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TRITIUM PROTECTIVE CLOTHING 

T. P. Fuller and C. E. Easterly 

ABSTRACT 

Occupational exposures to radiation from tritium received at pre- 

sent nuclear facilities and potentiah exposures at future fusion reactor 

facilities demonstrate the need for improved protective clothing. Im- 

portant areas relating to increased protection factors of tritium pro- 

tective- ventilation suits are discussed. These areas include permeation 

processes of tritium through materials, various tests of film permeability, 

selection and availability of suit materials, suit designs, and administra- 

tive procedures. The phenomenological nature of film permeability calls 

for more standardized and universal test methods, which would increase 

the amount of directly useful information on impermeable materials. 

Improvements in suit designs could be expedited and better communicated 

to the health physics community by centralizing developmental equipment, 

manpower, and expertise in the field of tritium protection to one or two 

authoritative institutions. 



1  . INTRODUCTION 

1'.1 Overview 

P r o t e c t i v e  c l o t h i n g  i s  a  major  f a c t o r  i n  reducing occupat ional  ex- 

posure t o  r a d i a t i o n  a t  f a c i l i t i e s  hand l ing  h igh  i n v e n t o r i e s  o f  t r i t i u m .  

H i s t o r i c a l l y ,  p r o t e c t i v e  v e n t i l a t i o n  s u i t s  have been developed as needed 

by i n d i v i d u a l  i n s t i t u t i o n s .  M a t e r i a l s  were chosen f rom q u a l i t a t i v e l y  

acceptable groups o f  immediately a v a i l a b l e  f i l m s .  They were p icked 

accord ing t o  p rev ious l y  known c h a r a c t e r i s t i c s ,  p r i n c i p a l l y  pe rmeab i l i t y ,  

f a b r i c a b i l i t y ,  and cost .  Over t he  pas t  20 years; s u i t s  p r o v i d i n g  accept- 

ab le  b a r r i e r s  t o  t r i t i u m  have been developed and cont inuous ly  improved. 

The a c c e p t a b i l i t y  o f  p r e s e n t l y  a v a i l a b l e  p r o t e c t i v e  c l o t h i n g  i s  now 

being quest ioned i n  l i g h t  o f  c u r r e n t  progress toward the  development o f  

f u s i o n  r e a c t o r s  and the  l a r g e  t r i t i u m  i n v e n t o r i e s  they are  expected t o  

con ta in .  Therefore, i t  i s  d e s i r a b l e  t o  per form an up-to-date assessment 

o f  improvements t h a t  should be made i n  p r o t e c t i v e  c l o t h i n g  c a p a b i l i t i e s .  

T r i t i u m  p r o t e c t i v e  s u i t s  a v a i l a b l e  today are  gene ra l l y  considered 

acceptable i n  r e l a t i o n  t o  exposure, l i m i t s  and t h e  concent ra t ions  en- 

countered a t  t r i t i u m  f a c i l i t i e s ,  b u t  t h i s  may n o t  be t r u e  i n  t h e  f u t u r e .  

V e n t i l a t i o n  p r o t e c t i v e  garments c u r r e n t l y  being used make i t  p0ss.i b l e  t o  

work i n  t r i t i u m  contaminated atmospheres w i t h  concent ra t ion  l e v e l s  o f  

30 m C i / m 3  o f  HTO a t  40 hr/wk w i t h o u t .  surpassing exposure 1  i m i  t s .  l By 

c o n t r o l  1  i ng t h e  work t ime w i t h  respec t  t o  concent ra t ions  commonly en- 

countered and pe rm iss ib le  exposure l e v e l s ,  these s u i t s  p rov ide  an 

adequate means o f  p r o t e c t i o n  f o r . m o s t  s i t u a t i o n s  i n  which t r i t i u m  i s  

encountered. With t he  recen t  d iscuss ion  i n  r a d i a t i o n  c o n t r o l  o rgan i  za- - 

t i o n s  about l ower ing  occupat ional  exposure, t he  adequacy o f  present  



s u i t s  i s  lessened as work ing t imes cou ld  decrease t o  unacceptable l e v e l s .  

P o t e n t i a l  t r i t i u m  problems associated w i t h  f u s i o n  energy prov ide  o the r  

impor tan t  reasons f o r  improving p r o t e c t i v e  c l o t h i n g .  I n  conceptual 

f u s i o n  f a c i l i t i e s  t r i t i u m  i n v e n t o r i e s  may exceed 20 kg w i t h  a  t o t a l  

a c t i v i t y  o f  1.92 x  l o 8  C i  ( l g  = 9,600 C i ) . 2  Because t r i t i u m  w i l l  be 

conta ined i n  n e a r l y  a l l  of t h e  fus ion r e a c t o r  subsystems, h igh  concen- 

t r a t i o n s  o f  t r i t i u m  a r e  l i k e l y  t o  be found i n  work areas r e q u i r i n g  r e g u l a r  

hands on a t t e n t i o n .  The importance of improving p r o t e c t i v e  c l o t h i n g  

c a p a b i l i t i e s  stems from: 

1. The requi rement  t h a t  f u s i o n  power p l a n t s  have a  h igh  degree 

o f  ope ra t i ona l  r e l i a b i l i t y ,  necess i ta t i ng  maintenance du r ing  

ope ra t i on  under p o t e n t i a l l y  adverse cond i t ions ;  

2. The p r o v i s i o n  of economical ly based a l t e r n a t i v e s  t o  m u l t i p l e  

containment schemes; and 

3 .  The necess i t y  of having adequate p r o t e c t i o n  f o r  acc ident  

response. 3 

Improvements i n  p r o t e c t i v e  c l o t h i n g  can be i n i t i a t e d  i n  several  

d i f f e r e n t  areas. Many of these improvement areas are  po in ted  ou t  i n  

f u l f i l l i n g  the  o b j e c t i v e s  of t he  present  study, which are:  

1  . To descr ibe  impor tan t  aspects of permeation and polymer 

f i l m  t e s t i n g  r e l a t i v e  t o  the  s e l e c t i o n  o f  improved s u i t  

m a t e r i a l s ;  

2. To communicate i n fo rma t ion  on the a v a i l a b i l i t y  and p r a c t i -  

c a l i t y  o f  var ious  p r o t e c t i v e  c l o t h i n g  ma te r ia l s ;  



3. To descr ibe  advantages o f  var ious  s u i t  designs and recen t  . 

improvements; and 

4. To prov ide  a. synopsis o f  research c u r r e n t l y  underway and 

i n d i c a t e  some poss ib le  f u t u r e  goals  i n  a d m i n i s t r a t i v e  and 

s c i e n t i f i c  areas. 

1.2 Considerat ions i n  T r i t i u m  P r o t e c t i o n  

The r a d i o a c t i v e  i .sotope o f  hydrogen known as t r i t i u m  presents a  

r a d i o l o g i c a l  hazard t o  workers i n  many d i f f e r e n t  occupat ional  env i ron-  

ments. These i n c l u d e  l i g h t  and heavy-water reac to rs ,  breeder reac to rs ,  
I 

f u e l  reprocessing p lan ts ,  t r i t i u m  produc t ion  reac to rs ,  and i n  t h e  fu tu re ,  

thermonuclear reac to rs .  Each o f  these systems w i l l  have i t s  own r a d i o -  

l o g i c a l  hygiene problems concerning t r i t i u r n .  The type o f  p r o t e c t i v e  

c l o t h i n g  w i l l  depend upon work ing cond i t i ons  a long w i t h  containment 

chamber t r i t i u m  concent ra t ions  and a c t i v i t i e s .  The chemical s t a t e  o f  

t r i t i u m  i s  a l s o  an impor tan t  f a c t o r  i n  de termin ing  the  c o r r e c t  p ro tec-  

t i v e  equipment. T r i t i u m  e x i s t s  as a  gas (HT), o r  i n  combinat ion w i t h  

oxygen as a  1  i q u i d  ( t r i t i u m  oxide, HTO), o r  as a  t r i t i a t e d  hydrocarbon. 

Chemically, i t  reac ts  gene ra l l y  t h e  same as hydrogen o r  water vapor w i t h  

s l i g h t l y  mod i f i ed  ra tes .  I n  any chemical form i t  decays w i t h  a  h a l f -  

l i f e  o f  12.3 years by e m i t t i n g  a  beta p a r t i c l e  w i t h  a  maximum energy o f  

18 keV. These weak betas having a  range o f  0.005 mm i n  s k i n  present  no 

ex te rna l  hazard s ince  dead o u t e r  l a y e r s  w i l l  a t t enua te  the  r a d i a t i o n .  

Hazards a re  associated w i t h  t he  i n h a l a t i o n ,  o r  percutaneous absorp- 

t i o n ,  o f  t he  ox ide  o r  gas which then d isperses an'd exposes i n t e r n a l  t i s -  

sues u n i f o r m l y  through i n c o r p o r a t i o n  i n  t he  body water. Exposure t o  



t r i t i u m  ox ide  i s  about f o u r  orders o f  magnitude more hazardous than 

elemental t r i t i u m  s ince  t h e  lungs absorb 99.9% o f  the  t r i t i u m  they 

encounter as the  ox ide  b u t  o n l y  0.05% o f  the  t r i t i u m  gas inhaled.  The 

. o x i d e  i s  absorbed a t  about t h e  same r a t e  through the  s k i n  as i n  the  

lungs [0.84 uCi/(cm2-min) per  pCi/cm3 i n  a i . r  a t  30°C and r e l a t i v e  

humid i t y  o f  70%],6 b u t  t h e  gas i s  absorbed through the  s k i n  a t  a much 

lower  r a t e .  Prob'lems w i t h  t r i t i u m  p r o t e c t i o n  come from i t s  a b i l i t y  t o  

d i spe rse  f r e e l y  i n  a i r  and d i f f u s e  o r  penetrate through a wide v a r i e t y  

o f  substances i n c l u d i n g  metal,  rubber, and p l a s t i c .  T r i t i u m  oxide i s  

more d i f f i c u l t  t o  con ta in  than HT i n  t h a t  i t  permeates rubber 100 t imes 

f a s t e r  than HT and 20 t imes more e f f e c t i v e l y  i n  c e l l u l o s i c   material^.^,^ 

It i s  p r a c t i c a l l y  impossib le t o  assure abso lu te  confinement. Neverthe- 

l ess ,  . there a re  some e f f e c t i v e  methods o f  t r i t i u m  con t ro l .  

V e n t i l a t i o n  systems ma in ta in ing  c o r r e c t  negat ive  pressure a re  used 

t o  decrease t r i t i u m  concent ra t ions  i n  contaminated areas and prevent  con- 

t am ina t i on  o f  o t h e r  working environments. F i  1 t e r s  u t i  1 i z i n g  o x i d a t i o n  

and r e d u c t i o n  reac t i ons  a re  a l s o  used t o  reduce HT and HTO a c t i v i t i e s  i n  

containment chambers. P r o t e c t i v e  c l o t h i n g  i s  probably the  most important  

f a c t o r  i n  reduc ing  occupat ional  t r i t i u m  exposures. D i f f e r e n t  types o f  

v e n t i l a t i o n  o u t f i t s  o f f e r  var ious  l e v e l s  o f  p ro tec t i on .  One p r o t e c t i v e  

c l o t h i n g  u n i t  developed i n  France o f f e r s  an except iona l  p r o t e c t i o n  

f a c t o r  o f  16,000 w h i l e  o the r  s u i t s  may o n l y  reduce exposure by l e s s  than 

100, ( r e f .  10) .  Together, a l l  the  p r o t e c t i v e  devices mentioned above 

make i t  poss ib le  t o  work f o r  extended per iods  o f  t ime i n  areas t h a t  

would otherwise be un inhab i tab le .  However, i n  i n d u s t r i e s  w i t h  l a rge ,  

t r i t i u m  i n v e n t o r i e s  such as heavy-water f i s s i o n  reac to rs  (where t r i t i u m  



ox ide  c o n t r i b u t e s  over  113 o f  t h e  t o t a l  occupat iona l  dose ) l l  ¶12  t h e  

ava i  l a b i  1 i ty  o f  improved p r o t e c t i v e  measures would be ve ry  b e n e f i c i a l .  



2. PERMEABILITY 

The s tudy  and development of l e s s  permeable ma te r ia l s  i s  essen t i a l  

t o  t h e  long- term improvement of  p r o t e c t i v e  c l o t h i n g .  I n  some f a c i l i t i e s  

where t r i t i u m  i s  handled, t h e  g rea tes t  occupat ional  dose i s  rece ived v i a  

t h e  permeation o f  t r i t i u m  ox ide  through the  p r o t e c t i v e  ma te r ia l .  l 3  

Although b e n e f i t s  o f  research i n  t h i s  area a r e  sometimes outweighed by 

t h e  cos ts ,  f u r t h e r  s c i e n t i f i c  i n t e r e s t  may prove t o  be advantageous 

e s p e c i a l l y  i f  a  cons iderab ly  improved ma te r ia l  i s  developed. A general 

understanding o f  permeation mechanisms, p r o t e c t i v e  f i l m  c h a r a c t e r i s t i c s ,  

and fac to rs  i n f l u e n c i n g  pe rmeab i l i t y  i s  des i rab le  when s e l e c t i n g  and 

t e s t i n g  f i  lms f o r  low .permeab i l i t y .  

2.1 Membrane C h a r a c t e r i s t i c s  

Polymers w i t h  low mois ture  permeabi 1  i ty  have been found by Morrjan14 

t o  possess some s p e c i f i c  molecular  c h a r a c t e r i s t i c s .  These are:  

1. a  sa tura ted  o r  n e a r l y  sa tura ted  hydrocarbon chain,' 

2.- a  minimum o f  cha in  branching, 

3. a  h igh  degree of l a t e r a l  symmetry, 

4. a  f a i r  degree o f  l o n g i t u d i n a l  symmetry, 

5. a  very h i g h  p r o p o r t i o n  of r e l a t i v e l y  smal l ,  hydrophobic 

subs t i t uen ts ,  and 

6. t h e  a b i l i t y  t o  c r o s s l i n k  between polymer chains. 

