­
p le t e ly r e m o v e d . By i n c r e a s i n g the d i s so lved i ron concen t ra t ion and p r e ­
conditioning the feed by boil ing i t with sod ium hypochlor i t e , decontamina t ion 
f ac to r s a s high a s 4 x 10* w e r e obta inable . Using se t t l ing for sol ids r e ­
mova l and a r e t en t i on t i m e of one day, vo lume reduc t ion fac to r s of 15 w e r e 
found. 

A r e a l l y v a s t amount of work has been done on th is type of p r o c e s s ­
ing. A n u m b e r of r e p r e s e n t a t i v e r e f e r e n c e s a r e given;^^-'" ' •'•̂  t h e r e a r e 
many m o r e . All of t h e s e a g r e e g e n e r a l l y with the conclus ions s ta ted 
h e r e i n . It i s difficult to see the jus t i f i ca t ion for v e r y much m o r e w o r k 
in th i s a r e a . 
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Table 38 

REMOVAL OF RADIOACTIVE MATERIALS BY CONVENTIONAL 
WATER TREATMENT FROCESSES^.b 

Isotope 

C s " ^ - B a " ' (CI) 

Sr^9 (CI) 

B a " ° - L a " ° (CI) 

Cd"5 (NO3) 

Sc** (CI) 

Y ' ^ (CI) 

Zr95.Nb95 
(oxalate complex) 

P^^ (phosphate) 

C r " (CI) 

Mo'° (M0O3) 

W"5 (tungstate) 

R e " * (metal) 

l"^ (iodide) 

Ru"3 (CI) 

F r " 2 (Pr^O^) 

C e ^ ^ - P r ^ ^ (CI) 

Pm^*^ (CI) 

S m ^ " (SmzOj) 

Remova l Range in P e r 
of Init ial Activity 

Chemica l 
Coagulat ion 
and Sett l ing 

0-37 

0-15 

1-84 

62-99+ 

1-99+ 

2-99 

68-99+ 

0-60 

0-60 

1-96 

0-29 

0-96 

43-96 

83-99+ 

28-99+ 

4-99+ 

44-99+ 

Sand 
F i l t r a t i o n 

10-70 

1-13 

39-99 

60-99 

94-99 

84-89 

91-96 

3-18 

Cent 

Soda-Ash 
Softening 

< 5 0 

50-95 

50-95 

50-99 

50-95 

50-95 

50-99+ 

< 5 0 

^Variable chemical dose, coagulants, pH conditions, activity concen­
trat ions, and waters . 

^Stiaub, C. P . , Lacy, W, J» and Morton, R. J., Methods for the Decon­
tamination of Radioactive Liquid Wastes, Proceedings of the Inter­
national Conference on the Peaceful Uses of Atomic Energy, Geneva, 
Switzerland, (1955), Vol 9, p . 24. 



Table 39 

DECONTAMINATION OF LOW-LEVEL WASTES BY CHEMICAL 
PRECIPITATION AND SETTLING PROCESSESa-^l^ 

Chemical Added^ 

F i r s t Stage 

NaOH 

Lime 

NaOH, L ime , FeCl j , Active Silica 

NaOH, L ime , Al2(S04)3, Active Sil ica 

NaOH, FeCls , Active Si l ica 

NaOH, L ime , FeCl j 

NaOH, L ime , FeCla, Sil ica P roduc t , 
F u l l e r ' s E a r t h 

NaOH, FeCl j , F u l l e r ' s E a r t h , Bentonite 

NaOH, L i m e , Na3P04 

NaOH, FeCls 

L ime , Na2C03 
L ime , FeCl3 
L i m e , NajCOa, FeS04 
NazS, L ime , NagCOj 
NajS, L ime , NajCOj 

.— . 1 

Second Stage 

(Single-stage 
Treatm.ent) 

(Single-stage 
Trea tment ) 

(Single-stage 
Trea tment ) 

(Single-stage 
Trea tment ) 

(Single-stage 
Trea tment ) 

(Single-stage 
Trea tment ) 

(Single-stage 
Trea tment ) 

(Single-stage 
Trea tment ) 

(Single-stage 
Trea tment ) 

(Single-stage 
Trea tment ) 

FeCls 
L ime , F e C l j 

-
Lime , FeCls 
FeCls 

Beta 
Decontamination 

Fac to r 

3-10 

5-9 

4-12 

2-10 

4-11 

8-12 

5-10 

6-21 

12-23 

9-15 

After 
1st stage 

10-16 
7 

9-12 
5 

12-16 

After 
2nd stage 

21-33 
9 
-

10 
18-25 

^Mixed F i s s i o n produc t activity added at a level of about 100 d p m / m l for 
s ing le -s tage exper iments and of about 1000 d p m / m l for two-s tage 
expe r imen t s . 

"Summary Repor ts Chemica l Engineer ing Division, ANL-4463, p . 80 (1949); 
ANL-4543, p . 76 (1950); ANL-4720, p . 70 (1951); ANL-4499, p . 85 (1949). 

^The chemica l s t es ted were applied alone or in va r ious combinations and 
o r d e r of addition. The chemica l dosages were in the range normal ly used 
in water and indus t r ia l waste t r ea tment p r a c t i c e . 



Ion Exchange 

C e r t a i n types of rad ioac t ive w a s t e s may be t r e a t e d by ion exchange. 
The use of ion exchange r e s i n s in connect ion with main tenance of wate r 
qual i ty in r e a c t o r s has a l r e a d y been d i s c u s s e d . Ion exchange is p a r t i c u l a r l y 
appl icable to aqueous w a s t e s having a total sol ids content of l e s s than 
2500 p p m and p r e f e r a b l y l e s s than 1000 ppm. Demons t r a t ed decon tamina ­
t ion f a c t o r s range f rom 50 for cat ion r e s i n s to about 10 for mixed-bed 
r e s i n s , the l a t t e r l im i t ed by the ini t ial ac t iv i ty of the feed solution used 
in the e x p e r i m e n t s . The p e r f o r m a n c e of ca t ionic r e s i n s , exhaus ted 
cat ionic r e s i n s , and mixed beds is shown in Table 40 for a was te conta in­
ing 300 ppm total solids.C^^) 

Table 40 

PERFORMANCE OF ION EXCHANGE RESINS^-

B a s i s : Waste containing 300 ppm total sol ids 
and mixed f iss ion p roduc t ac t iv i ty . 

Type of 
Res in 

Cat ion 
Exhaus t ed 

Cat ion 
Res in^ 

Mixed Bed 

Decontam­
inat ion 
F a c t o r 

30 

4 -5 
10^ 

Capac i ty , 
C olumn 

Through­
puts 

800 

>20,000 
55 

Volume 
Concen t ra t ion 

F a c t o r 

130 

>3000 
7 

^Ethe r ing ton , H., (Ed) N u c l e a r Eng inee r ing Handbook, 
McGraw-Hi l l Book Co. , New York (1958), p . 11-96. 

"Res in exhaus ted with r e g a r d to h a r d n e s s ions s t i l l 
r e m o v e s some ac t iv i ty . 

Ion exchange r e s i n s a r e h i g h - m o l e c u l a r - w e i g h t p o l y m e r s containing 
p a r t i c u l a r ionic groupings as an i n t e g r a l p a r t of the s t r u c t u r e . Anion ex ­
c h a n g e r s contain amine groups with an equivalent amount of an anion such 
as ch lo r ide o r hydroxyl ion. Cat ion r e s i n s contain phenol ic , sulfonic, 
c a rboxy l i c , or phosphonic ac id groups with an equivalent amount of a cat ion 
such a s sod ium or hydrogen ion. The p o l y m e r i c s t r u c t u r e is sufficiently 
c r o s s l inked to r e n d e r it v i r tua l ly inso lub le . A p a r t i a l l i s t of c o m m e r c i a l l y 
ava i lab le r e s i n s is given in Table 41.C^^) 



Table 41 

CHARACTERISTICS OF SOME COMMERCIALLY AVAILABLE 
ION EXCHANGE MATERIALS^-

Name Manufacturer Type 

Total Capacity 

mill i-
equiv/ g 

mil l i-
equiv/ml 

Cation Exchangers 

Amberlite IR-100 
Amberlite IR-105 
Dowex 30 

(Nalcite MX) 
Duolite C-3 
Ionic C-200 
Wofatit P 
Wofatit K 
Wofatit KS 
Zeo Karb 
Zee Rex 
Amberlite IR-120 
Dowex 50 

(Nalcite HCR) 
Alkalex 
Amberlite IRC-50 
Duolite CS-100 
Permuti t 216 
Wofatit C 
Montmorillonite 
Kaolinite 
Glauconite 
Permuti t 
Decalso 
Zeo Dur 
Silica gel 

Rohm and Haas 
Rohm and Haas 

Dow Chemical 
Chemical P roc . 
Amer. Cyanamid 
I. G. Farben 
I. G. Farben 
I. G. Farben 
Permuti t 
Permuti t 
Rohm and Haas 

Dow Chemical 
Research Prod. 
Rohm and Haas 
Chemical P roc . 
Permuti t 
I. G. Farben 

Permuti t 
Permuti t 
Permuti t 

Phenolic methylene 
Phenolic methylene 

Phenolic methylene 
Phenolic methylene 
Phenolic methylene 
Phenolic methylene 
Phenolic methylene 
Phenolic methylene 
Sulfonated coal 
Phenolic methylene 
Nuclear sulfonic 

Nuclear sulfonic 
Carboxylic 
Carboxylic 
Carboxylic 
Carboxylic 
Carboxylic 
Aluminum silicate 
Aluminum silicate 
Aluminum silicate 
Aluminum silicate 
Aluminum, silicate 
Aluminum silicate 
Silicic acid 

sulfonic 
sulfonic 

sulfonic 
sulfonic 
sulfonic 
sulfonic 
sulfonic 
sulfonic 

sulfonic 

1.75 
2.70 

4.00 
3.25 
2.70 
1.35 
2.50 
2.45 
1.62 
2.70 
4.20 

4.25 
4.95 

10.0 
3.85 
5.30 
7.00 

0.8-1.2 
0.06-0.10 
0.18-0.2 

1.0-3.0 

0.01-0.04 

0.65 
1.00 

1.35 
1.00 
0.81 
0.53 
1.00 
0.90 
0.60 
0.89 
2.15 

2.20 
1.80 
4.20 
1.11 
1.70 
2.50 

Anion Exchangers 

Amberlite IR-4B 
Amberlite IR-45 
Amberlite IRA-410 
Amberlite IRA-400 
De Acidite 
Duolite A-2 
Duolite A-3 
lonac A-300 
Wofatit M 
Alximina 
Dowex 2 

(Nalcite SAR) 
Dowex 1 

Rohm, and Haas 
Rohm and Haas 
Rohm and Haas 
Rohm and Haas 
Permuti t 
Chemical P roc . 
Chemical P roc . 
Amer. Cyanamid 
I. G. Farben 

Dow Chemical 
Dow Chemical 

Weak base 
Weak base 
Strong base 
Strong base 
Weak base 
Weak base 
Weak base 
Intermediate base 
Weak base 
Amphoteric 

Strong base 
Strong base 

10.0 
6.0 
2.5 
2.3 
9.3 
7.0 
6.8 
7.4 
-
0.01 

2.3 
2.4 

2.50 
2.0 
1.0 
1.00 
1.5 
1.20 
1.10 
1.50 
1.20 

0.9 
1.0 

3-R. Kunin and R. J. Meyers, Ion Exchange Resins, John Wiley & Sons, Inc., New York 
(1950). 



Contact be tween a solution and an ion exchanger involves e i ther a 
ba t ch or co lumn p r o c e s s . In the ba tch p r o c e s s , the r e s i n is mixed with the 
solut ion and ag i ta ted cont inuously or i n t e rmi t t en t ly unti l equ i l ib r ium is 
r e a c h e d . After equi l ib ra t ion the r e s i n is r e m o v e d by f i l t ra t ion . Column 
p r o c e s s e s gene ra l ly involve a f ixed-bed opera t ion . The r e s i n is suppor ted 
on a po rous b a s e while the solution flows through the r e s i n . Moving-bed 
techniques have a l so been developed. 

The n o r m a l f ixed-bed cycle c o m p r i s e s s e v e r a l s t e p s : 

1. s a t u r a t i o n of the exchange bed unti l b r eak th rough of ions 
o c c u r s ; 

2. e lut ion of the exhaus ted r e s i n ; and 

3. r ins ing the bed f ree of r e g e n e r a n t solut ion. 

Contact ing a solut ion with a ca t ion r e s i n will r emove the ca t ions 
and lower the pH. The r e s i n is r e g e n e r a t e d by p a s s i n g ac id th rough it , 
followed by a wa te r r i n s e . The u s e of an anion r e s i n r e m o v e s only anions , 
and the effluent in th i s c a s e b e c o m e s m o r e b a s i c . 

It is pos s ib l e to obtain comple te deioni'zation by pass ing the solution 
th rough both an anion and a cat ion bed . E i the r bed m a y be u sed f i r s t . Or the 
r e s i n s m a y be mixed toge the r and u s e d in a s ingle bed (mixed bed) . Since 
the capac i ty of anion r e s i n s is only about half that of cat ion r e s i n s , it is 
c u s t o m a r y to employ about two p a r t s of anion r e s i n to one of cat ion. To 
r e g e n e r a t e a m i x e d bed, i t is f i r s t n e c e s s a r y to c lass i fy the bed by back-
washing with w a t e r , then to in t roduce ac id into the cat ion por t ion of the 
bed and caus t i c into the anion por t ion , and to follow this with a wa te r r i n s e . 
F i n a l l y the bed is r e m i x e d by blowing a i r through i t . 