Present t echn ica l  processes make i t  poss ib le  t o  c rea te  a  wide 

v a r i e t y  o f  polymers i n c o r p o r a t i n g  the  above mentioned q u a l i t i e s .  The 

s t r u c t u r a l  c h a r a c t e r i s t i c s  o f  some common polymer ic  b a r r i e r s  a re :  



Polyethylene 

, and 

Chlorinated neoprene 

Vinylidene chloride 

Through va r i ous  methods o f  p roduc t ion ,  many d i f f e r e n t  p r o p e r t i e s  

decreas ing p e r m e a b i l i t y  can be i nco rpo ra ted  i n t o  d i f f e r e n t  polymers. 

G r a f t i n g  i s  t h e  i n d u c t i o n  o f  c r o s s l i n k a g e  between po lymer ic  cha ins  

us ing  chemical  and phys i ca l  methods ( i n c l u d i n g  i r r a d i a t i o n )  t o  a1 t e r  

mo lecu la r  s t r u c t u r e .  l 5'18 Polymer ic  s t r u c t u r e s  w i t h  a  h i g h  c a p a c i t y  

f o r  c ross  l i n k a g e  and min imal  cha in  b ranch ing  o f f e r  l i t t l e  mo lecu la r  

ass i s tance  f o r  d i f f u s i n g  elements. The mo lecu la r  c o n t i n u i t y  c o n t r i b u t e d  

by g r a f t i n g  i n h i b i t s  permeat ion processes i n  which bonds a r e  formed and 

t h e  s o l u t e  concen t ra t i on  i s  inc reased  i n  t h e  i n i t i a l  l a y e r s  o f  t h e  mem- 

brane. Phys ica l  changes i n  t h e  d e n s i t y  and c ross  s e c t i o n a l  area can 

a l s o  i n h i b i t  Brownian-type d i f f u s i o n  o f  l a r g e r  molecules.  l 9  The most 

e f f e c t i v e  membrane m a t e r i a l s  a r e  e s s e n t i a l l y  nonpo la r  s i nce  hydrophobic 

m a t e r i a l s  a r e  g e n e r a l l y  much l e s s  permeable t o  mo i s tu re  than  hydrophi  1  i c  

polymers. Th i s  i s  due t o  t h e  inc reased  a b i l i t y  o f  a  p o l a r  molecule,  



such as water, t o  form s t rong  p o l a r  bonds w i t h  and d i f f u s e  e a s i l y  i n t o  

t h e  i n i t i a l  l a y e r  o f  t h e  membrane surface. The s o l u t i o n  o f  water i n  the  

i n i t i a l  membrane molecules a l s o  causes phys ica l  changes o f  t he  polymer 

such as swe l l i ng ,  which increases d i f f u s i o n  through the  expanded l a t t i c e  

t h a t  i s  f ~ r m e d . ~ ~ , ~ ~  Th is  phenomenon accounts t o  some ex ten t  f o r  the  

increased permeation r a t e s  f o r  t he  more p o l a r  HTO molecule than the  

nonpolar  HT gas. Other areas o f  research showing promise i n  membrane 

technology i n v o l v e  i o n  exchange ~ e l e c t i v i t y ~ ~ - ~ ~  and the  r e t e n t i o n  o f  

so l ven ts  i n  the p r o t e c t i v e  f i l m s . 2 5  

2 .2  Permeation Processes 

The permeation o f  substances through polymers i s  the  r e s u l t  o f  

severa l  independent processes. The predominant mechanism o f  pene t ra t i on  

i s  t he  molecular  streaming o f  gas o r  vapor molecules through cracks, 

c a p i l l a r i e s ,  o r  amorphous regions i n  the  polymer f i l m .  This  occurs 

independent ly  o f  the  type o f  gas molecule when diameters o f  holes a re  

l e s s  than the  mean f r e e  paths o f  the  molecules, bu t  a re  several  t imes 

g r e a t e r  than the  diameters o f  the gaseous  molecule^.^^,^^ The gas 

p e r m e a b i l i t y  constant  f o r  t h i s  process K (Knudson f l o w ) ,  de f ined as the 

r a t e  o f  f l o w  per  u n i t  area membrane i s  supp l ied  by the  general expression 

where Bo i s  a geometr ic f a c t o r  f o r  t he  membrane, ~p i s  t he  pressure 

d i f f e r e n c e  o f  t h e  gas, and TI i s  t he  v i s c o s i t y  o f  the  gas. 2 7 ~ 2 8  This  

Knudson pe rmeab i l i t y  c o e f f i c i e n t  decreases w i t h  i nc reas ing  temperature 

and w i t h  the  molecular  weight  of t he  gas; t he  c o e f f i c i e n t  i s  pressure 

dependent. 



Another mechanism f o r  permeation i s  d i f f u s i o n .  I n  t h i s  process the  

permeate creates a  boundary l a y e r  a t  the  sur face o f  t he  f i l m  and then 

d isso lves  i n t o  the  membrane, moves through under the  i n f l u e n c e  o f  a  con- 

c e n t r a t i  on grad ien t ,  and reevaporates downstream. 20 This  t r a n s p o r t  

process cons i s t s  o f  t h e  f o l l o w i n g  steps : 20,29 

1. movement i n  and through the  boundary l aye r ,  

2 .  s o r p t i o n  i n t o  the  membrane, 

3. d i f f u s i o n  through the  membrane, 

4. desorp t ion  ou t  o f  the  membrane, and 

5. movement ou t  through t h e  boundary l aye r .  

Each o f  these processes present  a  d i f f e r e n t '  r es i s tance  according t o  the  

c h a r a c t e r i s t i c s  o f  t he  pene t ra t i ng  substance and the  phenomenological 

parameters o f  the  membrane system. Some o f  t he  f a c t o r s  i n f l u e n c i n g  

pe rmeab i l i t y  a re  demonstrated i n  t he  schematic cross sec t i on  o f  a  

membrane i n  F ig.  1. I n  t h i s  diagram the  phys ica l  va r i ab les  o f  membrane 
f 

th ickness ( A X ) ,  pressure d i f f e rences  dn e i t h e r  s ide  o f  the  f i l m  (P1 - P2) , 

and concent ra t ion  g rad ien t  (C1 - C2) a re  represented. 

BOUNDlRY LAYER 

Fig.  1. Homogeneous membrane cross sect ion.  



The d i f f u s i o n  o f  a substance across a membrane can be descr ibed by 

F i c k ' s  second law. 

Th is  equat ion s t a t e s  t h a t  t h e  r a t e  o f  change i n  the  concent ra t ion  (C) w i t h  

r e s p e c t . t o  t ime ( t )  i s  equal t o  t he  d i f f u s i v i t y  t imes the  ex t rapo la ted  rate  

o f  change i n  concent ra t ion  over  a th ickness ( x ) .  When C remains constant  

i n  t ime equat ion 2 reduces t o  F i c k ' s  f i r s t  law: 

where J i s  the  f l u x .  The concent ra t ion  g r a d i e n t  i s  t h e  d i f f e r e n c e  i n  

concen t ra t i on  over  t he  membrane and i s  represented by 

Combining t h i s  w i t h  F i c k ' s  f i r s t  law, (equat ion 3 ) ,  gives 

Equation 5 demonstrates t h e  in f luence of t h e  concent ra t ion  g rad ien t  on 

permeation. By Henry's law 

C1  = SP1 and C 2  = SP2 . ( 6 )  

Thus, equat ion 5 can be r e w r i t t e n  i n  terms o f  the  d i f f e r e n c e  i n  pressures 

s ince  the  s o l u b i l i t y  constant  ( S )  remains the  same. 

Hence, 



Since p e r m e a b i l i t y  i s  equal t o  DS, 

I f  t h e  downstream volume and temperature a r e  known, t h e  amount o f  g a s .  

pass ing  th rough t h e  membrane ( Q / t )  can be c a l c u l a t e d  i n  s tandard  un. i ts 

o f  m l /s  f rom the  s l ope  o f  t h e  downstream pressure  versus t i m e  curve  . 

( apZ /a t ) .  Us ing t h e  i d e a l  gas law t o  r e l a t e  t h i s  i n f o r m a t i o n  i t  i s  

p o s s i b l e  t o  c a l c u l a t e  permeab i l i t y , ,  

I n  o r d e r  t o  see ,how t h e  i n d i v i d u a l  v a r i a b l e s  i n f l u e n c e  p e r m e a b i l i t y ,  some 

o f  t h e w w i l l  be d iscussed i n  d e t a i l  below. 

The temperature dependence o f  permeabi 1  i ty  over  reasonable temperature 

ranges can be g i ven  by combined Ar rhen ius  t ype  equat ions f o r  d i f f u s i o n  and 

s o l u b i l i t y ; 9 , 1 7 ~ 1 9 ~ 2 0 ~ 3 0 ~ 3 1  

, = Do exp (2) , 
where Hs i s  t h e  hea t  o f  s o l u t i o n  and ED i s  t h e  a c t i v a t i o n  energy f o r  t h e  

d i f f u s i o n  process. Combining these  two equat ions w i t h  r espec t  t o  perme- - 
' a b i l i t y  forms a s i m i l a r  r e l a t i o n ~ h i p ~ ' ~ ~ - ~ ~  



P = Po exp (%) , 

S o l u b i l i t y  i s  niuch l e s s  a f f e c t e d  by temperature changes than d i f f u s i v i t y ,  

wh i ch  f o l l o w s  ten lperature changes t o  a  v a r y i n g  e x t e n t  depending on t he  

a c t i v a t i o n  energy, ED(T).  

Time ~ i l u s t  be cons idered  i n  de te rm ina t i ons  o f  permeabi 1  i t y .  When t h e  

permeat ion process be ing  t e s t e d  approaches steady s t a t e  c o n d i t i o n s  t h e  

t e r l i ~ s  f o r  t he  aniount d i f f u s i n g  i n  t ime  become 

Here ~t rep resen ts  t h e  t i m e  ( t )  i t  takes f o r  a substance t o  permeate 

t h rough  t h e  f i l n i  ~ i i i nus  t h e  t ime  i t  takes t h e  system t o  reach a steady 

s t a t e ,  t in le  l a g  ( L ) .  P l o t t i n g  Q versus A t  g i ves  an i n t e r c e p t  o f  L(0A) 

on t h e  t a x i s  shown i n  F i g .  2. Us ing t h i s  va lue  o f  L  i n  t h e  ex t rapo -  

l a t e d  r e l a t i o n s h i p  

i t  i s  p o s s i b l e  t o  c a l c u l a t e  D f o r  permeat ion e x p r e ~ s i o n s . ~  

V a r i a t i o n s  i n  h u m i d i t y  which a f f e c t  d i f f u s i v i t y  a r e  n o t  comple te ly  

understood, bu t  they  must be cons idered when t e s t i n g  m a t e r i a l s  f o r  

p e r m e a b i l i t y .  S ince d i f f u s i v i t y  i s  concen t ra t i on  dependent, i t  w i l l  be 



. . Permeab i l i t y  Cons-tant.: P =- s lope o f  BC 

Time Lag: L = OA 

D i f f u s i o n  Constant: D  = A X ~ / ~ L  
where = f i l m  th ickness 

S o l u b i l i t y :  S = P/D 

A 
Time - 

Fig. 2. Typ ica l  experiment us ing  the  dynamic t e s t  method. 

a f f e c t e d  by changes i n  humidi ty .  Work done by Hosler showed t h a t  when a  

. f i l m  specimen i s  in t roduced t o  a  new ambient humidi ty ,  sur face concentra- 

t i o n s  were a1 t e r e d  t o  new unpred ic tab le  equi 1  i br ium values. 35 The d i v e r -  

gence i n  data obta ined a t  d i f f e r e n t  humid i t i es  i s  exp la ined by the  s t ress  

dependence o f  d i  f f u s i  v i  t y .  D i f f e r e n t  m a t e r i a l s  respond t o  changes i n  

concentrat ions d i f f e r e n t l y .  Physical  a l t e r a t i o n s  i n  t he  polymer 's  molec- 

u l a r  s t r u c t u r e  due t o  s w e l l i n g  caused by sorpt ion.may lead t o  increased 

o r  decreased permeation depending on t h a t  s p e c i f i c  system. In fo rmat ion  

on d i f f u s i v i t y  o f  specimens under ex te rna l  tens ion  o r  compression would 

be h e l p f u l  i n  de termin ing . the  e f f e c t s  o f  s t ress  caused by humid i ty  on 

permeabi 1  i t y .  



The fo rmu las  p resen ted  above a r e  genera l  d e s c r i p t i o n s  o f  permeat ion 

processes independent o f  exper imenta l  methods. Resu l ts  can be no ted  i n  

a  number o f  e a s i l y  c o n v e r t i b l e  u n i t s .  It must be remembered, however, 

t h a t  p e r m e a b i l i t y  i s  c o n t i n g e n t  on t h e  phenomenological terms o f  t h e  

system. V a r i a t i o n s  i n  t h e  t e s t  c o n d i t i o n s  a l t e r  t h e  c a l c u l a t e d  perme- 

a b i l i t y  c o e f f i c i e n t s  i r r e s p e c t i v e  o f  t h e  genera l  formulas. Changes i n  

t h i ckness ,  f o r  example, can o n l y  be a c c u r a t e l y  compensated f o r  by t h e  

i n i t i a l  equa t ions  when t h e  f i l m  i s  comple te ly  homogeneous a t  a l l  t h i c k -  

nesses and t h e  b u l k  c o n c e n t r a t i o n  o f  t h e  permeate remains r e l a t i v e l y  t h e  

same a t  a l l  p o i n t s  ac ross  t h e  f i l m .  Otherwise complex c a l c u l a t i o n s  must 

be i n c o r p o r a t e d  i n t o  t h e  genera l  p e r m e a b i l i t y  formulas t o  account f o r  

any v a r i a t i o n s .  3 6 - 4 0  Some v a r i a b l e s  l i k e  temperature can be accounted 

f o r  s imp l y  as f u n c t i o n s  represen ted  i n  s p e c i a l  equat ions.  A l t e r a t i o n s  

i n  o t h e r  v a r i a b l e s  such as hum id i t y  cannot p r e s e n t l y  be accounted f o r  

a t  a l l  s i n c e  t h e i r  a f f e c t s  on p e r m e a b i l i t y  a r e  i ncomp le te l y  understood. 