Res in beds should not be l e s s than 30 inches deep, and m a n u f a c t u r e r s 
r e c o m m e n d flow r a t e s of about 2 g p m / c u ft. The usua l r e g e n e r a n t so lu­
t ions a r e 6 N HCl and 4 p e r cent NaOH, 

A n u m b e r of v a r i a b l e s affect the r e m o v a l of rad ioac t iv i ty by ion 
exchange r e s i n s . T h e s e include c r o s s l inkage , r e s i n p a r t i c l e s i z e , feed 
flow r a t e , pH, concen t ra t ion of ex t r aneous s a l t s , r e s i n bed composi t ion , 
bed depth, and t e m p e r a t u r e . 

The deg ree of r e s i n c r o s s l inkage d e t e r m i n e s i ts po ros i t y , s tab i l i ty , 
and so lub i l i t y . ! ' ^ ) S t anda rd c o m m e r c i a l r e s i n s , such as 20- to 5 0 - m e s h 
Nalc i t e HCR, a r e 8 p e r cent c r o s s l inked. A study which employed 
Nalc i te HCR with 1, 4, 8, and 16 p e r cent c r o s s l inkage for the r e m o v a l 
of ra ixed f i s s ion p r o d u c t s f rom tap wa te r which had been adjusted to 
pH 2.5 showed that the s t a n d a r d r e s i n (8%) gave the b e s t r e m o v a l of g r o s s 
ac t iv i ty , cesiuna, and ru thenium.(75) 
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C o m p a r i s o n of s t a n d a r d c o m m e r c i a l s i z e r e s i n s (20- to 6 0 - m e s h ) 
wi th f ines (40- to 8 0 - m e s h ) showed tha t the t o t a l ionic c a p a c i t y w a s about 
the s a m e but t ha t e f f luents wi th a l i t t l e l o w e r ac t i v i t y w e r e ob ta ined with 
the f i ne r p a r t i c l e s . H o w e v e r , for any flow r a t e t h e r e w a s an e x p e c t e d i n ­
c r e a s e in p r e s s u r e d r o p . 

It h a s a l s o b e e n shown tha t for the r e m o v a l of g r o s s f i s s i o n p r o d u c t 
a c t i v i t y t h e r e i s no a p p r e c i a b l e d i f f e rence in the d e c o n t a m i n a t i o n ob t a ined 
at 2 g a l / ( m i n ) ( c u ft) - the m a n u f a c t u r e r ' s r e c o m m e n d e d flow r a t e - and at 
a r a t e f ive t i m e s a s l a r g e . The s a m e s tudy showed tha t s l i gh t ly b e t t e r 
r e s u l t s w e r e ob t a ined if the feed w e r e a d j u s t e d to pH 2.5 ( see T a b l e 4 2 ) . ( ' " ) 

Table 42 

EFFECT OF pH ON REMOVAL OF GROSS BETA ACTIVITY 
BY CATION EXCHANGE^-

Feed 
pH 

1.8 
2.5 
2.5 

2.5 
4.0 
5.5 
8.0 
8.0 
9.5 

Before Hardness 
Breakthrough 

Throughput 
volume, 
gal /cu ft 

5900 
6200 
6100 

6100 
4900 
4800 
5500 
6100 
5900 

Overal l 
integrated 

DF 

10.4 
13.6 
13.0 

14.5 
10.7 

2,8 
7.0 
6.0 

18.7 

After Hardness 
Breakthrough 

Total 
through­
put vol, 
gal /cu ft 

29,000 
21,400 

260,000 

20,800 
26,500 
20,400 
28,200 
24,300 
12,300 

Overall 
integrated 

DF 

5.1 
5.0 
4.1 

5.6 
3.8 
2.3 
2.4 
3.0 
6.3 

Remarks 

Average of 2 runs 
Average of 2 runs 
Flow ra te , 10 g a l / 

(min)(cu ft) 
With Alsop filter 

Average of 2 runs 

With Alsop filter 
With micrometal l ic filter 

Feed solution: Laboratory tap water with added mixed fission product activity 
(1 to 2 year old). pH adjusted to value shown. 

Tap water charac te r i s t i c s : pH 9 
total hardness 
total solids 
calcium content 
magnesium content 

Flow ra te : 2 gal/(min)(cu ft) 

85 ppm (as CaCOs) 
300 ppm 
11 ppm 
1 6 ppm 

^H. G. Swope and E. Anderson, Cation Exchange Removal of Radioactivity from. 
Wastes, Ind. Eng. Chem., J7^ 78 (1955). 



Many of the waste disposal applications of ion exchange have to do 
with activity levels wherein the effect of the radiation upon the re s ins is 
negligible. F o r those uses where significant quantities of radiation a r e 
involved, the ability of the r e s ins to withstand radiation damage is of some 
in te res t . P a r k e r , at al . .( ' ') have summar ized the r e su l t s of studies by 
severa l investigators\'''^5'^9>8U) QĴ  ^J^Q effects of beta (absorbed), gamma 
and X radiat ion on commerc ia l ly available organic ion exchange r e s ins 
(see Table 43). 

Table 43 

RADIATION DAMAGE TO ION EXCHANGE RESINS* 

Type of Resin 
Per Cent Capacity Loss^ 

Wedemeyer'^ 

Strong Acid Nuclear sulfonic Polystyrene 

Dowex 5 0 (X- 8 and X-12) 
Nalcite HCR (X-8) 
Amberlite IR-120 
Permuti t Q 
Dowex 30 
Amberlite IR-105 
Amberlite IR-112 

Weak Acid-Carboxylic 

Amberlite IRC-50 
Permuti t H70 

Strong Base-Quaternary amii 

Dowex 1 
Nalcite SAR 
Permuti t 32 
Amberlite lRA-400 
Amberlite IRA-410 

23 
8 
9 
2 

100 
100 

le polystyrene 

44 
37 
38 
42 
40 

i 

Weak Base-Weakly Basic amine groups 

Nalcite WBR 
Amberlite XE-58 
Dowex 3 
Amberlite IR-4B 
Amberlite lR-45 
Permuti t Deacidite 

20 
20 
19 
13 
53 

3 

Higgins*^ 

10-20 

1 
1 

Fisher^ 

- 1 2 

-12 

^G. W. Parker , I. R. Higgins, and J. T. Roberts in Ion Exchange Technology, 
(F. C. Nachod and J. Schubert, ed) Acaderaic P r e s s , New York (1956), 
p. 144, Table 16.8. 

"Per cent of capacity loss per watt-hour (3.8 x 1 0 r) of energy absorbed per 
gram of oven-dry resin. 

<̂ R. E. Wedemeyer, The Stability of Ion Exchange Resins to X-rays, PhD. Thesis, 
Vanderbilt University (1953). 

d j . R. Higgins, USAEC, ORNL-1325 (1953). 

®S. A. Fisher , Effect of Gamma Radiation on Ion Exchange Resins, USAEC, 
RMO 2528 (1954). 



Cobalt-60, tantalum-182, cerium-144, praseodymium-144, and X-ray beams 
were the radiation sources used. In this tabulation the adsorption of 1 watt 
hour of energy by 1 gram of resin (dry basis) is equivalent to 3.8 x 10® r . 

As in the case of flocculation, a great deal of work has been done 
on ion exchange as applied to waste disposal, and the references cited are 
only representat ive. 

An extension of the ion exchange technique called electrodeioniza-
tion makes use of synthetic ion exchange membranes of high electrical 
conductivity. These membranes are permeable to ions of only one charge. 
Ion exchange membranes are used to divide an electrolytic cell into two 
or more compartinents. In multicompartment units the cells are formed 
by alternating cation and anion membranes with a cation membrane next 
to the cathode and an anion membrane adjacent to the anode.i°l) Fair ly 
large pilot plant units of this type of equipment have been set up as a part 
of the saline water program. The Brit ish have operated a pilot unit on 
radioactive wastes. Experimental work has also been done at Argonne 
National Laboratory and at Oak Ridge National Laboratory. No such unit 
has been placed in routine operation in connection with waste disposal, 
however, 

Walters et al.(82) have proposed a two-step process for the con­
centration and electrodeionization of radioactive wastes. The f irst step -
bulk deionization - involves part ial decontamination in a multicompartment 
membrane cell. The second step is the final decontamination of the waste 
s t ream by passage through a multicompartment permselect ive cell con­
taining a mixed bed granular exchanger in the deionization compartments. 
In the second step, the mixed bed granular exchanger is electrolytically 
regenerated between perm.selective membranes . Decontamination factors 
of 10 to 10 were obtained from feed solutions of 0.00425 N sodium sulfate 
containing either long-lived fission products or zirconium-95. Gross 
activity removal followed closely that of the inactive ions. 

Hatch, ^_al_.(83) suggest the use of ion selective membrane (anion 
membrane) units for pre t rea tment of nitric acid wastes , i .e. , nitric acid 
removal. Exposure of the membranes to radiation from high-level wastes 
has not revealed serious limitations with respect to their useful life. 

Biological Methods 

Removal of radioactivity from liquid wastes by biological methods 
appears to have limited application for wastes containing low levels of 
radioactivity. The activated sludge process , trickling filters and sewage 
oxidation ponds have been investigated. Removals of about 70 to 90 per 
cent of mixed fission products can be expected by biological treatment. 
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The d e g r e e of r e m o v a l is e s s e n t i a l l y independent of feed concen t ra t ion in 
the r a n g e s usua l ly encoun te red in l ow- leve l effluents f rom h o s p i t a l s , r e ­
s e a r c h ins t i tu t ions , and l a u n d r i e s . Iodine and phosphorus r e m o v a l s will 
depend upon the concen t r a t ions of t h e i r s tab le i so topes . P h o s p h o r u s r e ­
mova l s will v a r y f r o m 10 to 50 p e r cent w h e r e a s iodine m a y be expected 
to v a r y f rom z e r o to 90 p e r cent . Higher va lence ions a r e m o r e eas i ly 
r e m o v e d than those with low va lences .(°'*) 

S imula ted l aundry w a s t e s containing 200-day-o ld mixed f i ss ion 
p r o d u c t s w e r e t r e a t e d in t r i ck l ing f i l t e r s . Ammonium hydroxide and 
t r i s o d i u m phospha te w e r e added a s s u p p l e m e n t a r y n u t r i e n t s . About 
90 p e r cent of the g r o s s ac t iv i ty was r e m o v e d at o rgan ic loadings of 
250 lb / (ac re ) ( f t ) (day) . Sludge was p r o d u c e d at a r a t e of 0.3 lb d ry s o l i d / 
lb BOD r e m o v e d . Approx ima te r e m o v a l s of individual i so topes w e r e : 
c e r i u m , 9*7 p e r cent ; ru then ium, 80 p e r cent ; s t ron t ium, 70 p e r cent ; 
y t t r i u m , 90 p e r cent ; and z i r c o n i u m - n i o b i u m , 80 pe r cent . High pH is 
m o r e effective than low and the effect of r e c i r c u l a t i o n r a t e was not 
s ignif icant . 1°^) 

The use of a t w o - s t a g e t r i ck l ing f i l t e r p r o c e s s for the r e m o v a l 
of p lu tonium r e s u l t e d in r e m o v a l s of 75 to 95 p e r cent . A sludge volume 
only j j tha t obta ined by c h e m i c a l p r e c i p i t a t i o n t r e a t m e n t of l aundry was te 
was found. \°") Oxidat ion ponds have given s i m i l a r r e s u l t s and a r e useful 
for handl ing dilute w a s t e s with va r i ab l e compositions.l^"^) 

R e m o v a l of Specific F i s s i o n P r o d u c t s 

A c o n s i d e r a b l e amount of w o r k h a s been done in devis ing p r o c e s s e s 
for s e p a r a t i n g specif ic f i s s ion p roduc t s f r o m waste s t r e a m s . I " " " ' " ) While 
the i ndus t r i a l u se of these i so topes c e r t a i n l y should b e , and is being en­
couraged , it is a fa l lacy to a s s u m e that such u t i l i za t ion will m a t e r i a l l y 
change the was t e p i c t u r e . In the f i r s t p l a c e , even if it w e r e poss ib le to 
s e p a r a t e each of the h a z a r d o u s i so topes by d e g r e e s sufficient to p e r m i t 
the r e m a i n d e r to be d i s c a r d e d , the s e p a r a t e d p roduc t would st i l l have to 
be s t o r e d and would b e c o m e u s e l e s s f r o m an i ndus t r i a l u t i l i za t ion s tand­
point long before it had decayed to i nnocuousnes s . Secondly, the r e c o v e r y 
of specif ic i so topes for benef ic ia l u se is quite a different p r o b l e m f rom 
that of r emov ing t h e m to fac i l i t a te was t e d i sposa l . F o r a r e c o v e r y p r o c ­
e s s , a y ie ld of 90 p e r cent might be quite s a t i s f ac to ry . If the goal w e r e 
to p e r m i t the r e s idue to be t r e a t e d a s a convent ional i ndus t r i a l w a s t e , 
however , e s s e n t i a l l y comple te r e m o v a l would be r e q u i r e d for a l l of the 
e l e m e n t s of c o n c e r n . F o r these p u r p o s e s any p lu tonium or o ther t r a n s ­
u r a n i c e l e m e n t s m u s t a l s o be r e m o v e d with c o m p a r a b l e efficiency. 

One s t u d y ' ° l ) has concluded that af ter s t r o n t i u m - 9 0 has been r e ­
moved by f a c t o r s of 10^ to lO ' , the t r a n s u r a n i c alpha e m i t t e r s wil l become 
the con t ro l l ing i so topes f r o m a h a z a r d s tandpoint . Mic roscop ic l o s s e s 



ranging to as low a s 1 p a r t p e r 20 bi l l ion would have to be s imul t aneous ly 
ach ieved for the many e l e m e n t s of widely differing chemica l c h a r a c t e r i s t i c s . 
Achieving th i s s imul t aneous high r e c o v e r y of such c h e m i c a l l y d i v e r s e 
p r o d u c t s is without p r e c e d e n t in the c h e m i c a l indus t ry . 

The i so la t ion of specif ic f i s s ion p roduc t s with good r e c o v e r y and fa i r 
decon tamina t ion has been d e m o n s t r a t e d by the opera t ion of the f i s s ion p r o ­
duct pi lot p lan t at Oak Ridge , where c e s i u m - 1 3 7 s o u r c e s a r e being m a d e 
f rom P u r e x w a s t e s with an annual output of 200,000 c u r i e s of ces ium-137 . (92) 

Conclus ion 

It can be fa i r ly sa id that the p r o c e s s e s u seab le in the i n t e r m e d i a t e 
t r e a t m e n t of l iquid was te d i s c u s s e d h e r e i n have had exhaus t ive development 
work done upon t hem. Thoroughly adequate informat ion e x i s t s for des ign 
and ope ra t ion of a wide v a r i e t y of p r o c e s s e s and p l a n t s . It is difficult to 
see the jus t i f ica t ion for addi t ional r e s e a r c h on many of t h e m . It would 
s e e m tha t the avai lable in fo rmat ion is adequate to allow for the decon tamin­
a t ion of l a r g e vo lumes of both low- and h igh - l eve l w a s t e . More i n fo rma­
t ion i s needed on some of the m e t h o d s for reducing w a s t e s to s o l i d s , but 
it would a p p e a r tha t th i s p r o b l e m , too , will soon be wel l in hand. 

P R O B L E M S F O R CHAPTER 5 

1. A s s u m e tha t the p a r t i c l e s e n t r a i n e d into the o v e r h e a d of an evapo­
r a t o r have the following c h a r a c t e r i s t i c s : 

F r a c t i o n of Re la t ive 
Group (see P a r t i c l e s P a r t i c l e 
page 110) (by n u m b e r ) D i a m e t e r 

1 1/3 1 
2 1/3 5 
3 1/3 10 

What decon tamina t ion f ac to r m a y be expec ted by p rov id ing : 

a. f r ee space adequa te to a l low r e m o v a l of group 3 ? 

b . f r ee space p lus baffles ( a s s u m e that group 3 + 75% of group 2 
is r emoved) ? 

c . (a) + (b) + F i b e r g l a s f i l t r a t ion which i s a s s u m e d to r e m o v e 
50% of group 1 and 99.5% of group 2? 

F ina l l y , a s s u m e that the evapora t ion p r o c e s s i tse l f will p rov ide a 
DF of 10 ' . What o v e r a l l DF i s p r o v i d e d by each of the above ? 
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2, Take the was te d e s c r i b e d in Table 16, page 55, and ca lcu la te the 
concen t ra t ions of each signif icant isotope at 2 y e a r s and at 30 y e a r s . 
If the was te w e r e cooled t h r e e y e a r s , what DF for Sr would be r e q u i r e d 
so that the volume of w a t e r needed to dilute the r e s idua l S r ' to t o l e r a n c e 
would be jus t equal to that r e q u i r e d to di lute al l the o the r s to t o l e r ance ? 

If the was te w e r e cooled 30 y e a r s , what S r ' ° DF is r e q u i r e d for 
the s a m e condit ion? F o r the condit ion that the volume used for diluting 
S r ' to t o l e r a n c e is jus t equal to that needed for a l l the o t h e r s except 
C s " ^ 



CHAPTER 6 

REDUCTION OF LIQUIDS TO SOLIDS 

In this chapter will be discussed methods for reducing liquid wastes 
to solids. These include adsorption of the activity on natural mater ia ls 
with or without subsequent firing to fix the activity, and various calcining 
techniques. The former methods a re similar in their initial stages to ion 
exchange, and the latter to evaporation. But whereas ion exchange and 
evaporation a re directed pr imari ly at producing an effluent which is 
directly discardable, the methods of this chapter a re pr imari ly directed 
at producing a solid which will contain high-level activity in a more easily 
storable form. 

Adsorption on Natural Materials 

There has been interest for soxne time in adsorbing wastes on 
naturally occurring mate r i a l s . The adsorption step may be followed by 
firing at elevated temperature to fix the activity. Some early work along 
these lines was done by Hatch,v3,94)^jj^o had been making use of clays of 
the montmorillonite group. In this process the waste was passed through 
a column of extruded clay which adsorbed the radioactivity by ion ex­
change. The activity was fixed upon the clay by firing it at 1000 C, The 
capacity for cation exchange has been found to be about 1.2 milliequivalents 
per gram of clay. 

Ten gallons of simulated dilute waste containing 2 curies of 
strontium-90 were passed in ser ies through three clay columns over a 
period of twelve days. The effluent was decontaminated by a factor of 
2 X 10*. In 1953, clay was loaded with activity to 1 x lO' dpm/gram and 
was then fired at 1000 C for 72 hours to fix the activity. The clay has 
been subjected to a leaching by sea water ever since. An initial loss to 
the sea water of 0.08 per cent of the total activity is attributed to surface 
contamination. Since then, there has been essentially no leaching of ac ­
tivity over a period of 7 yea r s . 

This process has been worked on for nearly ten years , but has 
never been put into production use because the wastes produced by all 
existing chemical processes a re too acid and/or contain too high concen­
trations of salts to be directly usable. Nitric acid may be removed from 
Purex wastes by distillation or by electrolysis using permselect ive mem­
branes prior to the clay-adsorption step. Neither alternative is par t ic ­
ularly at tract ive. Aluminum-bearing wastes must be evaporated and 
calcined, and the resulting alumina leached with dilute acid to remove the 
soluble fission products which are then adsorbed on the clay. This work 
served as the forerunner for most of this type of r e sea rch but the process 
does not seem destined to become an important step in waste processing. 



Hatch has also been using beds of crushed calcite for removing 
strontium-90 from 0,05 molar phosphate solutions. After the passage of 
1500 column-volumes of solution through a 50-gram test column, de­
contamination factors ranging from 10^ to 10 are still being obtained.(95) 
Other carbonate minerals such as siderite (FeC03), smithsonite (ZnC03), 
and rhodochrosite iMnCOa) gave results similar to calcite. 

Somewhat s imilar work is being car r ied out at Oak Ridge using 
indigenous conasuaga shale and cesium-137 as t racer . The cesium-137 
was adsorbed very effectively on a shale, with a distribution ratio of 
500.(96) 

At Hanford a method is under consideration for the disposal of 
aluminum coating wastes by mixing them with sodium silicate to form a 
stiff semisolid gel.(97) it is proposed that the gel be discharged into a 
ventilated cavern s t ructure . As water evaporates from the gel, con­
siderable shrinkage would take place. The optimum ratio of sodium 
silicate to aluminate in the waste is 2 to 5, A large excess of caustic is 
needed to ensure the formation of a nongranular gel. The cost of d is­
posing wastes in this form is estimated to be $0.10 to $0,14 per gallon, 
about half that of tank storage. 

At Oak Ridge National Laboratory, simulated aluminum nitrate 
waste solutions have been mixed with l imestone, sodium carbonate, and 
shale to form s lur r ies which were then dried and later fired at various 
temperatures , (98) it was proposed that in actual practice the mix would 
be allowed to self-sinter . This has not proved to be feasible, however, 
and it is understood that this program has been dropped. 

Another use of artificial clays in the fixation of radioactive nuclide 
has been suggested by Patrick.(99) This method consists of reacting solu-
tions of alkaline sil icates or alkaline earth silicates with colloidal gels of 
aluminum hydroxide and silicic acid. It has been found that the mere mix­
ing of these alkaline silicates with the proper amount of colloidal gels and 
evaporation to dryness causes the alkaline oxides to combine chemically 
with the aluminum and silicate to form an insoluble substance exhibiting a 
pH of 5. The solubility of the compounds has been found to be 1 0~* to 
10"® mole / l i t e r of sodium, cesium, etc. Inasmuch as the fission products 
often occur as n i t ra tes , the conversion of the latter to silicate form is 
necessary . The conversion temperatures at which nitrates of sodium, 
potassium, cesium, and strontium in the presence of colloidal silicates 
change over to the silicate have been measured. In no case did the tem­
perature exceed 300 C. In other words, the decomposition of the nitrate 
to the silicate takes place more readily at the lower temiperature than the 
decomposition of the oxide form. 



Some of the mos t encouraging r e su l t s m developing retent ive m a ­
t r i c e s have been obtained in England^OO) and Canada.(101»102) xhe 
Canadian p r o c e s s is based on incorporat ing fission products into a s i l icate 
glass ma t r i x made by reac t ing a concentrated ni t r ic acid waste with 
nepheline syenite and l ime, Nepheline syenite is an igneous rock consis t ­
ing principal ly of nepheline (NaAlSi04) and two fe ldspars , albite 
(NazO-AlzOs-65102) and micro l ine (K20-Al203'6Si02). This mix ture fuses to 
form a glass at about 1225 C. Strong acid mixed with powdered nepheline 
syenite l ibera tes colloidal silica^ forming a gel. The viscosi ty of the 
mix ture is high so that the resul t ing glass is bubbly, thus exposing a l a rge r 
surface for leaching. It has been found des i rab le to use l ime as a flux to 
reduce the fusion point, i nc rease the fluidity, and aid in the incorporat ion 
of fission products into the mel t . 

The p rocess which can be used for n i t r ic acid and n i t r i c ac id-
aluminum ni t ra te wastes is shown schemat ical ly in F igure 15. Concen­
t ra ted liquid waste is neutra l ized with a dry mix of 65 per cent nepheline 
syenite-35 per cent l ime , 1 ml of waste per gm of the dry mix , in a fire 
clay crucible , and the mix tu re allowed to gel. The gelled mix ture is 
heated to about 800 C, in o rde r to decompose al l the n i t r a t es and to d i s ­
ti l l off the n i t r ic acid, and then to about 1350 C, to allow the deni trated 
and dr ied mix ture to fuse. It is anticipated that this p roces s will r e su l t 
in a 50 per cent reduction in volume, from concentrated solution to g lass . 

F igure 15 

Nepheline Syenite Process^-
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^Reactor Fue l P roces s ing , 2 (1), p. 41 (January 1959). 



If the f iss ion p roduc t s p roduced by r e a c t o r s having a to ta l capac i ty 
of 4000 t h e r m a l m e g a w a t t s w e r e i n c o r p o r a t e d into g l a s s leaching at 
3 x 1 0 " g r a m / ( s q cm)(day) , the cumula t ive f igures for rad ionuc l ides l eached 
f rom the g l a s s would be a s shown in Table 44. A rough cos t e s t i m a t e of 
th is p r o c e s s ind ica tes that it should cont r ibute not m o r e than 0.05 m i l l / k w - h r 
to the cost of power , a s s u m i n g the fuel has a burnup of 10,000 M w d / T . It 
should be borne in mind that th is cos t e s t i m a t e , l ike so many o t h e r s , was 
made by development peop le . It i s the g e n e r a l expe r i ence that when r e ­
duced to product ion p r a c t i c e , the ac tua l cos t will tu rn out to be higher by 
f ac to r s of f rom 2 to 10. 

Table 44 

CUMULATIVE LEACHED ACTIVITY FROM NEPHELINE 
SYENITE GLASS CONTAINING FISSION PRODUCTS 

PRODUCED CONTINUOUSLY AT A 
CONSTANT RATE^.d 

Nucl ide^ 

R u " * 

C s " ^ 
Cgl44 

Cumula t ive Leached M a t e r i a l , C u r i e s 

1 Year 

15.2 

30.5 

22.6 

73.3 

5 Y e a r s 

380 

399 

566 

537 

25 Y e a r s 

6460 

400 

9670 

540 

^ F r o m 4000 t h e r m a l m egawa t t s of i n s t a l l ed r e a c t o r capac i ty . 

Daughter ac t i v i t i e s a r e not inc luded. 

c The quanti ty of Sr in the s t o r e d g l a s s af ter five y e a r s 
would be 1 .3 x 10*' c u r i e s . 

Watson, L .C . , et a l . , The Disposa l of F i s s i o n P r o d u c t s in 
G l a s s , P r o c e e d i n g s of the Second United Nations I n t e r ­
na t iona l Conference on the Peaceful Uses of Atomic Ene rgy , 
Geneva (1958). Vol . 18, p . 19. 

Another n a t u r a l m a t e r i a l which i s useful in adso rb ing l iquid w a s t e s 
is v e r m i c u l i t e , an expanded m i c a . This m a t e r i a l t akes up l iquid m.uch l ike 
a sponge . The p roduc t i s far f r om un leachab le . It i s u sed to immobi l i ze 
l iquid w a s t e s and p e r m i t t h e m to be handled as s o l i d s . This technique is 
p a r t i c u l a r l y useful for s m a l l l a b o r a t o r y quan t i t i e s . Concen t r a t ed ac ids 
gene ra l l y have to be n e u t r a l i z e d before abso rp t i on . Some solut ions which 
have been a b s o r b e d on v e r m i c u l i t e and the quanti ty which m a y be a b s o r b e d 
without evidence of f ree s tanding l iquid a r e shown in Table 45 . 



Table 45 

ABSORPTION OF VARIOUS REAGENTS BY VERMICULITE^ 

Reagent 

Water 

H2SO4, Cone 

H2SO4, 6N 

H2SO4, 3 ^ 

HNO3, Cone 

HNO3, 6N. 