I n  t h e  pas t ,  much o f  t h e  polymer t e s t i n g  community has h indered  op t ima l  

unders tand ing  w i t h i n  t h e  f i e l d  by n o t  n o t i n g  o r  account ing  f o r  t h e  above 

ment ioned v a r i a b l e s  i n  p resen ta t i ons  o f  p e r m e a b i l i t y  data.  I n  o rde r  t o  

b e s t  communicate q u a n t i t a t i v e  i n f o r m a t i o n  about  t r i t i u m  permeation, 

s t anda rd i zed  t e s t  methods s p e c i f y i n g  p e r t i n e n t  v a r i a b l e s  a r e  requ i red .  



3. PERMEABILITY MEASUREMENT 

Permeab i l i t y  measurements u t i l i z e  two general  methods o f  t e s t i n g ,  

one depending on t ransmiss ion  and the  o t h e r  on so rp t i on -deso rp t i on  

p r i n c i p l e s .  3 1  Transmission methods i n v o l v e  a  concen t ra t i on  g rad ien t  
b 

across a  polymer f i l m  separa t ing  two sec t ions  o f  a  chamber. Various 

techniques can then supply  i n fo rma t i on  on t h e  r a t e  o f  t ransmiss ion.  

Sorp t ion-desorp t ion  methods enable c a l c u l a t i o n s  o f  d i f f u s i o n  and so lu -  

b i l i t y  c o e f f i c i e n t s  by measuring t h e  uptake and wi thdrawal  o f  t h e  s o l u t e  

i n  t he  f i l m .  

3.1 Transmission Methods 

Transmission methods f o r  measuring permeation r a t e s  through f i l m s  

employ var ious  types o f  t e s t s .  The most common methods i n v o l v e  measure- 

ments o f  pressure,'volume, and concent ra t ion  r e l a t e d  va r i ab les .  

Volumetr ic  t e s t  methods depend on a l t e r a t i o n s  i n  volume caused by 

pene t ra t i on  o f  a  gas o r  l i q u i d  a t  cons tan t  pressure. 31,41 One volume r e -  

l a t e d  p e r m e a b i l i t y  t e s t  i nvo l ves  t h e  measurement o f  mercury movement 

represent ing  a  volume change due t o  t r ansmi t t ed  s o l u t e  i n  a  c e l l  manometer 

under vacuum. 4 2 3 4 3  A schematic diagram o f  t he  gas t ransmiss ion  c e l l  

developed i n t o  American Soc ie ty  f o r  Tes t i ng  and M a t e r i a l s  (ASTM) method 

D1454-63 i s  p rov ided i n  F ig .  3. 

Manometric methods measure permeation by t h e  t ransmiss ion o f  gases 

and condensable vapors i n d i c a t e d  by v a r i a t i o n s  i n  pressure. 4 4 9 4 5  I n  

t h i s  t e s t  system, measurement i s  based on increases i n  pressure on the  

low-pressure s i d e  o f  t h e  f i l m  i n  i c o n s t a n t  volume. A t y p i c a l  pressure 

o r i e n t e d  p e r m e a b i l i t y  apparatus i s  dep ic ted  schemat ica l l y  i n  F ig .  4. 
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F i g .  3. Schematic f o r  a  gas- t ransmiss ion c e l l .  

The p e n e t r a n t  i s  s u p p l i e d  t o  one s i d e  of t h e  f i l m ,  and changes i n  pres-  

su re  a r e  measured on t h e  o t h e r  s i d e  us ing  a  manometer. Problems i n  

p e r m e a b i l i t y  de te rm ina t i on  u s i n g  t h i s  t ype  of system a r e  assoc ia ted  w i t h  

t h e  d i f f e r e n t  changes i n  p a r t i . a l  p ressure  on t h e  low s i d e  o f  t h e  f i l m .  

They must be accounted f o r  by c a l i b r a t i o n  o f  t h e  e f f e c t i v e  volume o f  t h e  

r e c e i v i n g  system o r  i n  p e r m e a b i l i t y  c a l c u l a t i o n s .  

r PENETRANT SUPPLY 

FILM SPECIMEN 

FILLER PAPER 

RECEIVING CHAMBE' 

Fig .  4. Schematic of a p ressure  o r i e n t e d  p e r m e a b i l i t y  apparatus. 



The concen t ra t i on  assoc ia ted  methods o f  permeat ion t e s t i n g  depend 

on t h e  i nc rease  i n  concen t ra t i on  o f ' t h e  so l 'u te  i n  an i s o l a t e d  r e c e i v i n g  

s e c t i o n  o f  a  t e s t  chamber. Th i s  i s  a  r e l a t i v e l y  s imp le  and accura te  

t e s t  method which makes permeat ion measurement p o s s i b l e  under a  wide 

v a r i e t y  o f  t e s t  cond i t i ons .  The most popu la r  p e r m e a b i l i t y  t e s t i n g  

technique i s  known as t h e  cup m e t h ~ d . ~ ~ - ~ *  Th i s  t e s t  commonly u t i l i z e s  

an assembly t h a t  measures we igh t  ga in  o r  l o s s  i n  corresponding t e s t  

chambers b u t  can i n v o l v e  a number o f  v a r i a t i o n s  i n  procedure. The setup 

c o n s i s t s  o f  two chambers separated by a membrane as shown i n  F ig .  5. I n  

one c e l l  t h e  s o l u t e  i s  i n t r oduced  under va r i ous  c o n d i t i o n s  o f  pressure, 

concen t ra t i on ,  and temperature.  I n  t h e  o t h e r  c e l l  t h e r e  i s  some way t o  

measure t h e  amount of s o l u t e  coming through. Th i s  i s  commonly done by 

measuring we igh t  changes o f  an absorb ing  des iccan t .  As des ignated by 

ASTM - E96 ( re f ;  49), . the water-vapor t r ansm iss ion  r a t e  WVT can be 

c a l c u l a t e d  i n  u n i t s  of g/m2-24 h r ' f r o m  WVT = ( g  x 24 ) / (T  x A). Us ing 

t h i s  r e l a t i o n s h i p  i t  i s  p o s s i b l e  t o  c a l c u l a t e  a r e l a t i v e  u n i t  o f  

permeance i n  m e t r i c  perms f rom t h e  f o l l o w i n g  formula:  

AP = vapor p ressure  d i f ference, .mm Hg; 

S = s a t u r a t i o n  vapor p ressure  a t  t e s t  temperature,  mm Hg; 

R1 = r e l a t i v e  hum id i t y  a t  source; 

R2  = r e l a t i v e  hum id i t y  a t  s i n k .  



Fig .  5. D e t a i l  o f  vacuum pe rmeab i l i t y  c e l l .  

Dynamic measurement methods us ing  thermal conduc t i v i t y ,  chemical 

ana lys i s ,  o r  even r a d i o a c t i v e  t r a c e r s  g i v e  h i g h l y  s p e c i f i c  q u a n t i t a t i v e  

i n f o r m a t i o n  and make i t  poss ib le  t o  c a l c u l a t e  t h e  pe rmeab i l i t y  constant,  

d i f f u s i o n  constant,  and s o l u b i l i t y  constant  from one experiment. A p l o t  

of permeation aga ins t  t ime  before  e q u i l i b r i u m  was reached (Fig.  2 )  makes 

i t  p o s s i b l e  t o  c a l c u l a t e  a  d i f f u s i o n  constant  (Eq. 15).  The pe rmeab i l i t y  

can be determined f rom t h e  s lope o f  t h e  s t r a i g h t  l i n e  a t  steady s t a t e  

cond i t i ons .  With these two f a c t o r s  known s o l u b i l i t y  can be found from 

t h e  r e l a t i o n s h i p  S = P/D. One method devised by S y m o n d ~ ~ ~  uses rad io -  

m e t r i c  ana lys i s  and i s  e s p e c i a l l y  a p p l i c a b l e  t o  measurement o f  t r i t i u m  

permeation. The system i s  s e t  up b a s i c a l l y  t he  same way as t h e  Payne 

Cup46 except  t h a t  an i o n i z a t i o n  chamber measures the  amount o f  ma te r i a l  

s o l u t e  permeating as t h e  t o t a l  number o f  i o n i z i n g  events occu r r i ng  

w i t h i n  a  measured volume of gas. Using the  ex t rapo la ted  t i m e ' l a g  

technique, s o l u b i l i t y  and d i f f us ion  constants can be c a l c u l a t e d  t o  g i ve  

p e r m e a b i l i t y  ra tes  i n  p C i / m l .  If othe r  va r i ab les  are  def ined, these 

u n i t s  can then be converted t o  u n i t s  o f  cm3 o f  gas a t  s t p  pene t ra t i ng  

membrane per  u n i t  area, (cm3), per  sec f o r  a  f i l m  th ickness (cm) a t  a  
, . 

gas pressure d i f f e r e n c e  i n  cm Hg, 



s  t p  cm3) (cm) 
P =  ( (cm2)(sec)(cm Hg) ' 

The main advantages o f  t h e  cup method o f  permeation measurement 

stem f rom t h e  system's a b i l i t y  t o  a l t e r  t e s t  cond i t i ons  and s imu la te  

work ing environments. Permeation o f  s u i t  m a t e r i a l  can be measured under. 

var ious  c o n d i t i o n s  o f  humid i ty  and p a r t i a l  pressure t h a t  would be t y p i c a l  

o f  a  v e n t i l a t i o n  s u i t  i n  use. With respec t  t o  t h e  h e a l t h  physics com- 

munity,  r ad iome t r i c  ana l ys i s  may be t h e  most p r a c t i c a l  way t o  measure 

permeation o f  t r i t i u m  through ma te r i a l s .  Permeation u n i t s  o f  vCi/ml 

would n o t  o n l y  be a  more f a m i l i a r  u n i t  t o  use i n  making s u i t  m a t e r i a l  

comparisons bu t  would a l s o  make approximations o f  exposures i n  these 

s u i t s  somewhat more d i r e c t .  

3.2 Sorpt ion-Desorpt ion Methods 

The sorp t ion-desorp t ion  methods o f  permeation measurement a re  com- 

monly used where s o l u b i l i t y  and d i f f u s i o n  c o e f f i c i e n t s  a r e  dependent on 

concen t ra t i on  and l a r g e  amounts o f  vapor a re  sorbed i n  t h e  system. Ex- 

per imenta l  data a r e  obta ined by suddenly changing t h e  c o n d i t i o n s  o f  a  

polymer 's  surroundings by va ry ing  t h e  a c t i v i t y  o f  t h e  penet ran t  and 

de termin ing  t h e  amount o f  penet ran t  sorbed o r  desorbed. S o l u b i l i t y  i s  

r e l a t e d  t o  t h e  amount o f  s o l u t e  p icked up by t h e  f i l m  immersed i n  a  

l i q u i d  o r  suspended i n  a  vapor. D i f f u s i v i t y  represents t h e  r a t e  t h a t  

vapor i s  absorbed. 

Several t e s t  procedures can be used t o  measure t h e  amount o f  s o l u t e  

sorbed o r  desorbed i n  a  f i l m  sample. I n  t h e  we igh t ing  b o t t l e  m e t h ~ d ~ O - ~ ~  

t h e  f i l m  sample i s  immersed i n  l i q u i d  o r  vapor and removed p e r i o d i c a l l y  



t o  be p u t  i n  a  capped b o t t l e  and weighed. Th i s  process i s  then  repeated 

p e r i o d i c a l l y  u n t i l  an e q u i l i b r i u m  s o r p t i o n  i s  obta ined.  Other methods 

o f  s o r p t i o n - d e s o r p t i o n  t e s t i n g  i n v o l v e  d i e l e c t r i c   measurement^,^^ he1 i c a l  

sp r i ngs ,  5 4  changes i n  volume o r  length,55 o r  e l e c t r i c a l  balances. 56 The 

main advantage of  s o r p t i o n - d e s o r p t i o n  measurement techniques i s  t h e  

a b i l i t y  t o  a c c u r a t e l y  de te rmine  p e r m e a b i l i t y  cons tan ts  f o r  heterogenous 
1 

m a t e r i a l s  where t h e  e x i s t e n c e  of m ic rovo ids ,  f i l l e r s ,  o r  c l u s t e r s  d f  

sorped vapor  make p r e c i s e  t r ansm iss ion  method c a l c u l a t i o n s  d i f f i c u l t .  

3.3 S e l e c t i o n  o f  Tes t  Methods 

When s e l e c t i n g  m a t e r i a l s  f o r  p r o t e c t i v e  c l o t h i n g  a g a i n s t  t r i t i u m  o r  

tri ti um ox ide ,  permeabi 1  i t y  should be t h e  p r ima ry  cons ide ra t i on .  For 

t h i s  reason a  cons tan t  u n i t  r ep resen t i ng  p e r m e a b i l i t y  would be d e s i r a b l e  

i n  making comparisons o f  those  q u a l i t i e s .  S ince p e r m e a b i l i t y  i s  a  

phenomenological c o e f f i c i e n t  dependent on t e s t  cond i t i ons ,  s tandard ized  

t e s t i n g  i s  t h e  o n l y  method t o  o b t a i n  comparable u n i t s .  The problem w i t h  

po lymer t e s t i n g  i n  t h e  p a s t  has been t h e  genera l  i n a b i l i t y  t o  a c c u r a t e l y  

compare permeabi 1  i ty  da ta  f r om d i f f e r e n t  r e p o r t s .  Th i s  i s  because 

exper iments  a re  n o t  commonly done under s tandard ized  t e s t  c o n d i t i o n s ,  

t h u s  r e s u l t i n g  i n  da ta  t h a t  cannot be d i r e c t l y  compared. 