HNO3, 3N. 

HCl, Cone 
HCl, 6N 
HCl, 3N 

H3PO4, Cone 

H3PO4, 6 N 

H3PO4, 3N. 

HC2H3O2, Cone 

HC2H3O2, 6N 

HC2H3O2, 3N: 

HF, 28M 
HF, 15M 
HF, 7.5M 

Mixture 
O.IN.HNO3 
O.INH2SO4 
O.IN H3PO4 
1. ON HCl ' 

® 

NaOH (50%) 
NaOH (5%) 
NH4OH 

Acetone 
Ethyl Alcohol 
Methyl Alcohol 
Carbon Tetrachlor ide 

Kerosene 

Gallons/cu ft 
Vermiculi te 

4 

4 

3.5 

4 

N G 

N G 

3.5 

N G 
N G 
3.5 

N G 

3.5 

-

4 

4 

-

N G 
N G 
N G 

4 

4 
3.5 
4 

3,5 
3.5 
3.5 
5 

2.5 

Remarks 

Vermiculi te darkens 

Viscous m a s s 

Viscous mass 

Gas evolved 

Some p r e s s u r e formed 

Gas evolved 
Gas evolved 

Vermiculi te part ial ly dissolves 

Dilute 1:10 with 5% NaOH 
Dilute 1:5 with 5% NaOH 

Thick viscous mass formed 

P r e s s u r e 

Slight p re s su re 
Sample dry two months la te r , 
vacuum formed. 
Absorbed very quickly. 
Evaporated on standing. 
Vacuum formed. 

^Pr ivate Communication from H. G, Swope. 



Calcinat ion 

T h e r e has been continued i n t e r e s t in methods for reducing l iquid 
w a s t e s to so l ids . While it i s t r ue tha t no g r ea t economic advantage will 
a c c r u e f rom such a reduc t ion (in fact an addi t ional cos t m a y be i n c u r r e d ) , 
it should be poss ib le to devise u l t ima te s t o r age methods of sol ids which 
a r e sa fe r than s t o r a g e of l iqu ids . A n u m b e r of me thods have been t r i e d 
on a pi lot p lant s ca l e for immobi l i z ing l iquid was t e s a s so l ids . Wastes 
m a y be s imply concen t r a t ed unt i l they solidify on cooling and the sol ids 
s t o r e d in d r u m s . Concen t ra t ed w a s t e s have a lso had P o r t l a n d cemen t 
added so that they se t to a solid. (̂  "^~^ "^/ Wastes a r e thus immob i l i z ed 
at a volume i n c r e a s e of about two. 

A n u m b e r of me thods which combine dr iv ing off the wate r in the 
was te with t h e r m a l decompos i t ion of the contained sol ids have been unde r 
study. These a r e r e f e r r e d to as ca lc ina t ion p r o c e s s e s . They offer con­
s i d e r a b l e p r o m i s e . 

F l u i d - b e d ca lc in ing of w a s t e s is a p r o c e s s which has been under 
inves t iga t ion a t Argonne Nat ional L a b o r a t o r y and the Idaho Chemica l 
P r o c e s s i n g P lan t ( ICPP) for some t i m e . At the I C P P , a 6 0 - g a l / h r pilot 
p lant faci l i ty i s being buil t a t a cos t of $4,000,000 to give th is p r o c e s s a 
thorough t e s t . The p r o c e s s c o n s i s t s of evapora t ion and ca lc ina t ion of 
was t e solut ions to a g r a n u l a r sol id cons i s t ing of the oxides of the con­
s t i tuen t ca t ions in a f luidized bed. A p i c t o r i a l r e p r e s e n t a t i o n of the 
f luidized bed c a l c i n e r i s shown in F i g u r e 16. The ca l c ine r c o n s i s t s of a 
cy l i nd r i ca l v e s s e l containing a bed of g r a n u l a r oxides suppor ted on a 
p o r o u s , conica l , s i n t e r e d s t a i n l e s s s t e e l p l a t e . P r e h e a t e d a i r i s p a s s e d 
th rough the pla te to f luidize the bed , the en t i r e m a s s behaving m u c h l ike a 
v igo rous ly boil ing l iquid. Waste solut ion is in jected into the bed th rough 
pneumat i c s p r a y n o z z l e s spaced on the p e r i p h e r y of the r e a c t o r in a s ingle 
h o r i z o n t a l p lane . The f luidized bed i s hea t ed to 400 to 500 C by m e a n s of 
e l e c t r i c h e a t e r s moun ted e i t he r i n t e r n a l l y or ex te rna l ly . The r e a c t o r is 
run unde r a vacuum of 1.3 to 12.5 cm m e r c u r y suppl ied by m e a n s of a 
s t e a m j e t e x h a u s t e r th rough mul t ip l e b a n k s of porous s i n t e r e d s t a i n l e s s 
s t e e l f i l t e r s . T h e s e f i l t e r s a r e moun ted in the top of the r e a c t o r to r e ­
move en t r a ined oxide p a r t i c l e s of g r e a t e r than 2 to 3 m i c r o n s . F ive f i l ter 
banks of 2 f i l t e r s each a r e u s e d and a r e manifolded such that blowback of 
one o r m o r e se t s of f i l t e r s m a y be a c c o m p l i s h e d s imul taneous ly with off-
gas r e m o v a l th rough the o the r s e t s . P a r t i c u l a t e r e m o v a l m a y a l so be a c ­
compl i shed by d i r ec t i ng the off-gas th rough cyclone s e p a r a t o r s and r e t u r n i n g 
the co l l ec ted fines to the r e a c t o r . The g r a n u l a r p roduc t is r e m o v e d to 
s t o r a g e con ta ine r s by m e a n s of a bo t tom outlet o r an overf low pipe . 

The volume reduc t ion in conver t ing the n i t r a t e ( p r i m a r i l y 2.3M 
a l u m i n u m n i t r a t e ) to the oxide i s found to range f rom 6 to 10. The a v e r a g e 



132 

bulk density is 0.77 g ram/cub ic cm.. The res idual n i t ra te of the oxide 
ranges from 2 per cent at a calcination t empera tu re of 320 C to 0,2 per 
cent at 500 C. 

F igure 16 

Fluid-Bed Calcinera 
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OF POROUS FILTERS 
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^Jonke, A. A., PetkuSj E. J. , and 
Loading, J. W., A Fluidized Bed Tech­
nique for Trea tment of Aqueous Nuclear 
Wastes by Calcination to Oxides, 
Sanitary Engineering Conference, 
Cincinnati, Ohio; TID-7517 
(December 1955). 

Loeding, J. W., et al . Fluidized Bed 
Conversion of Fue l P roces s ing Wastes 
to Solids for Disposal , Proceedings of 
the Second United Nations International 
Conference on the Peaceful Uses of 
Atomic Energy, Geneva (1958). Vol. 18, 
p. 56; Reactor Fue l P roces s ing , 2 ( 1 ) 
p. 42 (January 1959). 

The demonstra t ion pilot plant at Idaho is basical ly the same, a l ­
though, the off-gas t rea tment is somewhat different. Gases , upon leaving 
the ca lc iner , will pass through high-efficiency cyclones, wet s c rubbe r s , 
adso rbe r - f i l t e r s packed with s i l ica gel, and absolute AEC fi l ters before 
joining the building ventilation a i r for stack discharge to the a tmosphere . 
Spent si l ica gel beds will be incorporated with the calcined solids for 
s torage. 

Certain components of this proposed off-gas sys tem have been 
tes ted at Argonne with diluted ICPP active waste. Resul ts of five different 
runs a r e shown in Table 46. At a calcination t empera tu re of 400 C, a 
ruthenium decontamination factor a c r o s s the ca lc iner , sc rubber , and 
adsorber of about 10^ has been obtained. At 500 C these ruthenium decon­
tamination factors have been in excess of 1 0 for the bes t runs . Non­
volatile f ission products have been removed by factors of g rea t e r than 10 , 
The resu l t s a r e approaching sat isfactory limits.(-'• ""-10°) 

While mos t of the work at Argonne has been with alum.inum n i t r a t e -
bear ing wastes of in te res t to Idaho, m o r e recent work has a lso been done 
using Hanford Purex low-acid waste solutions. 



Table 46 

PERFORMANCE OF WASTE CALCINER OFF-GAS SYSTEM 

(Run Time: 6 hr) 

T e m p , 

C 

400 

500 

400 

500 

400^ 

Dilution 
of 

I C P P 
Waste 

250:1 

250:1 

90:1 

90:1 

100:1 

F e e d A ct ivi ty, 
Coun t s /Min 

G r o s s 
Y 

1.2 X 10^ 

1.1 X 10^ 

3.0 X 10* 

3.0 X 10^ 

2.9 X 10^ 

Ruthenium 
y 

5.0 X 10* 

4.7 X lO"* 

1.3 X 10^ 

1.3 X 10^ 

1.1 X 10^ 

Decontamina t ion F a c t o r s , Avg 

Ruthen ium 

A c r o s s 
Ca lc ine r 

1.1 

3.8 

1.1 

3.3 

1.1 

A c r o s s 
Sc rubbe r 

1.8 

b 

1.4 

b 

1.3 

A c r o s s 
A d s o r b e r 

350 

2900 

4200 

390 

700 

Ove ra l l 

6.6 X 10^ 

1.1 X 10* 

6.2 X 10^ 

1.3 X 10^ 

1.0 X 10^ 

Nonvolat i le F i s s i o n P r o d u c t s 

A c r o s s 
Ca lc ine r 

390 

114 

114 

156 

52 

A c r o s s 
Sc rubbe r 

1.1 

3.7 

3.7 

3.7 

10.0 

A c r o s s 
A d s o r b e r 

81 

340 

340 

135 

101 

O v e r a l l 

3.2 X 10* 

1.4 X 10^ 

1.4 X 10^ 

5.5 X 10* 

5.3 X 10^ 

Eighty-five-hour run. 

'No contamination detectable. 
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Results to date cover about 200 hours of operation and are quite promising. 
A granular free-flowing product has resulted from calcining operations 
performed at 500 C.(109) 

Another type of spray calcination is being studied at Hanford where 
an 8-in. spray, agitated-trough calciner is being tested. Using as feed 
(1) an acid-killed (formaldehyde-treated) f irst-cycle aqueous waste, (2) a 
s imilar feed with phosphate and borate addition, and (3) a simulated ICPP 
aluminum nitrate waste solution, encouraging results have been obtained. 
The effect of calcination time on the volatilization and leaching of fission 
products from Purex f irst-cycled aqueous waste was studied at 400 and 
800 C. The fraction volatilized did not change markedly for heating times 
ranging from 5 minutes to 24 hours. For 400 C calcination, the leachability 
of the residue was also not affected, but at 800 C the leachability decreased 
greatly from 73 per cent leached after 5 minutes heating to only 3 per cent 
after 24 hours. 

It has been found that the addition of sugar helps to destroy the 
ni trate . A run made with a s lu r ry feed containing 250 grams/ l i t e r sugar 
gave smooth operation with little or no buildup of dust on the walls. The 
product powder, predominantly sodium carbonate, had a bulk density of 
0.85 gram/cc and fused at 860 C to a compact glassy melt with a density 
of 2.3 g rams /cc . Residual ni trate was low, less than 0.0015 per cent.(^'»1"9,110) 

Still a third calcining method is the rotary ball kiln calcination 
process being studied at Brookhaven.l^ ^ ^) A schematic of this equipment 
is shown in Figure 17. At least four alloys have been shown to be probably 
suitable as construction iTiaterial for the high-temperature calciner vessel : 
lUium G, Inconel X, Haynes 25, and Nionel. It is concluded that calcination 
m rotary ball kilns appears to be pract ical with respect to product quality, 
mechanical design, off-gas volume, and dust carryover . 

None of these calcining methods produces directly a solid which 
even approaches nonleachability, but they a re some of the most convenient 
methods for reduction of liquids to solids. Some efforts have been made to 
find ways of incorporating these calcines into glasses . A recent MIT re ­
p o r t i n g ) describes attempts to incorporate calcines from Darex processing 
of stainless steel-uraniiim fuel elements into vitreous mat r ices . The calcine 
is mixed with lime and silica and fired in a clay crucible. 

It would appear that calcining methods are best used merely as 
ways of removing liquid and decomposing sal ts , and that vitrification 
methods which s tar t by mixing raw or concentrated waste with the chosen 
fluxes are likely to prove the more desirable. 
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Figure 17 

Rotary Ball Kiln Calciner^ 
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^R. F . Domish, _et a l . , Calcination of High-level Atomic 
Wastes as a Step in Ultimate Disposal , BNL-535 
(December 1958). 

PROBLEM FOR CHAPTER 6 

1. Assume that a t some t ime in the future there will be 10 the rmal 
megawatts of instal led reac to r capacity. If the waste from these r eac to r s 
is incorporated into nepheline syenite, what will be the expected annual 
leach ra te for s trontiuin-90 after 1 year and after 100 yea r s? What 
volume of water would be requi red in each case to dilute this quantity 
of Sr ' ° to to lerance ? Assume the waste is concentrated to 100 gallons/ ton 
(sp gr 1.2) before mixing with the nepheline syenite and that the fuel has 
an average burnup of 10,000 Mwd/ton. 
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CHAPTER 7 

RELEASE OF WASTES TO THE ENVIRONMENT 

In p rev ious c h a p t e r s the va r ious methods whe reby w a s t e s a r e e i ther 
s t o r ed or r e l e a s e d to the env i ronment have been d i s c u s s e d f rom the s tand­
point of was t e m a n a g e m e n t at the s i t e . In th i s chapte r the r e l e a s e methods 
wil l be cons ide red f rom the s tandpoint of t he i r poss ib l e effect on the 
env i ronment . 

Assuming that a method for des t roy ing the rad ioac t iv i ty of w a s t e s 
is never found, it wil l a lways be n e c e s s a r y to d i s p e r s e some sma l l quant i t ies 
of r ad ioac t iv i ty to the env i ronment , meanwhi le mainta in ing the bulk of the 
ac t iv i ty under s t r i c t con t ro l . This is t r u e not only b e c a u s e no p r o c e s s of 
conta inment can ever be expected to be abso lu te , but a l so b e c a u s e p r o c e s ­
sing of a l l the l a r g e - v o l u m e , low level and suspec t w a s t e s wil l gua ran tee 
abso lu te ly that the deve lopment of an economic nuc lea r power economy will 
be i m p o s s i b l e . It is n e c e s s a r y , t h e r e f o r e , that the diluting power of the en­
v i ronmen t be used - but it m u s t be used in te l l igent ly . 

D i s p e r s a l t akes the f o r m of d i s c h a r g e of g a s e s into the a t m o s p h e r e 
and of sol ids o r l iquids to the ground, the o c e a n s , or s t r e a m s , so that m i x ­
ing with the d i s p e r s a l m e d i u m t akes p l a c e . Cont ro l of the rad ioac t iv i ty i s 
los t a s i t e n t e r s into a complex web of ecologica l cyc l e s . Cognizance m u s t 
be taken of the fact that many b io logica l p r o c e s s e s r e s u l t in r e c o n c e n t r a -
tion of the act iv i ty , s o m e t i m e s by l a r g e f a c t o r s . Not a l l of the poss ib l e 
r o u t e s a r e known, le t alone unde r s tood . The to ta l rad ia t ion exposure r e ­
ce ived by man i s a s u m m a t i o n of many con t r ibu t ions . These facts make the 
d e t e r m i n a t i o n of p e r m i s s i b l e d i s c h a r g e l eve l s and evaluat ion of the p r o c ­
e s s e s and p r a c t i c e s m o s t difficult. 

Pa rker i^^ -3 / has p r e p a r e d a s e r i e s of cha r t s showing some of the p o s ­
s ible ways in which rad ioac t iv i ty in the env i ronmen t m a y get back to man . 
T h e s e a r e shown for the a t m o s p h e r e in F i g u r e 18, for su r face w a t e r w a y s and 
the o c e a n s in F i g u r e 19, and for the ground in F i g u r e 20. It i s beyond the 
scope of th is d i s c u s s i o n to cons ide r in de ta i l the b io logica l f ac to rs involved, 
but for each of the d i s p e r s a l med ia s o m e example s of p r o b l e m s encounte red 
wil l be given. 

R e l e a s e to the A t m o s p h e r e 

When rad ioac t iv i ty is r e l e a s e d into the a t m o s p h e r e , the amount 
which r e t u r n s to m a n i s a function not only of the di lut ion and t r a n s p o r t in the 
a t m o s p h e r e but a l so of the m a n n e r and p l ace of depos i t ion and the r e l a t ion 
thereof to a r e c e p t o r . Since con t ro l over po ten t ia l contaminat ion m u s t be 
e x e r c i s e d at the s o u r c e , the m e t e o r o l o g i c a l p r o b l e m includes a s s e s s i n g the 
p robab i l i ty tha t m a t e r i a l wi l l be c a r r i e d f rom the s o u r c e to a r e c e p t o r and, 
if it i s , to e s t i m a t e how much it wi l l be di luted before it gets t h e r e . 
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Atomic Energy, Hearings on Industr ial Radioactive Waste 
Disposal , Volume 3, pages 2356-2372, August, 1959. 

For legend see Figure 19. 
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Figure 20 

Exposure Pathways for Radioactive Wastes 
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^H. M. P a r k e r , Test imony before Joint Committee on Atomic 
Energy, Hearings on Industr ial Radioactive Waste Disposal, 
Volume 3, pages 2356-2372, August, 1959. 

"Fo r legend see F igure 19. 

These problems a r e complicated and submit only to s ta t is t ical solutions. 
The answers obtained a r e therefore always subject to considerable 
uncertainty. 

The concentrat ion of activity at a fixed point downwind from a stack 
shows ex t reme var iabi l i ty due to variabi l i ty in wind direction, which causes 
the plume to wander , and to variabi l i ty in the ra te at which dilution takes 
place. Predic t ion of concentrat ion at a pa r t i cu la r point at a given t ime is 
impossible , but predict ion of peak concentrations and long- te rm average 
concentrations is not quite so hopeless . These concentrations will also 
vary with t e r r a i n and meteorological condition. The lot of the meteoro lo­
gist is a difficult one at best . 

Extensive studies have been made at Hanford!-'-•'•'*) which permi t 
predict ion of maximum ground level concentrat ions as a function of wind 
speed and a tmospher ic stabili ty. Long- te rm average concentrations have 
been predicted for some t ime from diffusion theory. Hanford data show 
that measured concentrat ions a r e higher than those predicted by theory 



and that the g r e a t e r i s the d i s t a n c e f rom the sou rce , the g r e a t e r is the 
e r r o r . T h e s e e m p i r i c a l l y d e r i v e d r e s u l t s a r e s t r i c t l y app l i cab le only to 
Hanford, but they can s e r v e a s a guide for o ther s i t e s . 

Studies a r e a l so being c a r r i e d out on deposi t ion of a i r b o r n e c o n t a m ­
inants and on e r o s i o n of p r ev ious ly depos i ted m a t e r i a l . T h e s e fac to rs a r e 
impor t an t b e c a u s e the l imi t ing condition for set t ing m a x i m u m p e r m i s s i b l e 
concen t ra t ions is s o m e t i m e s the r a t e a t which plants and a n i m a l s take up 
was t e m a t e r i a l f rom the ground. F o r example , the p e r m i s s i b l e leve l of 
iodine-131 in p a s t u r e g r a s s is 1 x 10"* / i c / g r a m , ba sed upon a linaiting 
dose of 1 r / d a y to the thyro id . The concent ra t ion of iodine in a i r n e c e s s a r y 
to g ive this concen t ra t ion in g r a s s is 1 x 10"*^ jdc/cc, which is a factor of 
3000 l e s s than that given for continuous b rea th ing . 

R e l e a s e to Surface Wa te rways 

Surface s t r e a m s r e p r e s e n t an impor t an t a s s e t to any nation, both 
as s o u r c e s of w a t e r and a s p l a c e s into which low- leve l i ndus t r i a l w a s t e s 
of many types can be p laced . S t r e a m s not only r e p r e s e n t a sou rce of d i lu­
tion w a t e r , but they a l s o offer s o m e d e g r e e of self -purif icat ion. This is 
t r ue for r ad ioac t iv i ty as we l l a s for m o r e common types of w a s t e s . The 
d e g r e e of se l f -pur i f i ca t ion ava i l ab le v a r i e s cons ide rab ly wi th the locat ion 
and the season , but under favorab le c i r c u m s t a n c e s it is subs tan t ia l , and 
cons ide rab l e quant i t ies of l ow- l eve l w a s t e s may be d i s c h a r g e d to inland 
w a t e r w a y s . In conjunction with phys i ca l d i s p e r s i o n and dilut ion which occur 
due to mixing, t h e r e a r e a l so c h e m i c a l and b iochemica l ac t ions brought 
about by aquat ic p lan ts and a n i m a l s , by sunlight, and by the hydrau l ic ag i t a ­
tion of the s t r e a m . These m e c h a n i s m s work to purify the w a t e r by chemica l 
p rec ip i t a t ion , agg lomera t i on , se t t l ing act ion, and b io log ica l uptake of o r g a n ­
i s m s . In addit ion, the s t r eana p rov ide s t ime for r ad ioac t ive decay and f ree 
t r a n s p o r t a t i o n to the ocean . S torage of long- l ived r ad io i so topes depos i t ed on 
a s t r e a m bed m u s t be r e g a r d e d , however , a s p r e c a r i o u s and un re l i ab l e . Sud­
den r e l e a s e of ac t iv i ty f rom bo t tom s t o r a g e can occu r dur ing unusual s t r e a m 
condit ions such a s floods o r droughts . (115) 

The effect of d i s c h a r g e to s t r e a m s upon aquat ic life is p a r t i c u l a r l y 
impor t an t . This subject h a s been s tudied extens ive ly at Hanford. '^ 16) R e ­
a c t o r effluent conta ins many different r ad io i so topes and the contr ibut ion 
which each m a k e s to the o v e r a l l e x p o s u r e differs wi th w a t e r u se , e g., d r i n k ­
ing, swimming , boat ing, i ndus t ry , i r r i ga t i on , or p roduc t ion of fish and wi ld­
life Some r ad io i so topes m a y be picked up by aquat ic f o rms and b e c o m e 
concen t ra t ed in c e r t a i n t i s s u e s . The a m o u n t to which r ad iophosphorus and 
some other i so topes of b io log ica l i m p o r t a n c e a r e concen t ra t ed by Columbia 
R ive r fish i s shown in Table 47. Over 90 p e r cent of the ac t iv i ty in fish is 
r ad iophosphorus , which depos i t s p r inc ipa l ly in the ha rd t i s s u e s , such a s the 
bone and s c a l e s . No effect on fish populat ion a t t r i bu tab le to r e a c t o r o p e r a ­
tion has been d i s c e r n e d . Ex tens ive t e s t s have d e m o n s t r a t e d that the con­
cen t r a t ion of r ad ioac t iv i ty in the Columbia River i s wel l below the toxic 



l e v e l . T h e l i m i t i n g f a c t o r i s n o t d u e to r a d i o e l e m e n t s a t a l l , b u t r a t h e r to 
d i c h r o m a t e w h i c h i s a d d e d to i n h i b i t c o r r o s i o n . T h e r e a l s o a p p e a r s to b e 
no p r o b l e m a s s o c i a t e d w i t h t h e u s e of r e a c t o r e f f luent w a t e r fo r i r r i g a t i o n 
C r o p s of b a r l e y h a v e b e e n g r o w n on e x p e r i m e n t a l p l o t s a t H a n f o r d i r r i g a t e d 
w i t h t h e u n d i l u t e d e f f l uen t fo r 7 y e a r s w i t h o u t a n y s i g n i f i c a n t e f fec t b e i n g 
n o t i c e d . 

T a b l e 47 

I S O T O P E S C O N C E N T R A T E D S I G N I F I C A N T L Y BY 
C O L U M B I A R I V E R F I S H ^ 

I 30 tope 

In d e c r e a s i n g o r d e r of 
a b u n d a n c e in t h e f i s h : 

p32 

Na^* 

Zn^s 

Cr-^^ 

A s ' ^ 

Cu^* 

Sr90 

R a d i o a c t i v e 
H a l f - l i f e 

14 d a y s 

15 h o u r s 

250 d a y s 

28 d a y s 

27 h o u r s 

13 h o u r s 

28 y e a r s 

C o n c e n t r a t i o n F a c t o r 

If t h e a m o u n t of t h e i s o t o p e 
in a g r a m of w a t e r i s 1, t h e 
a m o u n t found in a g r a m of 
f i s h ( m i n n o w s ) d u r i n g t h e 
l a t e s u m m e r m o n t h s w i l l b e 

100 ,000 ( m a y r e a c h o v e r 
1 ,000,000 for a l g a e ) 

100 to 1,000 

1,000 to 10 ,000 

10 

100 

10 

1,000 

^ F o s t e r , R F . , R e s e a r c h a n d D e v e l o p m e n t P r o g r a m s , 
R e l a t e d to t h e D i s p o s a l of R e a c t o r E f f l u e n t to t h e 
C o l u n a b i a R i v e r , S t a t e m e n t f o r t h e R e c o r d , H e a r i n g s 
on I n d u s t r i a l R a d i o a c t i v e W a s t e D i s p o s a l , J C A E , 8 6 t h 
C o n g r e s s of t h e U n i t e d S t a t e s , A u g u s t , 1959 

A t t h e p r e s e n t t i nae t h e U. S. P u b l i c H e a l t h S e r v i c e i s i n v o l v e d in 
d e t e r m i n i n g t h e f a t e of r a d i o a c t i v i t y in s t r e a m s b e l o w s u c h i n s t a l l a t i o n s a s 
K n o l l s A t o m i c P o w e r L a b o r a t o r y , P r e s s u r i z e d W a t e r R e a c t o r , a n d S a v a n ­
n a h R i v e r P r o j e c t . T h i s p r o j e c t i s d i r e c t e d a t d e t e r m i n i n g t h e f a c t o r s i n ­
v o l v e d in t h e r e m o v a l of s p e c i f i c i s o t o p e s , e i t h e r s o l u b l e o r i n s o l u b l e , in 
t h e s t r e a m e n v i r o n m e n t . 



Disposal to Ground 

Mention has been made several t imes of the return of low-level 
wastes to the environment by percolating them into the earth at or near the 
surface. Such wastes then work their way slowly into the ground water, 
leaving all or part of the contained radioactivity held either chemically or 
physically on the soil. Considerable use has been made of this method of 
disposal at Hanford, Oak Ridge, Savannah River and Chalk River. 

The operation of this method of disposal is very dependent upon 
the geology and hydrology of the part icular site.(ll '7) Table 48 summarizes 
the main hydrological factors affecting the movement of wastes from var­
ious sites. The depth to the water table varies considerably, from200to 
600 feet at Hanford and Idaho to 20 feet at Oak Ridge and Savannah River. 
Also, the character of the overburden soil varies markedly in composition 
and in permeability. One of the most important character is t ics of ground 
is its ion exchange capacity. The ion exchange capacities at the various 
AEC sites range from 5 to 300 grams of exchangeable sodium and calcium 
per cubic foot of soil. Even the smaller quantity is immense compared to 
the quantity of radioactive ion likely to be put into the ground. 