It has been shown t h a t  t h e  e f f e c t  of h u m i d i t y  on p e r m e a b i l i t y  i s  

n o t  comp le te l y  understood and t h e r e f o r e  cannot be p r e c i s e l y  accounted 

f o r  i n  p e r m e a b i l i t y  c a l c u l a t i o n s .  V a r i a t i o n s  i n  o t h e r  f a c t o r s  such as 

f i l m  t h i ckness ,  d e n s i t y ,  temperature,  even though understood, i n t r o d u c e  

c o m p l e x i t i e s  i n t o  p e r m e a b i l i t y  formulas and make comparison d i f f i c u l t .  

Exper imenters  o f t en  exc lude  v a r i a b l e s  and p resen t  o n l y  r e l a t i v e  data.  



2 1 

This l'imits the usefulness of the data when fully quantitative informa- 

tion could be made available. In an effort to dramatize the problems 

caused by the lack of standardized testing and reporting, Table 1 is 

presented. It illustrates the results of some premeability experiments 

and the ambiguous nature of the permeability constants reported. . 

Many technologists associate standardization with a bureaucratic .- 

system that limits creativity and burdens them with paperwork. Actually, 

the opposite of this can be true. The goal of standardization is to 

provide a common language and remove technical barriers to scientific 

communication. This would reduce confusion and disagreement in data 

interpretation, speed up distribution of important findings, and de- , 

crease the possibility of duplicating experiments. In general, initi- 

ating routine procedures increases efficiency by eliminating experimental 

repetition thus freeing energies for other areas of research. 61 

According to StanettY6* several criteria must be considered when 

determining appropriate standardized test methods. The criteria should be 

1 . extendable, 

2. consistent, 

3. unambiguous, 

4. convenient, and 

5. independent of 1 anguage. 

Usually a standard wi 1 1  be formed with a compromising combination of 

these. Satisfactory tests are those in which surrounding variables have 

been conditioned or regulated. For protective suit materials against 

tritium, test environments should simulate suit pressures, tritium 



Tab le  1. Comparison o f  p e r m e a b i l i t y  c o e f f i c i e n t s  and r e l a t e d  v a r i a b l e s  f o r  HTO permeat ion 
i n  p o l y v i n y l c h l o r i d e  and po l ye thy lene  repo r ted  by s i x , d i f f e r e n c  exper imenters  

Permeabi 1  i t y  Re la t i v ,e  
Pressure pe rcen t  Thickness Temperature difference, DP 

Chamber 
cons tan t  

( 4  ("C) 
humi d i  ty v o l  ume Reference 

(cm Hg) ( 1  i t e r )  
C e l l  1 Gel: 2 

Po lye thy lene  

qeasurements  a r e  r e p o r t e d  i n  r e l a t i v e  u n i t s .  

b ~ e l a t i v e  humidit.y v a r i e d  over  t h e  exper iment f rom approx imate ly  0  t o  about 10%. 



concentrations, and other working conditions as closely as possible. 

This would provide relevant information for  the selection of the appro- 

pr iate  materials. In  order to  insure that  developed standards are  

useful t o  the development of a f i e l d ,  a complete understanding of the 

s ignif icant  character is t ics  and properties of the material i s  important. 

In  t h i s  case, permeability i s  the primary concern, so t e s t s  should 

provide specif ic  information on those qual i t ies  through a rational 

system of classif icat ion and test ing.  Secondary factors of less  im- 

portance (strength,  fabricabi 1 i ty ,  e tc .  ) can then, be addressed. 



4. SUIT MATERIALS 

With the advent of industries in which the handling of tr i t ium 

introduced exposure problems, came the need fo r  clothing materials t o  

protect employees. I n i t i a l l y ,  materials were chosen from groups which 

had been developed for  other purposes and had specif ical ly  favorable 

qua l i t i e s  r e l a t ive  t o  protection from tri t ium. These were 

1. low permeability, 

2.  drapabili ty and f l e x i b i l i t y ,  

3 .  l i g h t  weight,, 

4. strength,  

5. fabr icabi l i ty ,  

6. nonal 1 ergenic, and 

7. ava i lab i l i ty  in quantity a t  low 

In 1938 De Boer studied various celluloid materials for  the i r  hydrogen 

diffusion proper tie^.^^ He found them to  be ten times less  permeable to  

hydrogen than vulcanized rubber. Other materials were also tested,  b u t  

t h e i r  use was i n i t i a l l y  inhibited by the further development of an a l -  

ready existing material which adequately provided desired qual i t ies ,  

t h i s  was polyvinylchloride ( P V C ) .  

In the early 1950's PVC was chosen as the material t o  be used in 

t r i t ium protection for  two reasons: F i rs t ly ,  because of i t s  advanced 

stage of development compared to  other polymers and secondly, because of 

the working experience previously accrued by the sc i en t i f i c  and industrial  

communities. Reference to  polyvinylchloride was f i r s t  made in 1872 by 

Baumann. 6 5  He discovered a white powder formed by the action of sun1 ight 



on v i n y l  c h l o r i d e  i n  a  sealed tube  t h a t  was ex t reme ly  r e s i s t a n t  t o  a  

v a r i e t y  o f  so lven ts .  From t h a t  t ime  s i g n i f i c a n t  advances were made i n  

t h e  f i e l d  o f  polymer sc ience u n t i l  1928 when i t  was d iscovered  t h a t  

copo l ymer i za t i on  o f  v i n y l  c h l o r i d e  w i t h  v i n y l  a c e t a t e  improved hand l i ng  

c h a r a c t e r i s t i c s .  6 6 - 6 8  Th i s  advance al ' lowed an i nc rease  i n  t h e  p r a c t i c a l  

a p p l i c a t i o n s  of p o l y v i n . ~ l c h l o r i d e  and l e d  t o  i t s  inc reased  usage and 

understanding.  Combining t h e  i n h e r e n t  p r o p e r t i e s  o f  low f l a m m a b i l i t y ,  

e l e c t r i c a l  r es i s tance ,  low p e r m e a b i l i t y ,  chemical  r es i s tance ,  and t h e  

a b i l i t y  t o  be processed i n t o  a  rubbery p roduc t69  w i t h  PVC's a b i l i t y  t o  

form r e l a t i v e l y  l i g h t - w e i g h t  s u i t s  t h a t  were t e a r  r e s i s t a n t ,  comfor tab le ,  

and had l i t t l e  permeat ion th rough seams, made.the compound a  popu la r  

p roduc t  i n  many i n d u s t r i e s  besides be ing  used f o r  p r o t e c t i v e  c lo th ing .  

A p p l i c a t i o n s  o f  PVC have been made i n  a lmos t  every  p roduc t  area imagin- 

a b l e  w i t h  a  p r e d i c t e d  growth r a t e  o f  12% a  year .  7 0  These i n c l u d e  pack- 

ag ing  m a t e r i a l s ,  p i p i n g ,  automobi le  p a r t s ,  app l iances ,  c l o t h i n g ,  hoses, 

c r e d i t  cards, phonograph records,  and innumerable i n d u s t r i a l  uses. 71 ,72 

As t he  demand f o r  t h e  p roduc t  increased,  a  c y c l i c  p a t t e r n  o f  decreased ' 

c o s t  (caused by more e f f i c i e n t  p roduc t i on  methods) f o l  1  owed by inc reased  

demand arose. Th i s  made PVC more d e s i r a b l e  than o t h e r  m a t e r i a l s  n o t  

o n l y  because of i t s  phys i ca l  c h a r a c t e r i s t i c s  b u t  because i t  was i n  a  

p r i c e  range t h a t  no o t h e r  p roduc t  c o u l d  compete w i t h .  

I n  1953 P.  W.  Morgan compi led a  paper d i scuss ing  s p e c i f i c  cha rac te r -  

i s t i c s  o f  s t r u c t u r e  and mo i s tu re  p e r m e a b i l i t y  o f  f i  lm- forming polymers. l4 

He i n c l u d e d  t e s t  da ta  f o r  numerous m a t e r i a l s  i n c l u d i n g  ace ta tes ,  Saran, 

and p o l y v i n y l c h l o r i d e .  A l though h i s  r e s u l t s  demonstrated t h a t  o t h e r  

m a t e r i a l s ,  1 i k c  Saran, were much l e s s  permeable than  PVC, t hey  were n o t  



developed i n t o  c l o t h i n g  because o f  d e f i c i e n c i e s  i n  o ther  respects. 

E i t h e r  t h e  polymers were d i f f i c u l t  and expensive t o  produce o r  they 

c o u l d  n o t  be made i n t o  comfor table c l o t h i n g  ma te r ia l s  because o f  t h e i r  

a l l e r g e n i c  o r  phys i ca l  p rope r t i es .  P o l y v i n y l c h l o r i d e  s a t i s f i e d  these 

o t h e r  c r i t e r i a ,  thus  o f f s e t t i n g  the  drawback o f  h igher  pe rmeab i l i t y .  

Thus, i t  became more c o s t  e f f e c t i v e  t o  develop PVC f u r t h e r  than t o  

expend research t o  c o r r e c t  problems i n  o the r  polymers. Any advances 

made i n  t h e  p r o p e r t i e s  o f  PVC would be more rewarding because o f  t he  

number o f  i t s  p o t e n t i a l  uses as compared t o  o the r  ma te r i a l s .  Some 

m a t e r i a l s  t h a t  had lower  pe rmeab i l i t y  than PVC were used f o r  products 

t h a t  cou ld  take advantage o f  phys ica l  c h a r a c t e r i s t i c s .  Neoprene rubber, 

f o r  example, made a  poor s u i t  ma te r i a l  i n  t he  e a r l y  years because o f  i t s  

c o s t  and weight,  b u t  i t s  phys ica l  c h a r a c t e r i s t i c s  and r e l a t i v e  t r i t i u m  

gas p e r m e a b i l i t y  o f  0.545 compared t o  PVC's 1.16 make i t  an e x c e l l e n t  

p r o t e c t i v e  g love m a t e r i a l .  

I n  1960 Symonds t e s t e d  var ious  f i l m s  which had p rev ious l y  i n d i c a t e d  

low ~ r e m e a b i l i t y . ~ ~  He' found t h a t  o f  t he  f i l m s  tes ted  PVC was the  most 
I 

permeable. It was about 150 times more permeable t o  water vapor than 

Saran and 20 t imes more permeable than polyethy lene.  These data a re  

presented i n  Table 2. Along w i t h  these r e s u l t s ,  he publ ished data on 

e f f e c t s  o f  s p e c i f i c  f ac to rs  such as l a y e r i n g  o f  f i l m s ,  temperature, and 

th ickness .  One impor tan t  t e s t   ab able 3 )  demonstrated the  i n f l uence  o f  

p l a s t i c i z e r s  on f i l m  permea'b i l i ty .  These data i n d i c a t e  t h a t  as the  

concen t ra t i on  o f  add i t i ves ,  p l a s t i c i z e r s ,  and f i l l e r s  increases, the  

p e r m e a b i l i t y  o f  PVC f i l m s  t o  water vapor increases. This  a l t e r a t i o n  o f  

p e r m e a b i l i t y  emphasizes t h e  importance o f  f i l m  t e s t i n g  on the  ma te r ia l s  

developed f o r  p l a s t i c  s u i t s  r a t h e r  than the  basic  f i l m  polymers as the  

permeation c h a r a c t e r i s t i c s  vary  s i g n i f i c a n t l y .  



Table 2. F i l m  p e r m e a b i l i t y  t o  water  vapora 

Permeab i l i t y  Constant, 

Aluminum-coated My lar  
Saran ( v i n y l  c h l o r i d e l v i n y l  idene 

c h l o r i d e  copolymer) 
Tef 1 on 1 OOX (TFE/HFP copolymer) 
Polyethy lene 
My lar  ( p o l y e s t e r )  
P o l y v i n y l c h l o r i d e  

aFrom ( r e f .  25). 

Symonds a l s o  pub l i shed i n fo rma t i on  on t h e  e f f e c t s  o f  absorbed water 

i n  f i l m s  on t h e  permeation o f  t r i t i a t e d  water vapor us ing  a copolymer o f  

v i n y l  c h l o r i d e  and b u t y l  rubber.  These data a re  shown i n  Table 4. 

Small amounts o f  mo is tu re  i n  t he  f i l m  fo rce  passages open causing a 

measurable inc rease i n  vapor t ransmiss ion  through d i f f u s i o n  processes. 

However, l a r g e  amounts o f  mo is tu re  i n  t h e  f i l m  increased t h e  s o l u b i l i t y  

o f  t r i  t i a t e d  water vapor thus reducing i t s  d i f f u s i o n  and permeation. 2 7 3 7 3  

When the  f i l m  i s  sa tu ra ted  w i t h  water, d i f f u s i o n  paths and microvoids 

a r e  f i l l e d .  Penet ra t ing  water must expend energy i n  exchange processes, 

thus s lowing i t s  progress through t h e  f i l m .  Symonds a l s o  documented the  

r e t e n t i o n  and decontaminat ion. o f  t r i t i u m  i n  p l a s t i c  f i l m s . 2 5  

O the r ' impor tan t  work appeared i n  t h e  1960's.  In 1962 more in forma- 

t i o n  about t r i t i u m  permeation i n  neoprene and PVC was' prov ided by Hughes. 32  

Some o f  h i s  r e s u l t s  demonstrated t h a t  permeation increases w i t h  temperature 

and t h a t  t he  beta p a r t i c l e  em i t t ed  f rom permeating t r i t i u m  has an immea- 

surab le  e f f e c t  on f i l m  pe rmeab i l i t y .  Aside f rom these f i n d i n g s  h i s  paper 

prov ides a good d e s c r i p t i o n  o f  permeation processes. A d d i t i o n a l  i n  depth 



Table 3. Permeabil i ty  of PVC f i lmsa 

Permeabil i ty  cons tan t ,  
Percent  Percent Percent Diffusion cons tan t ,  

PV C ash p l a s t i c i z e r b  cm2/sec 

A. Fi lm source:  Snyder Company (unfi  1 l e d )  

74.3 0.24 25.7 14.7; 14.9 x 8 .4 ;  9.7 x 

71.2 0.02 28.6 14.4; 15.1; 15.3 x l om8  17.2; 24.8; 21.1 x 

70.3 0.36 29.8 16.1; 18.5 x . 16.C; 13.8 x 

9. Film source:  B. F.  Goodrich Company ( f i l l e d )  

80.7 9 .7  9.6 4.0 x 6 .8  x 

63.4 1.2 35.4 15.1 x 8 .5  x 1 0 ' ~  

62.9 2.1 35.0 16.4 x 9.8 x 

aFrom ( r e f .  25) .  

b ~ e r c e n t  p l a s t i c i z e r  = 100 - (percent  PVC + percent  a s h ) ,  (no t  a l l  compositions 
repor ted  equal 100%). 



Table 4. E f f e c t  o f  absorbed wafer  on f i l m  pe rmeab i l i t ya  

D i f f u s i o n  S o l u b i l i t y ,  
Pe rmeab i l i t y  constant ,  cons tan t ,  P 

P r i o r  F i  lm Treatment (cm3) (cm) cm2/sec ( S = - )  D 
(cm2) (sec)  (cm Hg ) 

Immersed i n  wate r  
120 h r  a t  23°C 

F i l m  t e s t e d  a f t e r  i n i t i a l  
- t e s t  w i t h  o r d i n a r y  wate r  14.4 x  1.3 x  10.9 

Condi t. ioned i n  1  ab a t  60" 
r e l a t i v e  hum id i t y  a t  23°C 14.3 x  1.83 x  7.9 

S to red  over  " D r i e r i t e "  
f o r  s i x  days 13.6 x  1.66 x  8.2 

OFrom ( r e f .  25); 



i n f o r m a t i o n  on r e l a t i v e  permeabi l  i t i e s  o f  neoprene, b u t y l  , and n a t u r a l  

r u b b e r  was p resen ted  by Ayer. 37,74 H i s  f i n d i n g s  a r e  presented i n  

Tab le  5. 3 7 9 7 4  

Tab le  5. R e l a t i v e  permeabi 1  i t  f o r  va r i ous  po lymer ic  f i l m s  Z a t  a  no rma l i zed  t h i c  ness and wate r  vapor p ressure  
d i f f e r e n t i a l  across t h e  membranea 

Polymer P  ( r e l a t i v e )  

B u t y l - 7  
Butyl -6 
Charco m i l l e d  neoprene 
Neoprene 3  
Supreme 2 
Charco l a t e x  neoprene 
Supreme 4  
C a d i l l a c  v i n y l  
Sure ty  5 
Sure ty  l a t e x  neoprene 
Pioneer  1  a t e x  neoprene 
Charco Hycar 

aFrom ( r e f s .  37, 74). 

A  s tudy  done by C a i r e  gave i n f o r m a t i o n  on a  l a r g e  number o f  f i l m s  

i n c l u d i n g  b u t y l  rubber .58  He found t h a t  f o r  many substances t h e  perme- 

a t i o n  r a t e s  f o r  HT and HTO a r e  i n v e r t e d .  For  example, po l ye thy lene  i s  

more permeable t o  t r i t i u m  gas than PVC b u t  l e s s  permeable t o  t r i t i a t e d  

w a t e r  vapor. H i s  r e s u l t s  a r e  shown i n  Table 6. 58  

P e r m e a b i l i t i e s  f o r  v a r i o u s  m a t e r i a l s  s u p p l i e d  by B i l l a r d  a r e  g i ven  

i n  Tab le  7 . 6 0  From h i s  s tudy  he ' found Nylon-Buty l  t o  be t h e  b e s t  p roduc t  

f o r  p r o t e c t i v e  c l o t h i n g  c o n s i d e r i n g  permeat ion c o e f f i c i e n t s  o f  HT and HTO, 

b u t  he c o u l d  n o t  promote i t s  use because i t  i s  n o t  as easy t o  o b t a i n  good 

seam bonding. Poor bonding causes seams t o  be l e s s  than a i r t i g h t  r e s u l t -  

i n g  i n  h i g h e r  i n t e r n a l  exposures f o r  t h e  completed p r o t e c t i v e  s u i t .  

B i  l l a r d  a l s o  i n c l u d e s  an i n f o r m a t i v e  Appendix c o n t a i n i n g  an ex tens i ve  

mathemat ica l  d e r i v a t i o n  o f  t h e  d i f f u s i o n  processes. 
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Table 6. R e l a t i v e  pe rmeab i l i t y  o f  t r i t i u m  gas i n  var ious  ma te r i a l sa  

P ( r e l a t i v e )  

Polymer HT HTO 

Perbunan rubber  
Bu ty l  rubber 
Leaded rubber 
Scaphai r 
Polyethy lene 301100 
Nylon r e i n f o r c e d  po lye thy lene 
PVC 3011 00 
PVC 24/100 
Nylon coa t i ng  
Nylon b u t y l  
A lumin ized neoprene 

aFrom ( r e f .  58). 

Table 7. Permeab i l i t y  c o e f f i c i e n t s  f o r  HT and HTO by B i l l a r d a  

Permeabi 1 i t y  constant ,  
(cm3) (cm) 

(cm2) (sec)  (cm Hg ) 

Thickness (p) HT . HTO 

PVC 
PVC 
Latex-  
Cotton-Neoprene 
Neoprene 
Crys ta l  i zed V i n y l  
Nyl on-PVC 
Bu'tasol 
Nyl on-Butyl  
Nylane 
Terphane 
A1 umi n i  zed My1 a r  
Terthane 082 
Terthane 6A2 
Terathdne GT2 
Saran-Polyethyl  ene 
Saran-Polyethyl  ene 
Saran 
Saran 



Recent permeat ion s t u d i e s  have concent ra ted  on m a t e r i a l s  t h a t  have 

s p e c i f i c  p o t e n t i a l  f o r  use as p r o t e c t i v e  c l o t h i n g .  I n  1970 Charamathieu 

f ound  Saran o r  a cop,olymer o f  Saran and PVC t o  be t h e  l e a s t  permeable o f  

t h e  m a t e r i a l s  shown i n  Tab le  8, b u t  n e i t h e r  one had d e s i r a b l e  mechanical 

p r o p e r t i e s  necessary f o r  s u i t  f a b r i c a t i ~ n . ~ ~  

Tab le  8. P e r m e a b i l i t y  c o e f f i c i e n t s  f o r  HT and HTO by Charamathieua 

P e r m e a b i l i t . ~  cons tan t ,  
(cm3) (cm) 

(cm2) ( sec )  (cm Hg) 

Polymer Thickness ( p )  HT HTO 

Techni b u t y l  

Neoprene 

Po lyure thane  

PVC-Saran-PVC Laminate 

Saran Po l ye thy lene  

C r y s t a l  i zed V i  n y l  

T e r t  hene 

Saran-PVC Laminate 

Layered Po l  yes t e r  

Po l  y e t h y l  ene-Saran 

aFrom ( r e f .  75).  

Other  t e s t s  done by and ~ e r r i c k ~ ~  i n d i c a t e  r e l a t i v e  perme- 

a b i l i t i e s  f o r  m a t e r i a l s  t h a t  may be used f o r  p a r t s  o f  v e n t i l a t i o n  p ro -  

t e c t i v e  s u i t s  o t h e r  than  t h e  f a b r i c  i t s e l f .  D e r r i c k  demonstrated t h a t  

P o l y t e t r a f  1 uo roe thy l  ene (Tef 1 on ) had 1 ow permeabi 1 i ty  and would make an 

exce l  l e n t  suppor t  ' m a t e r i a l  i f  c o s t  were n o t  an impo r tan t  f a c t o r .  Another 



s tudy  on u s e f u l  m a t e r i a l s  was done by Gaevoi7* who used an e labo ra te  

i o n i ~ a t i o n ~ c h a m b e r  permeat ion t e s t i n g  dev ice  and found p e r m e a b i l i t y  

cons tan ts  f o r  severa l  new m a t e r i a l s  (Tab le  9 ) .78  

Table 9. M a t e r i a l  c h a r a c t e r i s t i c s  o f  HT and HTO 
i n  some o rgan i c  m a t e r i a l s a  

P e r m e a b i l i t y  cons tan t ,  

M a t e r i a l  T  HTO 

Na tu ra l  rubber  3.3 x  1 0 - l o  2.3 x  l o m 9  
801277 PVC f o r m u l a t i o n  1.3 x  1 0 - l o  1.3 x 
L-7 N a i r i t e  l a t e x  9.3 x  10'11 3.7 x 1 0 - l o  
Po lye thy lene  (p = 0.92 g/cm3) 5.3 x  1 0 - l 1  4.5 x  1 0 - l o  
Te f  1  on-2b 1.7 x  10 - l 1  1.0 x  l o - g  
Tery lene  5.6 x  1 0 - l 2  3.8 x  1 0 - l o  
Per f01 PK-4 4.6 x  1 0 - l 2  4.7 x  10' l0 

9 aFrom ( r e f .  78). 

Development o f  new m a t e r i a l s  has been i n h i b i t e d  by t h e  expense 

assoc ia ted  w i t h  t h e  research  invo lved .  The sc ience i s  t o o  complex t o  

cons ider  a l l  d e s i r a b l e  p r o p e r t i e s  o f  a  polymer a t  t h e  same t ime, conse- 

quen t l y ,  advances have u s u a l l y  come from improvements on s p e c i f i c  charac- 

t e r i s t i c s  o f  o l d  m a t e r i a l s .  Dupont has found i t  c o s t - e f f e c t i v e  t o  

pursue t h e  development o f  a d d i t i o n a l  impermeable m a t e r i a l s .  79  Th i s  i s  

because they  a r e  a l a r g e  producer  o f  polymer f i l m s ,  and t h e r e  a r e  many 

p o t e n t i a l  uses f o r  improved m a t e r i a l s  i n  t he  sa les  market.  

One o f  Dupont 's newly developed p roduc ts  c a l l e d  Tyvek has many 

a t t r a c t i v e  p r o p e r t i e s  w i t h  r espec t  t o  p r o t e c t i v e  c l o t h i n g  a g a i n s t  tri- 

t ium.  Tyvek i s  a  spunbonded o l e f i n  p roduc t  made f rom h igh -dens i t y  

po l ye thy lene  f i b e r s .  8 0  Spinbonding i s  a process i n  which f i n e  s t rands  



of f i b e r  a r e  spun and in te rconnected t o  form a web o f  f i l amen ts  arranged 

a t  r a n d ~ m . ~ ~ ' ~ ~  The threads are  then bonded together  w i t h  h igh  tempera- 

t u r e  and pressure a t  t h e i r  crossover p o i n t s  t o  form a cont inuous f i l m .  

Tyvek can be manufactured t o  o f f e r  a number o f  d i f f e r e n t  phys ica l  prop- 

e r t i e s  i n c l u d i n g  c l o t h - l i k e  c h a r a c t e r i s t i c s .  It i s  s t rong and has good 

r e s i s t a n c e  t o  chemicals and age degradat ion. Tyvek i s  i n e r t ,  non- 

a l l e r g e n i c ,  and meets t h e  wearing apparel requirements o f  t he  Federal 

Flamable Fabr ics Ac t  (CS-19-53). Clear  Tyvek can be produced w i thou t  

a l t e r i n g  phys i ca l  p rope r t i es ,  so i t  w i l l  a l s o  make a good s u i t  hood 

m a t e r i a l .  Along w i t h  t h e  good phys ica l  p rope r t i es  mentioned above, a 

r e c e n t  s tudy  done by Hageman demonstrated polyethylene-Tyvek t o  be 7.8 

t imes l e s s  permeable t o  t r i t i a t e d  water vapor than PVC.84  Since t h a t  

t ime  po ly laminated Tyvek has been f a b r i c a t e d  i n t o  s u i t s  by Durafab. The 

usefu lness o f  these s u i t s  cannot be determined u n t i l  f u r t h e r  development 

and adequate t e s t i n g  f a c i l i t i e s  a re  made ava i l ab le .  

Another promis ing m a t e r i a l  i s  a Saran-Tyvek laminat ion.  Saran i s  

known t o  have low pe rmeab i l i t y ,  bu t  o the r  phys ica l  drawbacks have l i m i t e d  

i t s  usefulness. As a p r o t e c t i v e  c l o t h i n g  ma te r ia l  Saran i s  d i f f i c u l t  t o  

make a t  th icknesses t h h t  p rov ide  the  s t reng th  and d u r a b i l i t y  needed f o r  

use i n  p o s i t i v e  pressure v e n t i l a t i o n  s u i t s .  Laminat ing i t  w i t h  Tyvek 

us ing  heat,  pressure, and adhesives g ives a ma te r ia l  w i t h  low perme- 

a b i  1 i t y  and good phys i ca l  p rope r t i es .  I n  Hageman's study, Saran-Tyvek 

laminate  f i l m s  were shown t o  be 150 times l e s s  permeable than PVC.84 

DON Chemical i s  p r e s e n t l y  f a b r i c a t i n g  enough Saran-Tyvek ma te r ia l  t o  

make experimental  v e n t i l a t i o n  Durafab then plans t o  f a b r i c a t e  

i n i t i a l  t e s t - r u n  s u i t s ,  b u t  again, t h e i r  adequacy must remain unknown i n  

t h e  near f u t u r e  f o r  l a c k  of s u i t  t e s t i n g  f a c i l i t i e s .  



A disadvantage o f  Tyvek i s  i t s  s e n s i t i v i t y  t o  o i l  and grease which 

are  absorbed i n  the  ma te r ia l .  Hydrocarbon so lvents  can cause Tyvek t o  

swe l l  and permeate through t h e m s 0  This i s  a  problem because t r i t i u m  

associates e a s i l y  w i t h  grease and o i l  used i n  mechanical p a r t s  and d i f -  

f us ion  pumps. The combinat ion o f . t h e s e  p rope r t i es  cou ld  cause ser ious 

problems w i t h  use o f  Tyvek i n  p r o t e c t i v e  s u i t s .  Other problems w i t h  

Saran-Tyvek laminates a re  associated w i t h  the  seams o f  f a b r i c a t e d  s u i t s .  

Work i s  c u r r e n t l y  being done w i t h  u l t rasound e l e c t r o n i c s ,  heat, and 

pressure seam forming devices to.produce s t rong seams i n  which perme- 

a b i l i t y  i s  n o t  a l t e red .  86 Problems in. t h i s  area a re  no t  insurmountable. 