Brown, et_ al.,'-'-1°/ surveyed the experience in ground disposal at 
three major production s i tes . Twelve years of pract ical experience in the 
controlled disposal of wastes to the ground at the Hanford works, 7 at Oak 
Ridge, and 4 at Savannah River, have demonstrated the feasibility, safety 
and economy of the disposal of at least limited volumes of some types of 
liquid wastes at shallow depth. The total volume and activity which have 
been disposed to ground at the three sites is shown in Table 49. In addi­
tion to 1.2 X 10^° l i ters of radioactive wastes discharged to ground, Hanford 
has also discharged more than I x 10^^ l i ters of uncontaminated process 
cooling water to open swamps. 

Ocean Disposal 

The use of the ocean for the disposal of radioactive wastes has been 
considered from time to t ime. At present there is little agitation for the 
use of even the ocean deeps for the disposal of high-level wastes, although 
some oceanographers a re interested in doing additional research work to 
determine whether or not this would be feasible The use of the coastal 
waters and tidal es tuar ies for the disposal of low-leval wastes is of con­
siderable interest , however.(119,120) 



Table 48 

HYDROLOGICAL AND GEOLOGICAL FACTORS OF GROUND DISPOSAL AT VARIOUS AEC SITES^ 

Main formations involved 
in waste disposal 

Depth to water table (feet) 

Permeable sediments 
above water table (feet) 

Permeabil i ty (gallons per 
day per square foot) 

Average ra te of t ravel 
(feet per day) 

Place of emergence at 
surface 

Distance to point of 
emergence 

Hanford 

(a) Gravel and sand 
(glaciofluviatile 
formation) 

(b) Gravel, sand and 
silt (Ringold 
formation) 

About 200 

About 200 

(a) 10,000 to 
60,000 

(b) About 400 

(a) 15 
(b) About 1 

Colunxbia River 

About 10 miles 

Reactor Testing 
Station, Idaho 

Basalt 

About 200 to 600 

About 100 (alluvial 
sediment over­
lying basalt) 

E r ra t i c ; about 
10,000 to 20,000 

in. 
20 (?) 

Snake River 

About 100 miles 

Oak Ridge 

Shale (Conasuaga 
formation) 

About 20 

About 20 

Low; 1 to 10 

About 1 

Small c reeks . 
thence to 
Clinch River 

About 400 feet 

Savannah River 

(a) Fine sand and silt 
(formations of 
Ter t ia ry Age) 

(b) Gravel and sand 
(Tuscaloosa for­
mation) 

About 20 

About 20 

(a) 1 to 100 in various 
beds 

(b) About 1,000 

About 1 

(a) Small Creeks, thence 
to Savannah River 

(b) Savannah River 

(a) About 500 feet 
(b) A few miles 

^Theis, C. V., The Disposal of Low- and Intermediate- level Radioactive Wastes to the Ground, Statement for 
the Record, Hearings on Industrial Radioactive Waste Disposal, JCAE, 86th Congress of the United States, 
August, 1959. 



Table 49 

GROUND DISPOSAL AT THREE MAJOR 
U. S. PRODUCTION SITES^ 

Savannah River 

Oak Ridge 

Hanford 

Cumula t ive 
Total Volume, 

L i t e r s 

5.0 X 10^ 

2.6 X 10^ 

1.2 X 1 0 " 

Cumula t ive Total 
G r o s s B e t a - e m i t t e r 

Act ivi ty , C u r i e s 

2.4 X 10^^ 

1.0 X 10^ 

2.4 X 10^ 

^Brown, R. E., et al. , The Storage of High-level 
Radioactive Wastes to the Ground, Proceedings of 
the Second United Nations International Conference 
on the Peaceful Uses of Atomic Energy, Geneva 
(1958), Vol. 18, p. 95. 

^Not including 2300 curies of l " ^ 

The fate of the radioactive mater ia l introduced into the marine en­
vironment depends upon the following considerations: (1) the physical and 
chemical form in which the mater ia l occurs , (2) initial mechanical dilution 
of the v/aste by the receiving water, (3) advection of the wastes away from 
the source region by currents and simultaneous turbulent diffusion, (4) up­
take of the activity by suspended silt and bottom sediments which removes 
some of the mater ia l from the water and res t r ic t s further dispersion, and 
(5) concentration of activity by various par ts of the biota, including shellfish 
and finfish important to man as a source of food- Some important fission 
and corrosion products are concentrated by certain marine organisms by 
factors of lOOto 10,000. Research is now in progress on each of these basic 
phenomena in res t r ic ted waterways and coastal waters . 

There are three separate areas of the sea to be considered in waste 
disposal: es tuar ies , coastal waters , and deep sea. In the United States the 
estuaries a re the kind of which the bottom water moves inshore, so there 
would be a tendency for radioactive waste mater ia ls to remain in the 
estuary and not be dispersed. These harbors and inshore waters in general 
also contain many bottom-living animals which concentrate radioactive ma­
ter ia ls , so the dispersal of radioactive mater ia ls from the estuaries takes 
place more slowly than the dispersal of the water itself. 

In coastal waters , i.e., waters within 100 miles of the coast, there 
a re two different situations - the shallow coastal waters of the Gulf and 
Atlantic coasts , and the relatively deep waters which exist quite close to 
shore off the Pacific coast. Finally, there is the deep sea, which lies below 
a virtual screen or curtain called the thermocline. It is isolated from the 



r e s t of the ocean and ve ry few of m a n ' s food o r g a n i s m s come a i r e c t l y or 
ind i rec t ly f rom it . Although t h e r e is no c l ea r theory on th is , it i s gene ra l ly 
be l ieved , and t h e r e is quite a bit of evidence for bel ieving, that the deep 
w a t e r s a r e i so la ted f rom the su r face l aye r for pe r iods of the o r d e r of hun­
d r e d s to thousands of y e a r s . If th is is t r u e , then the use of ocean depths for 
d i sposa l of some h igh- l eve l w a s t e may be poss ib le , but o ther methods of 
d i s p o s a l appea r m o r e p r o m i s i n g . 

The National Academy of Sc iences has s e v e r a l working c o m m i t t e e s 
e s t ab l i shed to p r e p a r e r e c o m m e n d a t i o n s on specific d i sposa l p r o b l e m s of 
conce rn to the A E C . The r e p o r t s of two of these groups have been c o m ­
ple ted and a r e included in the r e c o r d of the Hear ings on Indus t r i a l Waste 
D i sposa l which have been r e f e r e n c e d many t i m e s he re in . 

The m o s t subs tan t i a l u se of the sea for the d i sposa l of rad ioac t iv i ty 
has been m a d e by the B r i t i s h at Windscale in Cumber land , whe re they have 
been d i scha rg ing ac t iv i ty into the I r i s h Sea through a pipel ine which extends 
about two nailes beyond the high w a t e r m a r k . An in tens ive p r o g r a m to m o n i ­
t o r the effects of d i scha rg ing w a s t e s thus ly has been c a r r i e d out, and the 
r e s u l t s obtained th rough 1956 have been pub l i shed . ( l^ l* 1^2; The a v e r a g e 
r a t e of ac t iv i ty d i s c h a r g e i s r e p o r t e d to be 2500 c u r i e s pe r month over five 
y e a r s . This r a t e has been i n c r e a s i n g . The va lues for the yea r 1956 a r e 
given in Table 50. 

Tab le 50 

DISCHARGE OF LIQUID RADIOACTIVE WASTE 
TO THE SEA FROM WINDSCALE WORKS^ 

(Fo r the y e a r 1956) 

Isotope 

Tota l be ta ac t iv i ty 

Sr89 

Sr9° 

R u ^ " 

Ru^°* 

Pu239 

Mean D i s c h a r g e Rate 
(Cur ies pe r Month) 

6100 

106 

150 

120 

2700 

3.8 

a-Dunster, H. J . , The Di sposa l of Radioac t ive 
Waste to the S e a ^ u r i n g 1956, I G S - R / R - 2 

( J a n u a r y 1958). 



The following g e n e r a l p a t t e r n of d i s p e r s a l of act iv i ty in the sea off 
Cumber land has been shown. The d i s c h a r g e d effluent i s rapid ly di luted with 
l a r g e v o l u m e s of s ea w a t e r and i s c a r r i e d to and fro along the coas t over a 
d i s t ance of a few k i l o m e t e r s by the osc i l l a t ing t ida l s t r e a m . Beyond the 
range of th i s movement , the ac t iv i ty i s r e m o v e d by the p r o c e s s of eddy dif­
fusion, and the concen t ra t ion falls to negl igible l eve l s in a few tens of k i l o m ­
e t e r s . Much of the rad ioac t iv i ty b e c o m e s a b s o r b e d onto fine p a r t i c l e s of 
sand, mud, and o rgan ic m a t t e r in suspens ion , and some of this is depos i ted 
onto the sea bed. The length of the p ipel ine i s such that the concen t ra t ion of 
depos i ted ac t iv i ty on the s e a s h o r e is about 50 t i m e s lower than that on the 
sea bed nea r the effluent out le t . The fish in this a r e a , of which p la ice a r e 
the m o s t impor t an t , l ive on the sea bed and consequent ly take up act ivi ty 
f rom the w a t e r , f r om the p a r t i c l e s , and f rom the i n v e r t e b r a t e s which fo rm 
the i r food. The ac t iv i ty l eve l in the edible p a r t s of fish is many hundred 
t i m e s l e s s than that in the sea bed sand and is p robably not g rea t ly d i f fer­
ent f rom that of the su r round ing w a t e r . Some of the act iv i ty reach ing the 
sho re is a b s o r b e d not by the sand but by seaweed, and, s ince this weed is 
used a l m o s t d i r e c t l y a s a food, s t r i ngen t l i m i t s have had to be p laced on i t s 
ac t iv i ty . Most of the weed h a r v e s t e d in Cumber l and g rows within about 
20 k i l o m e t e r s of the effluent outlet , and t h e r e is no subs tan t ia l di lut ion by 
weed f rom o ther a r e a s . Consequent ly , m a x i m u m p e r m i s s i b l e d i s c h a r g e s 
a r e l imi ted p r i m a r i l y by the ac t iv i ty of th is weed and by the need to s a fe ­
guard the s m a l l g roup of people (the Welsh) who r e g u l a r l y eat it in quanti ty. 

The r e s u l t s of th i s e x p e r i m e n t a l p r o g r a m have shown tha t i t would 
be safe to r e l e a s e s o m e 15,000 c u r i e s p e r month of f iss ion p roduc t s a t a 
point about 3 k i l o m e t e r s off th is p a r t of the Cumber l and coas t . F u r t h e r work 
now in hand sugges t s tha t th is f igure could r e a s o n a b l y be i n c r e a s e d to over 
45,000 c u r i e s p e r month . T h e s e high f igures a r e poss ib l e b e c a u s e tbe m a r ­
ine p r o c e s s e s in th i s a r e a cause sufficient d i s p e r s a l to p r even t any cont inu­
ing buildup f r o m y e a r to y e a r of the ac t iv i ty l eve l s , e i ther in the vic ini ty of 
the out le t o r in the m o r e w i d e s p r e a d r eg ions of the I r i s h Sea, 

In November , 1959, a conference on the D i sposa l of Radioact ive 
Was tes was held in Monaco under the joint s p o n s o r s h i p of the In te rna t iona l 
Atomic E n e r g y Agency and of UNESCO, The subjec t which caused the m o s t 
c o n t r o v e r s y a t th i s mee t ing was the dumping of w a s t e s into the sea . The 
R u s s i a n s , p a r t i c u l a r l y , objected to the p r a c t i c e . Other coun t r i e s , e spec ia l ly 
with c lose i n t e r e s t in the Nor th Sea, a l so e x p r e s s e d opposi t ion. It was c l e a r 
that eve ryone i s a g r e e d h igh - l eve l w a s t e s should not go into the sea . T h e r e 
was s o m e feeling that the B r i t i s h ope ra t ion a t Windsca le and those planned 
for Dounreay and Winfri th Heath a r e pushing the l im i t s of low- leve l w a s t e s 
p r e t t y h a r d . The B r i t i s h p r e s e n t e d the i r pos i t ion fully and defended it ably. 

The o ther u s e of the sea for w a s t e d i s p o s a l has been the dumping of 
v e r y l ow- l eve l r ad ioac t i ve sol id t r a s h . Some of th is has been done off both 



c o a s t s of the United Sta tes , and a t t e m p t s a r e being m a d e to use the Gulf of 
Mexico a l so . All of these p r e s e n t and p roposed opera t ions have been under 
some c o n s i d e r a b l e po l i t i ca l p r e s s u r e . 

At the July 29;. 1959, Hea r ings on the Disposa l of Low-leve l Rad io ­
ac t ive Was te s a t Sea, held by the Specia l Subcommit tee on Radiat ion of the 
Joint C o m m i t t e e on Atomic Ene rgy , AEC Gene ra l Manager A. R, Luedecke 
said that the AEC has thus far d i sposed of a t sea the following quant i t ies 
of r ad ioac t iv i ty (at the tinae of d i sposa l ) : ! 1^3) 

1. In the At lant ic Ocean, about 800 c u r i e s plus that in the r e a c t o r 
s t r u c t u r e of the d i sman t l ed Seawolf pro to type , which is e s t i ­
m a t e d a t 33,000 c u r i e s induced in s t a i n l e s s s tee l . The con­
ta ined ac t iv i ty wil l be r e l e a s e d to the sea through c o r r o s i o n at 
an e s t i m a t e d r a t e of 2 to 3 c u r i e s a yea r . The major d i sposa l 
a r e a s a r e 230 m i l e s and 150 m i l e s sou theas t of Sandy Hook, both 
off the cont inenta l shelf at a depth g r e a t e r than 1000 fa thoms. 