I f  o the r  methods f o r  .prov id ing acceptable seams f a i l ,  t he  seams can 

always be re in fo rced  by capping them w i t h  an e x t r a  l a y e r  o f  ma te r i a l .  . 

There a re  p resen t l y  t h ree  p r a c t i c a l  m a t e r i a l s  a v a i l a b l e  t o  s e l e c t  

from when f a b r i c a t i n g  a  p r o t e c t i v e  s u i t  aga ins t  t r i t i u m ;  neoprene, 

polyethy.lene, and PVC.. Neoprene i s  genera l l y  l e s s  permeable than PVC 

bu t  more expensive. It has s i m i l a r  d rap ing  p rope r t i es  bu t  i s  normal ly  

heavier  than PVC because o f  carbon f i l l e r .  Polyethylene i s  about h a l f  

as permeable as PVC b u t  f o u r  t imes as expensive.87 It i s  a l s o  a  b i t  

more r i g i d  and hood windows must be made o f  another ma te r i a l  because i t  

can n o t  be produced i n  a  c l e a r  form. Newly developed ma te r ia l s  such as 

Tyvek and Saran-Tyvek laminat ions show e x c e l l e n t  p o t e n t i a l  as s u i t  

mater ia ls ,  bu t  u n t i l  they undergo f u r t h e r  t e s t i n g  i n  f a b r i c a t e d  s u i t s  

t h e i r  usefulness can n o t  be accu ra te l y  assessed. 



5. PROTECTIVE VENTILATION SUITS 

5.1 Wearing Times 

, Requirements f o r  wear ing p r o t e c t i v e  c l o t h i n g  and r e s p i r a t o r y  equip- 

ment a re  based on t h e  m in im iza t i on  o f  t o t a l  dose f rom e x t e r n a l  and 

i n t e r n a l  r a d i a t i o n .  When p r o t e c t i v e  apparel  aga ins t  t r i t i u m  i s  used, 

t h e  a d d i t i o n a l  dose rece i ved  due t o  t h e  leng then ing  o f  t h e  t ime i t  takes 

t o  complete a  work t a s k  i n  a  r a d i a t i o n  area must be considered. The 

minimum dose theo ry  proposed by Legg i s  a  method t o  accu ra te l y  i n d i c a t e  

t h e  c o r r e c t  p r o t e c t i v e  equipment f o r  t h e  bes t  l e v e l  o f  p r o t e c t i o n  con- 

s i d e r i n g  a l l  f a c t o r s  t h a t  w i l l  i n f l u e n c e  i n t e r n a l  and e x t e r n a l  ex- 

posure. 88 I n  c e r t a i n  ins tances  t h e  wearing o f  p r o t e c t i v e  gloves may 

inc rease work t ime  5 0 % . ~ ~  The wearing o f  v e n t i l a t i o n  s u i t s  and r e s p i r a -  

t o r y  equipment has a l s o  been shown t o  double work t ime.88 Unless the  

p r o t e c t i v e  gear p rov ides  s i g n i f i c a n t  p r o t e c t i o n  aga ins t  t r i t i u m ,  t he  

minimum dose theory  i s  a  necess i t y  i n  c o n t r o l l i n g  exposure. Hopefu l l y ,  

t h e  p r o t e c t i o n  f a c t o r s  p rov ided by v e n t i l a t i o n  c l o t h i n g  i n  t he  f u t u r e  

w i l l  be h igh  enough so t h a t  t h e  importance o f  lengthened work t ime i s  

d im in i shed . .  P resen t l y  t h e  e x t e n t  by which work t ime i s  increased i s  

s t i l l  an impor tan t  f a c t o r  i n  t he  s e l e c t i o n  o f  v e n t i l a t i o n  s u i t s .  

I f  s u i t s  'prov ide adequate p r o t e c t i o n  fac to rs ,  then general  t r i t i u m  

p r o t e c t i o n  guides can be used t o  i n d i c a t e  t he  p r o t e c t i v e  equipment t h a t  

i s  needed i n  r e l a t i o n  t o  p'ossible t r i t i u m  exposures. The Savannah R ive r  

P l a n t  designates the  p r o t e c t i v e  apparel  t o  be worn by de termin ing  the  

contaminat ion p o t e n t i a l  o f  var ious  areas and l a b e l i n g  them Clean, 

Regulated, and ~ a d i a t i o n .  g o  Apparel requirements range from no pro tec-  

t i v e  c l o t h i n g  i n  c lean areas t o  t h e  use o f  two p iece  a i r - s u p p l i e d  s u i t s  



p resc r i bed  on p redes igna ted  t ime-concentrat ion-based c r i t e r i a  such as 

demonstrated i n  F ig .  6.91 y 9 2  A t  Chalk R i v e r  Na t i ona l  Labo ra to r i es  

(CRNL), a i r - s u p p l i e d  masks o r  hoods a r e  worn whenever work ing  i n  most 

areas even when chances o f  t r i t i u m  exposures a r e  smal l ,  because t hey  a r e  

easy t o  wear and n o t  t o o  r e s t r a i n i n g .  They must be worn when t h e  a n t i c i -  

pa ted  d a i l y  exposure exceeds 8 (MPC)ai,-hours.93 Since p l a s t i c  s u i t s  

a r e  g e n e r a l l y  more uncomfortable than  r e g u l a r  work c l o t h e s  and a h i nde r -  

ance t o  work, they  a r e  u s u a l l y  n o t  worn u n t i l  t h e r e  i s  an app rec iab le  

r i s k  o f  w e t t i n g  t h e  s k i n  w i t h  t r i t i a t e d  water .  The Chalk R i v e r  p ro tec -  

t i o n  guides f o r  HTO are  surr~tnarized i n  Table 10.9'' T h e i r  p redes igna ted  

acceptable exposure t imes a r e  demonstrated i n  F ig .  7. 

5.2 S u i t  Design 

Several  s t u d i e s  have i n d i c a t e d  t h a t  t h e  degree o f  p r o t e c t i o n  p rov ided  

by p r o t e c t i v e  s u i t s  and v e n t i l a t i o n  systems i s  determined t o  a l a r g e  

e x t e n t  by t he  phys i ca l  design. The most complete group o f  t e s t s  was 

done i n  1968 by B i l l a r d  i n  which he e x t e n s i v e l y  t e s t e d  severa l  d i f f e r e n t  

types o f  s u i t s .  l o  The systems he t e s t e d  and t h e i r  e f f i c i e n c i e s  a r e  

descr ibed  i n  Table 11. From t h i s  t a b l e  i t  can be seen t h a t  t o t a l  p ro -  

t e c t i o n  f a c t o r s  up t o  16,000 a r e  poss ib l e .  The e f f i c i e n c y  o f  t h i s  

p a r t i c u l a r  s u i t  i s  a r e s u l t  o f  an e x t r a o r d i n a r y  exhaust system which i s  

i m p r a c t i c a l  r e l a t i v e  t o . t h e  cos t ,  b u t  i t  nonetheless demonstrates t h e  

p o s s i b i l i t i e s .  These r e s u l t s  t end  t o  show t h a t  two p iece  s u i t s  a r e  l e s s  

e f f i c i e n t  than one p i e c e  s u i t s ,  t h e  reasons f o r  which w i l l  be descr ibed  

l a t e r  i n  t h i s  chapter .  



Minutes to Assimilate I mc of  HTO 
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A i r  A c t i v i t y ,  pc H T O I C C  

Fig. 6. Nomograph for the determination of working time limits. 
Source: Reference 92. 



Tab le .  10. P r o t e c t i o n  guides f o r  HTOa 

A. For a i rbo rne  HTO 

A n t i c i  pated exposure 
(MPC),-hours per  day Minimum p r o t e c t i o n  

0  t o  8 no p r o t e c t i o n  

8 t o  30 a i r - s u p p l i e d  mask o r  hood 

30 t o  1500 u n v e n t i l a t e d  p l a s t i c  s u i t  

1500 t o  75,000 v e n t i l a t e d  p l a s t i c  s u i t  

>75,000 assess cond i t ions ,  es t imate  
i n take ,  and p lan  exposure 
c a r e f u l  1.y 

B. When heavv water i s  Present 

-Wear an AIR-SUPPLIED MASK o r  HOOD when work ing w i t h  EXPOSED 
D20 and over  OPEN REACTOR HOLES. 

-Wear RUBBER o r  PLASTIC GLOVES when hand l ing  WET o r  MOIST 
ob jec ts .  

- Wear PLASTIC SLEEVES when arms migh t  be brushed aga ins t  WET 
o r  MOIST ob jec ts .  

-Wear a  PLASTIC HOOD when t h e r e  i s  DRIPPING from overhead. 

- Wear a  PLASTIC SUIT ( i n c l u d i n g  hood) when t h e r e  i s  a  h igh  
p r o b a b i l i t y  o f  BEING WETTED. 

aFrom ( r e f .  94).  



O.2mCi IS the maximum permissable daily intake of HTO ~f exposed 
Sdays/week, 50weeks/yeor 

HTO CONCENTRATION IN AIR, ( M P C ) a  

F i g .  7. Time t o  t a k e  i n  0.2 mCi of HTO vapor [ t h e  8 hour  (MPC),i, 
1 i m i  t ]  . Source : Reference 93. 



Table 11. Venti lat ion s u i t s  t e s ted  by Billarda 

TY pe Ventilation ' Character is t ics  Efficiency 

One piece s u i t  , no D i s t r i bu t i ono f  f o r c e d a i r  G o o d a i r d i s t r i b u t i o n  
openings in d i r ec t  t o  the hood, arms, and t r i t ium en te r s  mostly by 

diffusion contact  with sur-  1 egs 
rounding envi ron- 
men t 

One piece s u i t ,  two Air supplied from the Tritium en te r s  s u i t  by 
zipper type closures back of sui t ,  poorly backf 1 ow through zippers , 

dis t r ibu ted  holes and di f fus ion 

TWO piece s u i t  with 
underall s 

Air d i s t r ibu t ion  a t  the 
body snd in the hood * 

Poor c i rcu la t ion  of a i r  800 

Single piece s u i t  Air supply t o  hood, no Tritium entrance by diffusion 4,000 
with one zipper type other method of d i s t r i -  only, b u t  poor a i r ,  c i rcu la t ion  
c l  osure bution 

- -- - - 

Three piece o u t f i t  Air supply t o  hood only Tritium entrance through leaks 1,000 
and d i f fus ion ,  poor a i r  d i s t r i -  
bution 

Single piece s u i t  and Air d i s t r ibu t ion  t o  hood, Tritium en te r s  by diffusion >16,000 
spec ia l ly  designed hands, and f e e t  only. Expensive 
a i r t i g h t  helmet 
attached 

-- - 

Single piece s u i t  with Air supply t o  hood, hands, Tritium enters  mostly through 150 
removable a i r t i g h t  and f e e t  leaks 
helmet 

aFrom ( r e f .  10) .  



Another  s tudy  o f  p r o t e c t i v e  c l o t h i n g  was done by Osborne a t  CRNL i n  

1967.g5 The e f f e c t i v e n e s s  o f  f o u r  v a r i e t i e s  o f  p r o t e c t i v e  s u i t s  were 

compared by  r e l a t i v e  i n t a k e  r a t e s  a l ong  w i t h  those o f  c o t t o n  c o v e r a l l s  

and unp ro tec ted  s k i n .  H i s  r e s u l t s  a r e  shown i n  F ig .  8. These r e s u l t s  

were ob ta i ned  by p l a c i n g  peop le  wear ing t h e  s u i t s  i n  exposure chambers 

and i n f e r r i n g  t h e  permeat ion r a t e s  o f  HTO f rom i n t a k e  r a t e s  measured 

t h rough  u r i n a l y s i s .  The Sandwich s u i t ,  made up f rom two 4-mi l  PVC s u i t s  

w i t h  m o i s t  c o t t o n  o v e r a l l s  between them, p rov ided  t h e  b e s t  p r o t e c t i o n .  

Even so, t h e  a p p l i c a t i o n  o f  t h i s  t ype  o f  s u i t  would be i m p r a c t i c a l  be- 

cause o f  t h e  comp lex i t y  i n v o l v e d  i n  d ress ing  o r  removal and a l s o  t he  

r e s t r i c t i o n  o f  movement and l o s s  o f  comfor t .  I t  a l s o  produces d i f f e r e n t  

v e n t i l a t i o n  problems. The one p iece  4 -mi l  PVC s u i t  gave n e a r l y  t h e  same 

degree o f  p r o t e c t i o n  i f  i t  i s  remembered t h a t  t he  sandwich s u i t  used a  

t o t a l  o f  8 m i l s  o f  PVC. The data aga in  show t h a t  a  one p iece  s u i t  i s  

g e n e r a l l y  more e f f e c t i v e  than  a  t h i c k e r  two p iece  s u i t .  The importance 

o f  t h i s  advantage i s  somewhat decreased i n  t h e  f i n a l  cho ice  o f  a  s u i t  

though, because i t  i s  more d i f f i c u l t  t o  s a t i s f y  o t h e r  s u i t  c r i t e r i a ,  

such as v e n t i l a t i o n  c a p a b i l i t i e s  o r  c o m f o r t a b i l i t y  w i t h  a  one p iece  

s u i t .  

Increased e f f i c i e n c y  o f  s i n g l e  p i ece  s u i t s  i n  comparison t o  double 

p i e c e  s u i t s  was a l s o  found i n  a  s tudy  by C h a ~ s a n y . ~ ~  He d iscovered  t h a t  

a  two p i e c e  PVC s u i t  ove r  c o t t o n  o v e r a l l s  and a  r e s p i r a t o r  a i r  supp ly  

gave a  p r o t e c t i o n  f a c t o r  o f  40. Wi th  a  one p iece  s u i t  over  c o t t o n  

o v e r a l l s  and a  r e s p i r a t o r ,  t h e r e  was a  p r o t e c t i o n  f a c t o r  o f  120. 