2. In the Pac i f i c Ocean, about 14,000 c u r i e s a t a s i te 48 m i l e s wes t 
of the Golden Gate and about 60 c u r i e s at a s i te 53 mi l e s wes t of 
P o r t Vicente , Calif. Both s i t e s a r e a l so a t depths g r e a t e r than 
1000 fa thoms. 

Luedecke said that l i censed p r i v a t e o rgan iza t ions and o ther gove rn ­
men t agenc i e s have a l so d i sposed of a to ta l of about 2600 cu r i e s in the 
At lant ic Ocean, 102 c u r i e s in the Pac i f i c Ocean, and 10 cu r i e s in the Gulf 
of Mexico. 

P R O B L E M FOR CHAPTER 7 

1. Make such a s s u m p t i o n s a s s e e m r ea s onab l e and ca lcula te poss ib l e 
concen t ra t ions of ac t iv i ty in sea w a t e r f rom dumping opera t ions in the At lan­
t i c and Pac i f i c Oceans . 



CHAPTER 8 

ULTIMATE DISPOSAL 

The t e rm "ultimate disposal" must miean that a method is devised 
whereby concentrated high-level radioactivity may be stored in such a 
manner that the integrity of the environment is guaranteed for all t ime. 
This means, practically, that the storage method must be adequate for the 
better part of a millenium. The method (or methods) developed must have 
a cost which can be borne by the nuclear power economy. Such a solution 
to the problem has not yet been found or at least has not been proved. 
Proving the point may take a generation or so. Methods which have been 
used or suggested for containment of high-level wastes include tank 
storage of liquids, storage of liquids or solids in salt mines, and disposal 
of liquids to very deep wells. 

Tank Storage 

Tank storage must be considered under this heading if for no other 
reason than the fact that to date all of our "ultimate storage" has been done 
by this method. Few, if any, now suggest that liquid storage in tanks is a 
satisfactory "ultimate" answer. But, it has been suggested that tanks 
would be satisfactory for storing wastes so concentrated that they have set 
to a solid on cooling. 

Some infornaation on the cost, operation, and availability of tanks 
has already been given (Chapter 2). Storage tanks are designed to contain 
liquids safely for an indefinite period of t ime. Provision must be made for 
removal and transfer of the liquid in case of leakage. Shielding is accom­
plished by constructing the tanks underground. The tanks must withstand, 
therefore, an external earth p ressure . The tank design must also take into 
account the elevated temperatures of the liquid and sludge, the temperature 
differential between them, and internal p ressures caused by the liquid itself 
and the vapor pressure of the boiling liquid. 

The design selected at Hanford is a cylindrical concrete tank with a 
flat bottom and an ellipsoidal dome roof.(l^^) The sides and bottom are 
covered with an inner steel l iner. A c ross section of such a tank is shown 
in Figure 21. The cylindrical shape adapts itself well to changes in tem.pera 
ture . The inner steel liner is more leakproof than would be a tank of con­
crete; yet the concrete forms a second line of defense if a leak occurs in the 
steel tank. In case both leak, test wells are provided to determine this 
fact. The reinforced concrete outer tank res i s t s not only the external earth 
p ressure but the internal liquid and vapor p ressures . An ellipsoidal dome 
was chosen for the roof because it requires no internal supports. The lack 
of ground water at Hanford means that columns are not required to res i s t 
the uplift of water p ressure under the tank. 
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Figure 21 

Cross Section of Hanford Waste Storage Tank 

INSIDE R-95'-0" 
OUTSIDE Rf 96-3" 

r-3" l2*-0" 

TOP OF STL. 
LINER 

32'-4" 

O. H. Pilkey, et_aL, The Storage of High-level 
Radioactive Wastes Design and Operating Experience 
in the United States. Record of Hearings on Industr ial 
Radioactive Waste Disposal, JCAE, Vol 1, page 418, 
August, 1959. 

An ellipsoid has a much lower r i s e than a hemisphere , so that the amount 
of excavation, is reduced. It is a lso a good s t ruc tura l shape to withstand 
the p r e s s u r e s both in ternal and external . 

The inner s teel tank v/as designed largely to specifications of the 
Amer ican Water Works Assoc . Better welding was required. Complete 
penetrat ion butt-welded joints were used throughout and spot radiograph­
ing was done. The s tee l thickness on the more recent ly constructed tanks 
is —-inch. 

The genera l specifications for the reinforced concrete tank were 
taken from the Por t land Cement A s s o c . ' l ^ ^ j They were designed for full 
in ternal p r e s s u r e , ignoring the inner s tee l l iner. The concrete was 



designed to withstand the external p r e s s u r e of the ear th, but this p r e s s u r e 
was not used to offset the in terna l liquid p r e s s u r e . A maximum wall thick­
ness of 2 feet was selected. 

The dome roof was a lso designed to Port land Cement Assoc , 
s tandards . \1^° / It was designed to withstand an external load of six to 
eight feet of ea r th plus its own weight plus a live load of two 35,000-lb 
t r a c t o r s . A number of nozzles enter the tank through the dome to allow 
for t empera tu re , p r e s s u r e , liquid level and radiat ion measu remen t , and 
for sampling and liquid t rans fe r , 

A tank farm contains a good deal of equipment besides the waste 
s torage tank proper . A schematic of a waste facility layout is shown in 
F igure 22. A sea l pot provides protect ion against p r e s s u r e su rges . Vapors 
from the tanks a r e put through a deentrainment device and then condensed. 
Gases a r e then fi l tered before disposal to a stack. Condensed liquids may 
be r e tu rned to the tank or sent to ground disposal . 

F igure 22 

Waste Storage Faci l i ty Layout at Hanford^ 

O. H. Pilkey, et a l . , The Storage of High-level Radioactive 
Wastes Design and Operating Exper ience in the United States. 
Record of Hearings on Indust r ia l Radioactive Waste Disposal, 
JCAE, Vol 1, page 413, August, 1959. 



The t a n k s bu i l t a t Savannah R i v e r a r e d i f fe ren t in a n u m b e r of 
r e s p e c t s ( s ee F i g u r e 23), b r o u g h t about l a r g e l y by the fact tha t the w a t e r 
t ab l e l i e s c l o s e to the s u r f a c e of the g r o u n d and by the g r e a t e r popula t ion 
d e n s i t y of the s u r r o u n d i n g a r e a . A "cup and s a u c e r " d e s i g n i s u t i l i zed to 
i n s u r e c o l l e c t i o n of any l e a k a g e . M o n i t o r i n g e q u i p m e n t i s i n s t a l l e d in the 
f r ee s p a c e w h i c h e x i s t s b e t w e e n the ou t e r s t e e l - l i n e d c o n c r e t e s h e l l and 
the s t e e l t ank . The i n n e r t ank i s c o n s t r u c t e d of - - i n c h s t e e l . It h a s a 
s t e e l c o v e r whichs t o g e t h e r wi th the e a r t h c o v e r i n g , i s s u p p o r t e d i n t e r ­
n a l l y by twe lve s t e e l - s h e a t h e d c o n c r e t e c o l u m n s . 

F i g u r e 23 

C r o s s Sec t ion of Savannah R i v e r W a s t e S to rage Tank^ 

L_ _ I CONCRETE SLAB 

a 
O. H. Pilkey^ et a L , The S t o r a g e of H i g h - l e v e l Rad ioac t i ve 
"Wastes D e s i g n a n d O p e r a t i n g E x p e r i e n c e in the Uni ted S t a t e s . 
R e c o r d of H e a r i n g s on I n d u s t r i a l R a d i o a c t i v e Was te D i s p o s a l , 
J C A E , Vol 1, page 423 , Augus t , 1959. 

Hea t i s r e m o v e d by a s e r i e s of cool ing co i l s and the w a s t e s a r e 
not a l l owed to bo i l . To r e m o v e h e a t f r o m the f i r s t l iqu ids put into a tank, 
t h e r e i s a h o r i z o n t a l co i l i n s t a l l e d in the b o t t o m of the t ank cons i s t i ng of 



circular steel coils containing 15,000 sq ft of area. More efficient vert ical 
coils containing an additional 9000 sq ft a re installed higher in the tank, 
and there is a spare set near the top of the tank. It is easy to see why 
Savannah River tanks a re more expensive than those installed at Hanford. 

Operating experience with waste storage has been good. Some of 
them have now been in use for over 15 years and none has ruptured or even 
leaked seriously. Such operating problems as have occurred are associ ­
ated with the boiling phenomenon and with radiolytic decomposition. While 
the tanks normally boil rather gently, at t imes they are known to burst 
into a violent surging boil, releasing vapors at ra tes up to twenty times 
that normally expected. P r e s s u r e surges up to 2 Ib/sq in. are noted at 
such t imes. Provision for such pressure surges has been included in the 
design cr i ter ia of the newer tanks. This surging is believed to be due to 
the fact that much of the heat-producing activity is car r ied to the bottom of 
the tank by the sludges which settle out. Because of the hydrostatic head 
of the stored liquid, much of the re leased heat can be stored near the bottom 
of the tank without boiling taking place. If something occurs to s tar t an 
upward flow of the hot liquid, a bubble of gas rising for instance, the p r e s ­
sure on the liquid is reduced; boiling can then start , which will increase 
the upward flow bringing more superheated liquid to the surface. Once 
started, vigorous boiling will occur until the reservoi r of heat is d iss i ­
pated. In the course of these surges, no damage to the tanks has occurred. 
There is at least one recorded instance, however, where the bottom of a 
tank bowed upward a distance of three or four feet and then subsided back 
essentially to its original position after a day or so. 

Several years ago, when wastes which had been cooled a little less 
than 90 days prior to processing were sent to the tank farms, copious 
quantities of brown fumes were noted to escape from the tanks. This was 
thought to be associated with radiolytic decomposition. Since increasing 
the cooling time back to the more common values, this has not been a 
problem 

Although there have been no recorded tank ruptures , there have been 
several attempts made to t ry to decide just how serious a tank rupture would 
be. If a rupture is assumed, the geological environment becomes most 
important. At Hanford, which has the most favorable of environments, quite 
uncatastrophic resul ts a re expected.(l^'^) Two field-scale tes ts were pe r ­
formed to simulate loss of Redox wastes through a leak in an underground 
storage tank. One test used simulated neutralized Redox waste which had 
not undergone self-concentration. It contained a precipitate equal to about 
5 volume per cent. The waste entered the ground through a one-inch hole 
in a 7 X 7-ft test plate without giving any indication of developing a flow 
restr ict ion, either by a waste-soi l reaction or by the precipitate plugging the 
soil. The maximum flow recorded was 450 gal /hr . Visual examination 
showed that the precipitate had dispersed in the soil, forming a saucer-shaped 



pattern about 2 ft deep in the center with a radius of 7 ft. The precipitate-
free wastes penetrated to a depth of 5 ft in the center and in the end had 
spread to about an 11-ft radius. 

The second test employed a synthetic solution simulating Redox 
waste self-concentrated to 85 per cent of the original volume. This waste 
contained about 20 volume per cent of a rapidly settling precipitate. Only 
50 gal of this waste entered the ground before plugging occurred and all 
measurable flow stopped. The plugging was apparently due to the settling 
of the precipitate in the bottom of the standpipe. Visual examination of the 
soil beneath the plate indicated that clear wastes had spread to a radius 
of about 3 ft. 

On the other hand, a mathematical study was made at Oak Ridge of 
a hypothetical plant located in the Ohio River Valley. A ser ies of less 
favorable postulates for the manner in which the waste would behave once 
it was in the ground was used, and this study did predict catastrophic 
resul ts . 1128) Depending on the assumptions, r iver concentrations 
100,000 times MFC persist ing for 30 to 60 days, r iver concentrations 
100 times MPC for ten years , or r iver concentrations about twice MPC 
for a century were calculated. The assumptions were undoubtedly too 
pessimist ic , but the fact that such calculations can be made using, at least, 
plausible assumptions makes it doubtful that tank storage can be accepted 
as a method of ultimate disposal for more than a very few highly favorable 
situations. 

But it also seems clear that tank storage will have a place in 
overall waste management to store wastes during their first years , since 
it is easier to remove the radioactive decay heat from a liquid waste 
than from a solid. 

Deep Well Disposal 

The petroleum industry has developed an extensive technology of 
injecting fluids into deep wells. The American Petroleum Institute was 
requested to appoint a small committee to consider the feasibility of d is­
posing of radioactive liquids in this way. A report of this subcommittee 
gave the following conclusions: (129) 

1. "Radioactive waste can be disposed of safely by injection, 
through deep wells, into porous rocks. There is , obviously, a limit to the 
amount and activity of waste that can be stored in any particular forma­
tion without danger. This limit cannot be accurately determined on the 
basis of available information, but the data required for estimating the 
safe storage capacity of a reservoi r can be obtained experimentally. 



2. "Major p r o b l e m s in the d i sposa l of rad ioac t ive was te through 
deep wel ls will be those of confining the was t e , d i s s ipa t ing the heat gen­
e r a t e d , and p ro tec t ing the d i sposa l s y s t e m aga ins t damage by c o r r o s i o n 
o r r ad ia t ion . These will p r e s e n t diff icul t ies , but no in su rmoun tab le 
obs t ac l e s a r e indica ted , 

3. "A d i sposa l plant might c o m p r i s e , in addit ion to the inject ion 
w e l l s , a number of aux i l i a ry wel ls which would s e r v e va r ious functions, 
with fac i l i t ies for c h e m i c a l l y t r e a t i n g , f i l t e r ing , and s to r ing was te and 
di luent w a t e r . Although r e l i a b l e cos t e s t i m a t e s cannot be m a d e on the 
b a s i s of in format ion now ava i lab le , p r e l i m i n a r y cons ide ra t ion sugges t s 
that the cost of d i sposa l might run l e s s than a dol lar pe r gallon of h igh-
level undiluted w a s t e . 