Sutra-Fourcade d i d  a  s tudy  on va r i ous  types o f  p r o t e c t i v e  c l o t h i n g .  9 7  

H i s  f i n d i n g s ,  which a r e  s i m i l a r  t o  those no ted  above, a r e  presented i n  



RELATIVE INTAKE RATE 

Fig .  8. Summary o f  e f f ec t i veness  o f  p r o t e c t i v e  c l o t h i n g .  Source: 
Reference 95. 



Table 12. Again, i t  i s  shown t h a t  s i n g l e  p iece  s u i t s  a re  the bes t  

b a r r i e r s  t o  tri ti um. 

I n  t h e  past ,  p r o t e c t i v e  v e n t i l a t i o n  s u i t s  have been developed by 

i n d i v i d u a l  i n s t i t u t i o n s  t o  s a t i s f y  s p e c i f i c  c r i t e r i a  o f  p r o t e c t i o n  by 

accommodating c e r t a i n  work ing cond i t i ons  encountered there.  The dec i -  

s i o n  o f  what p r o t e c t i v e  s u i t  i s  bes t  i s  a  compromising one. Even though 

i t  may prov ide  t h e  l e a s t  permeation, i f  the  use i n  the  f i e l d  i s  l i m i t e d  

because o f  i t s  b u l k  o r  o t h e r  de f ic ienc ies ,  then i t  may n o t  be the  bes t  

choice.  A l l  q u a l i t i e s  must be considered i n  making the  design dec is ion  

based on t h e  p red i c ted .use  of the s u i t .  Because o f  t h i s ,  s u i t s  w i t h  

common bas ic  features may con ta in  s p e c i f i c  c h a r a c t e r i s t i c s  t h a t  vary 

s i g n i f i c a n t l y .  

The e x t e n t  by which the  penetrant  en ters  the  s u i t  through holes, 

t ea rs ,  cracks, seams, o r  even r e t r o d i f f u s i o n  through exhaust valves 

pro found ly  in f luences the  occupational exposure. 26 I t  f o l  lows t h a t  the  

degree o f  p r o t e c t i o n  i s  r e l a t e d  t o  the number o f  p a r t s  making up the  

p r o t e c t i v e  s u i t l o  s ince  the  more s u i t  pieces the re  are, the  more d i f -  

f i c u l t  i t  becomes t o  o b t a i n  an a i r - t i g h t  enclosure. Penet ra t ion  i s  a l s o  

i n f l u e n c e d  a  g rea t  amount by the types o f  c losures used i n  the s u i t .  

For example, the use of e l a s t i c  waistbands has shown t o  be up t o  50 

t imes more e f f e c t i v e  than  drawstring^,^^ and z ippers have been found . t o  

have poor b a r r i e r  q u a l i t i e s  when compared w i t h  o the r  types o f  c losures.g7 

From the  data presented i t  i s  c l e a r  t h a t  s i n g l e  p iece  s u i t s  a r e  

more e f f i c i e n t  than two p iece s u i t s ;  t h i s  i s  most ly  due t o  d i f f e rences  

i n  t h e  number o f  openings, p r i m a r i l y  the  one a t  the wa is t .  The reasons 

two p iece s u i t s  may be used i n  the f i e l d  i ns tead  o f  s i n g l e  p iece  ones 



Table 12. P r o t e c t i o n  f a c t o r s  f o r  va r i ous  types  
o f  s u i t s  s t u d i e d  by Sutra-Fourcadea 

P r o t e c t i o n  
f a c t o r s  

- -  - - -  

Cot ton o v e r a l l s  and r e s p i r a t o r  

One p iece,  0.1 -mm. PVC s u i t  and r e s p i  r a t o r  

Co t ton  o v e r a l l s ,  one p i e c e  PVC s u i t  and 
r e s p i r a t o r  

Co t ton  o v e r a l l s ;  two p iece ,  0.15-mm s u i t  
and r e s p i  r a t o r  

Cot ton o v e r a l l s  between 2  one-piece, 0.1-rnm 
PVC s u i t s  and r e s p i r a t o r  

Wet c o t t o n  o v e r a l l s  between 2 one-piece 
0.1-rnm PVC s u i t s  and r e s p i r a t o r  

Two p iece  a i r - s u p p l i e d  PVC s u i t  and hood 

Onc p iece  P V C  s u i t  w i t h  two z i p p e r  t ype  
c l osu res  

One p iece  s u i t  w i t h  s p e c i a l  a i r  f l o w  and 
removable he lmet  

One p iece  s u i t  w i t h  one z i p p e r  t ype  c l o s u r e  

Three p iece  s u i t  w i t h  adhesive t ype  c l osu res  

One p iece  s u i t  w i t h  s p e c i a l l y  designed 
a i r t i g h t  helmet 

aAdapted f r om ( r e f .  97) .  



a r e  based on advantages o t h e r  than p r o t e c t i o n  e f f i c i e n c y .  A two p iece 

s u i t  commonly o f f e r s  a  s imp le r  v e n t i l a t i o n  system than i s  poss ib le  w i t h  

one p iece  s u i t s .  I n  p r i n c i p l e ,  the  f l o w  o f  a i r  ou t  from the s u i t  be- 

tween the  s h i r t  and pants l i m i t s  t he  c i r c u l a t i o n  o f  the penet ran t  aga ins t  

t h e  c u r r e n t .  I f  t h i s  i s  maintained, then the  two p iece systems' advan- 

tages o f  s imple dress ing  procedures, c o m f o r t a b i l i t y  and f l e x i b i l i t y ,  and 

no need f o r  complex c l o s u r e  o r  exhaust devices make i t  more p r a c t i c a l  i n  

use than a  s i n g l e  p iece  s u i t .  Recently, the  Savannah R iver  P lan t  has 

found a  way t o  reduce the  r e t r o d i f f u s i o n  o f  the  penetrant  caused by 

b i l l o w i n g  o f  the two p iece s u i t  by i n c l u d i n g  a  porous Tyvek s k i r t  around 

t h e  w a i s t  t o  l i m i t  backf low o f  a i r  aga ins t  the  cur ren t .99  Another 

i n v e n t i o n  t h a t  has been q u i t e  h e l p f u l  i s  a  s i m i l a r  containment o f  the 

head reg ion  w i t h  a  porous Tyvek s k i r t  around the  neck. These devices 

which so l ve  the problems o f  backf low a long w i t h  o the r  super io r  q u a l i t i e s  

o f  two p iece s u i t s  make the  new system very e f f i c i e n t  w i t h  a  p r o t e c t i o n  

f a c t o r  o f  10,000. loo 

5.3 V e n t i l a t i o n  

A i r  t i gh tness  i s  r e l a t e d  t o  the  type o f  v e n t i l a t i o n  system provided 

i n  the  s u i t .  With the  problems o f  backflow i n  two p iece s u i t s  solved, 

they  may prov ide  the  most e f f i c i e n t  p r a c t i c a l  system ava i l ab le .  One 

p iece s u i t  systems a re  complicated by somewhat r e s t r i c t e d  movement and 

t h e  need f o r  exhaust va lves which prevent  backf low o f  supp l ied  a i r  a t  

h i g h  pressures. Jacques Savornin has developed two exhaust systems t h a t  

inc rease the  e f f i c i e n c y  o f  one p iece s u i t s ,  b u t  t h e i r  complexi ty  and 

cos ts  w i l l  probably i n h i b i t  t h e i r  use.101,102 Most v e n t i l a t i o n  systems 



prov ide  a  simple a i r  d i s t r i b u t i o n  system through tubes which prov ide  

f resh  a i r  t o  t he  head and ex t rem i t i es .  The amount o f  a i r  a  system i s  

capable o f  supp ly ing  through a  s u i t  i s  d i r e c t l y  r e l a t e d  t o  the  degree o f  

p r o t e c t i o n  a f fo rded. lo3  I n  any event the v e n t i l a t i o n  system should 

supply an adequate amount of a i r  t o  p rov ide  comfor table breath ing  and 

c l e a r  t he  s u i t  o f  contaminants i n  ambient temperatures up t o  120°F. l o 4 9 1 0 5  

Associated w i t h  the  v e n t i l a t i o n  system i s  the  no ise  l e v e l  i n  the  

s u i t .  Los Alamos S c i e n t i f i c  Laboratory (LASL) has s e t  the l i m i t  a t  

80 dBA. lo6 At Savannah R iver  P lan t  a  p l a s t i c  s u i t  has been developed w i t h  

a  no ise  l e v e l  o f  69 dBA a t  20 cfm and 73  dBA a t  24 cfm o f  supp l ied  

a i r .  loo This was made poss ib le  through two bas ic  a l t e r a t i o n s  i n  t h e i r .  

prev ious s u i t  designs. F i r s t ,  the  a i r  systems "T" connector was replaced 

w i t h  a  "S i l ence r  D i s t r i b u t o r "  (F ig.  9 ) .  By e l i m i n a t i n g  the sharp 90" , 

t u r n  o f  t he  "T" and rep lac ing  i t  w i t h  the  s i l e n c e r ,  t he  a i r  f lows through 

w a random path c rea ted by a  po l yes te r  f i l l e r ,  and no ise  i s  suppressed 

p r i o r  t o  t he  a i r ' s  en te r i ng  the  hood and ex t rem i t y  sec t ions  o f  t he  s u i t .  

The second improvement was made by rep lac ing  the  r i n g  header, which 

supp l ied  a i r  a t  t he  top  o f  the hood from a  tube w i t h  several  holes, w i t h  

a  j a c k e t  hood plenum f i l l e d  w i t h  open pore polyurethane. loo This  

provides a  random path f o r  a i r f l o w  which suppresses and absorbs noise.  

The f l o o r  o f  t he  plenum i s  then made o f  cardboard, and l a r g e  holes a re  

used t o  d i r e c t  a i r  t o  the  breath ing  zone. These mod i f i ca t i ons  now make 

i t  poss ib le  t o  work f o r  extended per iods  w i t h o u t  t he  use o f  headphones 

o r  e l e c t r i c a l  communication systems. 



t- SUIT SUPPLY 

Fig .  9. S i l ence r  d i s t r i b u t e r .  

Not o n l y  should the  no ise  levels be p a l l i a t e d  fn r  workers subjected 

t o  the  no ise  f o r  extended per iods  o f  t ime, bu t  o the r  f a c t o r s  such as 

heat  o r  confinement should n o t  produce psychological  o r  phys ica l  s t ress  

e i t h e r .  lo5 S u i t  temperature c o n t r o l  can be prov ided a t  comfor table 

l e v e l s  when an a i r  supply p r o v i d i n g  100 p s i g  i s  coupled t o  a  vo r tex  

t ~ b e . ~ ~ , ~ ~ , ~ ~ ~ , ~ ~ ~ , ~ ~ ~  These l i g h t w e i g h t  devices can be worn t o  heat  or 

coo l  t he  s u i t  t o  des i red  l e v e l s ,  making working cond i t i ons  more comfor t -  

a b l e  and extending work t imes. One f a c t o r  reducing psychological  s t ress  

and the  p o s s i b i l i t y  o f  acc idents  i s  the  phys ica l  confinement o f  the  s u i t  

and the  degree of v i s i b i l i t y  o f fe red  by the  hood. L igh twe igh t  m a t e r i a l s  

make work less  exhaust ive  and increase the l e v e l  o f  motor coo rd ina t i on  

o f  t he  worker. Hoods should reduce the  f i e l d  o f  v i s i o n  as l i t t l e  as 

p o s s i b l e  and o f f e r  p l e n t y  o f  room t o  accomodate o the r  essen t i a l  equip- 

ment, such as helmet o r  headphones, when needed. l O 9  



5.4 Donning and Removal 

One impor tan t  cons ide ra t i on  a f f e c t i n g  p r o t e c t i o n  t h a t  has n o t  been 

emphasized i n  t h e  pas t  i s  t h e  a v a i l a b i l i t y  o f  c l e a r  concise i n s t r u c t i o n s  

f o r  donning and removal o f  equipment. The complete e f f i c i e n c y  o f  a s u i t  

cannot be prov ided unless i t  i s  f i t t e d  and worn p rope r l y .  Stephenson 

has found t h a t  technique i s  probably  more impor tan t  i n  l i m i t i n g  exposures 

than the  c l o t h i n g  i t s e l f .  l  l o  Employees should have ex tens ive  t r a i n i n g  

i n  t h e  p r o p e r t i e s  o f  t he  contaminant they  a re  working w i th ,  and they  

should ma in ta in  e x p e r t i s e  i n  t he  s e l e c t i o n  o f  p r o t e c t i v e  apparel  needed 

f o r  a s p e c i f i c  job .  S u i t  removal i s  a major  f a c t o r  c o n t r i b u t i n g  t o  

t h e  t o t a l  occupat ional  dose rece ived by workers. l  l 2  Some methods by 

which exposures rece ived w h i l e  removing s u i t s  may be decreased i n c l u d e  

showering i n  s u i t s  t o  wash, then wipe contaminants away, ass is tance o f  

o t h e r  workers dressed i n  p r o t e c t i v e  s u i t s  themselves who may c u t  t h e  

workers o u t  o f  t he  s u i t s ,  and the  use o f  p u l l - t a b s  f o r  easy re lease  from 

t h e  s u i t .  I n  a l l  cases, w r i t t e n  d ress ing  and undressing procedures 

should be provided, and workers should a l s o  assume some l e v e l  o f  h e a l t h  

phys ics r -espur~ss 'b i l i  L ies Tor t h e i r  own ~ a f e t y . ~ O * ~ ~  

5.5.  Economics o f  S u i t s  

The use o f  some very e f f e c t i v e  p r o t e c t i v e  v e n t i l a t i o n  s u i t s  may be 

i n h i b i t e d  by the  c o s t  o f  everyday use by l a r g e  numbers o f  employees. 

The Douglas P o i n t  ~ i r - ~ u ~ ~ i i e d  S u i t ,  f o r  example, has a h igh  degree o f  

p r o t e c t i o n ,  bu t  i t  cos ts  $500. l o 5  This  may make i t s  common use imprac- 

t i c a l  a t  f a c i l i t i e s  us ing  l a r g e  numbers o f  them, such as the  Savannah 

R iver  P l a n t  where over  22,000 s u i t s  a r e  used each year.  1 1 2  I n  f u s i o n  



r e a c t o r s  t h e  l a r g e  number o f  workers needing p r o t e c t i o n  f rom t r i t i u m  

w i l l  r e q u i r e  t h a t  t h e  c o s t  o f  the p r o t e c t i v e  s u i t s  be as low as pos- 

s i  b l e .  The Savannah R ive r  P l a n t  p r e s e n t l y  uses d isposable s u i t s  which 

c o s t  below $20. I n  1974 t h e  t o t a l  c o s t  o f  t h e i r  program, i n c l u d i n g  a l l  

equipment, was $603,000. One area w i t h  p o t e n t i a l  f o r  reducing cos ts  

o f  c l o t h i n g  i s  t h e  use o f  exchangeable i n l e t  and exhaust f i t t i n g s ,  

another  i s  t he  ' launder ing o f  s u i t s .  A t  t he  P icke r ing  Nuclear Generating 

S t a t i o n  i n  Ontar io,  s u i t s  c o s t i n g  about $100 have the  p o t e n t i a l  f o r  100 

uses being laundered a t  $2 pe r  wash. 8 9  This  represents a  l a r g e  savings 

i f  launder ing  procedures do n o t  a l t e r  s u i t  e f f i c i e n c y .  T,yvek s u i t s  

o f f e r  a  new s o l u t i o n  t o  d isposa l  problems. These s u i t s  can be i n c i n -  

e ra ted  a t  h igh  temperatures t o  c rea te  C02 and H20 u n l i k e  PVC which 

conver ts  t o  a c i d i c  c h l o r i n e  compounds which cause r a p i d  co r ros ion  o f  

metal  1  i c  p a r t s  and may be env i ronmenta l l y  unacceptable. 80 

Ease o f  d isposa l  cou ld  be a  s i g n i f i c a n t  asset  when the  l a r g e  number o f  

s u i t s  t h a t  w i l l  be used i n  a  f u s i o n  r e a c t o r  i s  considered. 

5.6 Gloves 

The use o f  p r o t e c t i v e  gloves p lays  a  major r o l e  i n  reducing exposure 

t o  t r i t i u m .  A t  most i n s t i t u t i o n s ,  double l a y e r s  o f  neoprene o r  po ly -  

e thy lene  gloves a r e  worn, and the  ou te r  p a i r s ' a r e  f requen t l y  changed. This  

i s  because i n  working i n  d i r e c t  contac t  w i t h  contaminated mechanical equip- 

ment, they become sa tura ted  w i t h  HTO r e l a t i v e l y  qu i ck l y .  The p r o t e c t i o n  

f a c t o r s  and g love types used a t  CRNLg3 a re  i l l u s t r a t e d  i n  Table 13. 

The gloves are  o f t e n  covered w i t h  a  p a i r  of c o t t o n  gloves i n  o rder  t o  

reduce the  chances o f  t e a r i n g  the  rubber and r e c e i v i n g  an unexpected 

exposure. 
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Table 13. P r o t e c t i o n  f a c t o r s  f o r  glovesa 
- -  

Glove type Est imated p r o t e c t i o n  f a c t o r  

4-mi l  PVC 50 

7-mi l  PVC 11'0 

10-mi 1  l a t e x  120 

14-mi 1  neoprene 70-340 

aFrom ( r e f .  93). 

A l l  o f  the, above f a c t o r s  concerning the  design o f  var ious  p ro tec -  

t i v e  c l o t h i n g  elements must be kept  i n  mind i n  developing q u a l i t y  equip- 

ment t h a t  w i l l  be e f f e c t i v e ,  comfortable, and economical. V a r i a t i o n s  i n  

present  s u i t s  a re .due pa r - t l y  t o  d i f f e r e n c e s  i n  in tended use and part ly: .  

t o  poor communication o f  i n d i v i d u a l  advanecements made. I n  o rder  t o  

develop p r o t e c t i v e  c l o t h i n g  capable o f  s a t i s f y i n g  s p e c i f i c a t i o n s  f o r  

f u s i o n  reac to rs ,  more research on e f f e c t i v e  s u i t  designs i s  requ i red  and 

b e t t e r  communication o f  a v a i l a b l e  data between e x i s t i n g  t e s t  f a c i l i t i e s .  

i s  c a l l e d  f o r .  
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6. DEVELOPMENT OF PROTECTIVE CLOTHING 

6.1 Operat ive Procedure 

The design o f  p r o t e c t i v e  v e n t i l a t i o n  s u i t s  i s  governed t o  some 

e x t e n t  by s p e c i f i c a t i o n s  documented i n  r e p o r t s  w r i t t e n  a t  t he  Los Alamos 

S c i e n t i f i c  Laboratory (LASL). Two pub1 i c a t i o n s  concerning the  design 

and t e s t  procedures o f  supp l ied  a i r  s u i t s  and r e s p i r a t o r s  spec i f y  i d e a l  

standards f o r  equipment used i n  con junc t ion  w i t h  the  Department o f  

Energy (DOE). lo6,ll4 These r e p o r t s  a re  somewhat general as t o  the  

design o f  t h e  s u i t ,  b u t  they  do prov ide  s p e c i f i c  l i m i t a t i ~ n s  and re- 

quirements which the  s u i t s  must accommodate f o r  approval.   not her guide 

p u t  o u t  by the  I n t e r n a t i o n a l  Atomic Energy Agency g ives a bas ic  d e f i n i -  

t i o n  o f  what a p r o t e c t i v e  c l o t h i n g  program should encompass. l l l 

I n  t h e  present  system o f  c l a s s i f i c a t i o n  and approval,  s u i t s  a re  

developed by i n d i v i d u a l  i n s t i t u t i o n s  associated w i t h  DOE. I f  the  s u i t s  

s a t i s f y  c e r t a i n  ope ra t i ng  requirements, they may be sent  by DOE t o  LASL 

t o  be t e s t e d  according t o  an es tab l  ished procedure. lo6 When the  s u i t  

examinat ion i s  completed, LASL formulates conclusions and recommenda- 

t i o n s  about the  adequacy o f  t h e  s u i t  and w r i t e s  a r e p o r t  t o  be reviewed 

by an Advisory Committee and by DOE Headquarters f o r  f i n a l  approval.  

Improvements may then be made on the  e x i s t i n g  s u i t  design and, on an 

i n fo rma l  basis ,  p a t t e r n s  can be made ava i  lab1 e t o  p r i v a t e  manufacturers 

f o r  f a b r i c a t i o n .  

With respect  t o  t he  development o f  p r o t e c t i v e  c l o t h i n g  aga ins t  

t r i t i u m ,  t h e  present  program o f  s u i t  approval conta ins a few d e f i c i e n c i e s .  

One o f  t he  l a r g e s t  problems i s  due t o  the  ope ra t i ve  procedures. Ins tead 



o f  concen t ra t i ng  a v a i l a b l e  equipment and s c i e n t i f i c  e x p e r t i s e  a t  a  s i n g l e  

l o c a t i o n  t o  develop s p e c i f i c  improvements i n  p r o t e c t i v e  c l o t h i n g ,  t h e  

burden o f  progress has been decen t ra l i zed  and d i l u t e d  t o  var ious  user  

i n s t i t u t i o n s .  This  method i s  q u i t e  i n e f f i c i e n t  i n  t h a t  these user 

i n s t i t u t i o n s  normal ly  have n e i t h e r  t h e  manpower nor  t h e  f a c i l i t i e s  t o  

develop o r  t e s t  a  l a r g e  number of improved v e n t i l a t i o n  s u i t s .  It may be 

thought  t h a t  d e c e n t r a l i z a t i o n  of research e f f o r t s  would improve progress 

o f  s u i t  development, bu t  t h i s  has proven n o t  t o  be the  case. Poor 

communication between researchers, d u p l i c a t i o n  o f  t e s t s ,  and t h e  ex ten t  

o f  a d m i n i s t r a t i v e  and t e s t i n g  procedures ou t1  i ned  i n  t he  LASL r e p o r t  l O6 
b 

make progress slow, t ime  consuming, and c o s t l y .  Another problem w i t h  

t h e  e x i s t i n g  s i t u a t i o n  i s  t h a t  i t  normal ly  excludes p r i v a t e  manufactur- 

i n g  companies f rom o b t a i n i n g  enough i n fo rma t i on  p e r t a i n i n g  t o  s u i t  

development t o  make any s i g n i f i c a n t  advancements o r  c o n t r i b u t i o n s  t o  t he  

f i e l d .  

6.2 Suggestions f o r  Improvement 

The f a u l t s  o f  t h e  present  system cou ld  be co r rec ted  by p r o v i d i n g  an 

i n s t i t u t i o n ,  which a l ready  has t r i t i u m  t e s t i n g  f a c i l i t i e s ,  w i t h  t he  

fund ing  and a u t h o r i t y  t o  s e t  up a  n a t i o n a l  t e s t i n g  and development 

program. An e f f e c t i v e  organi;ation would p rov ide  the  f o l l o w i n g  se rv i ces :  

1. develop s p e c i f i c a t i o n s  f o r  p r o t e c t i v e  v e n t i l a t i o n  s u i t s  

and t h e  m a t e r i a l s  used the re in ,  

2. f a b r i c a t e  s u i t s  t o  s a t i s f y  t h e i r  s p e c i f i c a t i o n s ,  

3.  t e s t  developed s u i t s  and c o r r e c t  d e f i c i e n c i e s ,  

4. t e s t  s u i t s  and m a t e r i a l s  t h a t  have been developed by o t h e r  

i n s t i  t u t i o n s  (governmental o r  commercial ) , and 



5. prov ide  a  cont inuous source o f  c u r r e n t  i n fo rma t ion  on 

var ious  types o f  s u i t s  and m a t e r i a l s  t o  a l l  i n t e r e s t e d  

o rgan iza t i ons  and enterpr ises .  

The most impor tan t  aspect  o f  these serv ices  i s  t he  improvement o f  com- 

mun ica t ion  i n  t h e  f i e l d .  P r i v a t e  i n d u s t r i e s  would have eas ie r  access t o  

s p e c i f i c  c r i t e r i a  o f  s u i t  design and ma te r ia l s .  Being more d i r e c t l y  

invo lved,  they may f i n d  i ncen t i ves  t o  reduce f a b r i c a t i o n  cos ts  o r  improve 

s u i t  designs i n  e f f o r t s  t o  w in  b ids  from major i n s t i t u t i o n s .  F a c i l i t i e s  

us ing  p r o t e c t i v e  s u i t s  cou ld  s t i l l  develop s u i t s  accord ing t o  t h e i r  needs, 

b u t  they .wou ld  a l s o  have an exper t  source o f  i n fo rma t ion  concerning a l l  
. 

new advancements made i n  the  f i e l d .  

The need f o r  a  c e n t r a l i z e d  a u t h o r i t y  which would communicate i n f o r -  

mat ion has been. shown by t h e  f a c t  t h a t  improved methods o f  t r i t i u m  pro tec-  

t i o n  a r e  t y p i c a l l y . o n l y  used a t  t h e  f a c i l i t i e s  where they were o r i g ina ted .  

Frequent ly ,  extended t ime  per iods t r a n s p i r e  be fore  an improvement made 

a t  one i n s t i t u t i o n  i s  used a t  another. Some improvements are  n o t  w ide l y  

used because i n d i v i d u a l  i n s t i t u t i o n s  do n o t  have the  t ime o r  money t o  

thorough ly  i n v e s t i g a t e  and i nco rpo ra te  improvements o f  o the r  f a c i l i t i e s  

i n t o  t h e i r  own programs. The des i re  t o  p rov ide  the  serv ices  needed has 

been made known by a  number of  groups. The resources c u r r e n t l y  being 

d i s t r i b u t e d  t o  several  i n s t i t u t i o n s  would be more e f f e c t i v e l y  spent i f  

concent ra ted  i n  a  c e n t r a l i z e d  group. 

I n  t h e  i n t e r e s t  of fus ion technology, a  long- term p lan  f o r  the  

development and t e s t i n g  of p r o t e c t i v e  c l o t h i n g  a long w i t h  a  wider  range 

o f  p lann ing  i s  e s s e n t i a l .  Increased understanding o f  i t s  p o t e n t i a l s  and 

l i m i t a t i o n s  w i l l  a i d  i n  e s t a b l i s h i n g  the  design s p e c i f i c a t i o n s  f o r  areas 



where routine work procedures, maintenance, and rescue may be necessary 

for future fusion power research and production facilities. Early 

development of protective capabi 1 i ties should prevent fusion program 

delays due to inadequacies of devices needed for such operations. 1 1 5  

More data are needed on the future capabilities of protective clothing 

with respect to the projected working conditions in fusion reactors. 

These involve tritium concentrations, available containment, air supply 

engineering, and number of personnel. More information is needed about 

these factors before conclusions can be reached about the adequacy of 

present protective techno1 ogy. 

Emphasis must also be put on new inventions concerned with protec- 

tion from tritium. Further development of self-contained breathing " , 

apparatus and testing of respirator-canister efficiencies involving 

break-through times 'of various airborne gas, vapor and particulate 

contaminants is needed. New methods of contaminated atmosphere venti- 

lation and filtration should also be studied with respect to fusion 

reactors, as they may reduce the importance of ventilation suits in 

tritium protection. 

6.3 Concl usions 

The use of protective clothing is a major factor in reducing ex- 

posure to radiation in tritium-contaminated areas. With the recent 

prngress made in fusion technologby, the call for improved protective 

devices becomes even more urgent. More coordination between the fields 

of engineering and health physics must be made in order to accurately 

assess the need for improved protective equipment at future fusion 



facilities. Health physics capabilities concerning protective ventila- 

tion suits and development of impermeable materials must be expanded in 

conjunction with other technological advances. In order to substantially 

reduce the total occupational dose received at facilities presently 

handling large amounts of tritium, (1 ) further work must be done to im- 

prove protective clothing capabi 1 i ties, and (2) better communication of 

those improvements must be made. Significant improvement in protective 

clothing is presently possible through the medium of a centralized co- 

operative program between plastics manufactuers clothing fabricators and 

evaluation laboratories. 
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