4. "A m o d e s t p r o g r a m of l a b o r a t o r y work and t h e o r e t i c a l s tudy 
would c la r i fy m a n y of the p r o b l e m s . If such a study conf i rms the p r e ­
l i m i n a r y conclus ion that d e e p - w e l l d i sposa l might be economic under 
favorable c i r c u m s t a n c e s , a c o n c u r r e n t p r o g r a m of .field tes t ing and 
explora t ion should be the next p h a s e of the development of the p r o c e s s 
to be unde r t aken . " 

S torage in Salt Depos i t s 

A number of n a t u r a l geological fo rmat ions have been sugges ted as 
poss ib l e med ia for the s t o r a g e of w a s t e s . The one which s e e m s to offer 
the m o s t p r o m i s e i s rock sa l t . Salt has cons ide rab le c o m p r e s s i v e 
s t r e n g t h . At n o r m a l t e m p e r a t u r e s i ts movemen t is con t ro l led by p l a s t i c 
flow and deformat ion o c c u r s only s lowly when sa l t is under p r e s s u r e below 
the yield point . These unique c h a r a c t e r i s t i c s give sa l t r e m a r k a b l e geo­
logica l f e a t u r e s . Excava t ions in sa l t a r e p r a c t i c a l l y always d r y . Because 
of i t s p l a s t i c i ty any f r a c t u r e s in sa l t c lose rap id ly . L a r g e spaces m a y be 
mined out; even at depths of 1,000 feet , t w o - t h i r d s of the sa l t a r e a m a y be 
r e m o v e d without pe r cep t i b l e de format ion of the pi l lars .vl-^"/ 

The locat ion of sa l t depos i t s is w idesp read in the United S t a t e s . 
Depos i t s of rock sa l t unde r l i e 400,000 s q u a r e m i l e s of the United Sta tes 
and they r e p r e s e n t some of the few n a t u r a l l y o c c u r r i n g d r y env i ronmen t s 
in the e a s t e r n p a r t of the coun t ry . The volume of h igh- l eve l was te that 
wil l p robab ly be produced in the year 2000 is computed to be about 
168 a c r e - f e e t o r l e s s than 10 p e r cent of the sa l t space now being mined 
out annual ly . 

Although l a b o r a t o r y e x p e r i m e n t s have been conducted on the behavior 
of sa l t in r e l a t i on to nuc l ea r w a s t e s , a l l of the p r i n c i p a l f ac to r s cannot be 
conc lus ive ly d e t e r m i n e d in l a b o r a t o r i e s but m u s t be es tab l i shed by m e a n s of 
field e x p e r i m e n t s . A r e s e a r c h p r o g r a m coord ina ted through ORNL. i s u n d e r ­
way to d e t e r m i n e the feas ib i l i ty of us ing sa l t fo rmat ions as an u l t ima te 
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s to rage place for e i the r l iquid or sol id w a s t e s . l ^ ^ l 132) This r e s e a r c h 
p r o g r a m inc ludes heat ca lcu la t ions , chemica l compat ib i l i ty phys ica l 
s tabi l i tyof the syscem, des ign of the field exper imen t , t e s t of l abora to ry 
mode l s of the field expe r imen t , and the field e x p e r i m e n t i tse l f which wil l 
be c a r r i e d on in a mine a t Hutchinson, Kansas 

Calcula t ions on the s t o r age of was te solut ions a s l iquids in s p h e r i c a l 
cav i t i e s in sa l t show that , for a 10-ft d i a m e t e r sphe re and o n e - y e a r - o l d 
w a s t e s , the m a x i m u m r i s e in t e m p e r a t u r e at the cen te r of the sphe re is 
530 F a t 1000 hr and 315 F a t the su r face of the sphe re at 1500 h r . The 
m a x i m u m t e m p e r a t u r e r i s e for a 6 - y e a r - o l d was te a t the cen te r of the 
s p h e r e is 100 F a t 4500 h r and 65 F at the sur face a t 7000 h r . It is con­
cluded that the t h e r m a l p r o b l e m in sa l t d i sposa l will cause no s e r i o u s diffi­
cu l t ies if the s ize of the cav i t i e s and the age and dilution of was t e s a r e 
cont ro l led . 

L a b o r a t o r y t e s t s so far have shown that the s t r u c t u r a l p r o p e r t i e s 
of r o c k sa l t a r e not g r e a t l y a l t e r e d by high rad ia t ion , al though high t e m ­
p e r a t u r e s i n c r e a s e the c r e e p r a t e for both i r r a d i a t e d and un i r r ad i a t ed 
s a m p l e s . C h e m i c a l i n t e r a c t i o n of l iquid w a s t e s with s a l t p roduced ch lo r ine 
and o ther ch lo r ine compound g a s e s , but the vo lumes w e r e not e x c e s s i v e . 
The m i g r a t i o n of nuc l ides through the sa l t and the deformat ion of the cavi ty 
can only be s tud ied in the field. 

The sugges t ion for the use of sa l t and this e x p e r i m e n t a l p r o g r a m 
both con templa te the use of sa l t s p a c e s for holding e i ther l iquids or so l ids . 



CHAPTER 9 

FUTURE PROBLEMS 

A number of attempts have been made to a s se s s the magnitude of 
the disposal problem which the world may face during the next half century. 
Estimates have been made by Hatch,(133) Glueckauf,ri34) Lane,(135) this 
author,(136) and others. These estimates all tend to agree that the maximum 
plausible worldwide use of nuclear energy will result in the burnup of ap­
proximately 1,000 tons of fissionable mater ia l (and the production of 1,000 tons 
of fission product) per year near the end of the century. This is equivalent 
to approximately 2 x 1 0 megawatts of installed reactor capacity. Assuming 
this production ra te , it is possible to calculate the equilibrium quantity of 
any part icular isotope. Only a few are of serious importance from the 
standpoint of ultimate disposal. In Table 51 there a re given the quantities 
of eight isotopes, which would have accumulated in fifty yea r s . Also given 
a re the maximum permissible concentration in water and a i r , and from 
these there a re calculated the volumes of water and a i r required to dilute 
the isotope in question to tolerance. 

Table 51 

50-YEAR ACCUMULATION OF LONG-LIVED ISOTOPES 
AND REQUIRED DISPERSAL VOLUMES 

Bas i s : 2.2 x 10* Mw Installed Reactor Capacity = 3 tons 
Fission Products /day. 

I s o t o p e 

Z r ' S 

C e ^ ^ 

R u " 6 

P m " ^ 

Sr'° 
C s " ^ 

T c ' ' ^ 

Pu239^ 

A c c u m u l a t e d 
Q u a n t i t y in 

50 Y e a r s , 
C u r i e s 

1,3 X 1 0 " 

1.1 X 1 0 " 

1.0 X 1 0 " 

5.1 X 10^® 

8.6 X 10^° 

8.1 X 10^® 

2 . 0 X 10^ 

2 , 8 X 10^ 

M a x i m i u m 
P e r m i s s i b l e 

C o n c e n t r a t i o n s c 
W a t e r 
^ c / m . 1 

4 x 1 0 - 3 

4 X 10"^ 

0,1 

1 

8 x 10""^ 

1.5 X 10 -2 

3 X 10"^ 

1,5 X 1 0 - * 

A i r 
j u c / m l 

4 X 10"'^ 

7 X 10-9 

3 X 10"^ 

2 X 10-"^ 

2 x 1 0 - " 

2 X lO'^'^ 

3 X 1 0 - * 

2 x 1 0 - ^ 2 

V o l u m e R e q u i r e d 
to D i l u t e to 
T o l e r a n c e 

W a t e r 
c u m i 

7.8 x t o ' 

6,6 X 10^ 

2 . 4 X 10^ 

12 

2 , 6 X 10^ 

1.3 X 10* 

0.2 

4 3 X 10^ 

A i r 
c u m i 

7 ,8 X 10^ 

3 .8 X 1 0 ' 

8 X 10® 

6 x 1 0 ' 

1 X 1 0 " 

9.7 X 10^ 

1.6 X 10^ 

3 ,4 X 10® 

^Decay neglected. 
t^Based on a loss of 0,1% in processing. 
^From National Bureau of Standards Handbook 52 (1953), 
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St ron t ium-90 is the cont ro l l ing isotope and the d i s p e r s a l volume of wa te r 
needed, 2.6 x 10^ cubic m i l e s , i s about eight pe r cent of the en t i r e wor ld 
ocean vo lume. This c o m p a r i s o n is given only to emphas i ze once again the 
inadequacy of d i s p e r s a l a s a d i sposa l me thod for this quant i ty of was te 

P r e s e n t l y u sed solvent ex t r ac t i on p r o c e s s e s produce about 
1000 gal lons of h i g h - l e v e l was te pe r ton of u r a n i u m p r o c e s s e d The total 
volume of was te f o r m e d in i t ia l ly i s a function of the a v e r a g e fuel burnup 
If this is a s s u m e d to be 10,000 Mwd/ ton , the annual p r o c e s s i n g r a t e will 
be 73,000 tons (200 t o n s / d a y ) . This is equivalent to 73,000,000 ga l l ons /yea r , 
I n t e r i m s t o r a g e , even c h a r g e d a t § l / gaUon , would amount only to 
0.015 m i l l / k w h . E i t h e r i m m e d i a t e l y o r af ter a decay s t o r a g e of some 
y e a r s , m o s t o r a l l of the wa te r in these was t e s could be s e p a r a t e d f rom 
them. Using only known techn iques such as a l r e a d y have been d e s c r i b e d 
h e r e i n , the l iquid w a s t e s could be evapora t ed , ca lc ined to sol ids and 
the ove rhead vapor fu r the r decon tamina ted by ion exchange . Such a p r o c ­
e s s migh t be expected to give a decontamina t ion fac tor of 10 and to cost 
l e s s than $0 .10 /ga l . Th i s ope ra t ion would add l e s s than 0,002 m i l l / k w h 
to the cos t of power . 

The in i t ia l was te volume can be r educed by concent ra t ion , by the 
u s e of h igher d e g r e e s of u r a n i u m burnup , or by the se lec t ion of p r o c e s s e s 
which p roduce a s m a l l e r was te volume in i t ia l ly . T h e r e will be , however , 
an i r r e d u c i b l e volume which m u s t be accep ted . Taking a s the m o s t op t i ­
m i s t i c a s s u m p t i o n that the i n e r t s a l t s can be held to a weight equal to 
9 t i m e s the f i ss ion p roduc t s t h e m s e l v e s , 30 tons p e r day of concen t ra te 
wil l be fo rmed a t the 1000 t o n / y e a r r a t e . At a densi ty of 100 Ib / cu ft, 
the volume i s 600 cu f t /day - 220,000 cu f t / y e a r . This is not an i m p r a c ­
t i ca l n u m b e r . If it w e r e to cos t $1000/cu ft to s t o r e th is safely the annual 
b i l l would be about $200,000,000. Even th i s is only 0.04 m i l l / k w h and if 
the s t o r a g e cost w e r e r educed to $100 /cu ft (a good goal to a i m a t ) , th is 
i t em would add only 0.004 miil l /kwh to the cos t of power , It cannot be 
t r u ly sa id that was te d i sposa l i s going to pose an economic roadblock to 
the i n d u s t r i a l u t i l i za t ion of n u c l e a r ene rgy . 

On the o the r hand, t h e r e does r e m a i n the t echn ica l p r o b l e m of d e ­
vis ing a safe r e s t i n g p lace for the h igh - l eve l waste - one which can be 
p rov ided for $100/cu ft o r even $1000/cu ft. This p r o b l e m has not yet 
been solved. Some of the work d i r e c t e d toward solving the p rob l em has 
been d e s c r i b e d h e r e i n . Since i t i s difficult to s t a te ca tegor i ca l ly ahead 
of t ime that any p a r t i c u l a r me thod se l ec t ed will be adequate for s e v e r a l 
c e n t u r i e s of s t o r a g e , it m a y b e c o m e d e s i r a b l e to u s e a s y s t e m with s e v e r a l 
l ines of defense . Such a s y s t e m might cons i s t of: 

(1) fo rming the was te into a sol id which is a s n e a r l y unleachable 
as p o s s i b l e ; 



(2) surrounding this solid with a package which itself offers some 
promise of long-term integrity; and 

(3) storing in a place such that the likelihood of contacting the 
waste with water is low. 

The first of these is being investigated in detail and shows reason­
able promise of success . The second has not received adequate attention. 
Various packaging techniques must be tr ied out and subjected to rigorous 
long-term corrosion testing. The third is the subject of considerable 
speculation and not enough work. The more arid parts of the world natu­
rally suggest themselves, and several of them a re being used as disposal 
s i tes . These a reas tend to be remote from population centers (areas of 
high electr ical power demand), and it would be desirable to discover ways 
of storing wastes compatible with the proximity of people. 

There would appear to be no reason to be pessimist ic about the 
chances of solving this problem. 

PROBLEM FOR CHAPTER 9 

1. Making reasonable assumptions for the ranges to be expected for 
the following quantities: 

a) fuel burnup, and 

b) waste volume/ton uranium processed, 

construct a table or graph showing the $/gallon of waste which can be 
spent for waste disposal if 2 per cent of the total power cost is allocated 
to this item. 
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