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EMERGENCY PROTECTION FROM AEROSOLS 

G. A .  C r i s t y  
C .  V .  Chester 

ABSTRACT 

Expedient methods were developed t h a t  cou ld  be used b y  
an average person, u s i n g  o n l y  m a t e r i a l s  r e a d i l y  a v a i l a b l e ,  t o  
p r o t e c t  h i m s e l f  and h i s  f a m i l y  f rom i n j u r y  b y  t o x i c  (e.g. ,  
r a d i o a c t i v e )  aerosols .  The most e f f e c t i v e  means o f  p ro tec-  
t i o n  was t h e  use o f  a household vacuum c leaner  t o  m a i n t a i n  a 
smal l  p o s i t i v e  pressure on a c losed house d u r i n g  passage o f  
t h e  aerosol  c loud. P r o t e c t i o n  f a c t o r s  o f  800 and above were 
achieved. 

1. INTRODUCTION 

1.1 Purpose 

A long-range program t o  develop t h e  emergency response c a p a b i l i t i e s  
o f  nuc lear  power p l a n t  opera tors  and those o f  t h e  surrounding c i v i l  
a u t h o r i t i e s  has been sponsored b y  t h e  U.S. Department o f  Energy (DOE) 
and i t s  predecessors through t h e  D i v i s i o n  o f  Biomedical  and Environmental  
Research. The o b j e c t i v e  o f  t h e  program i s  t o  develop and t e s t  expedient  
methods o f  p r o t e c t i n g  persons and b u i l d i n g s  f rom t h e  a i rborne  r a d i o a c t i v e  
aerosols  l i k e l y  t o  be produced d u r i n g  t h e  h y p o t h e t i c a l  meltdown o f  a 
water-cooled nuc lear  r e a c t o r .  A meltdown w i t h  an accompanying breach i n  
r e a c t o r  containment caused b y  sabotage o r  t e r r o r i s t  a c t i o n  i s  presumed. 
The measures considered are  l i m i t e d  t o  those t h a t  cou ld  be performed i n  
emergencies b y  i n d i v i d u a l s  us ing  m a t e r i a l s  and/or equipment t h a t  are 
a l ready  i n  ex is tence o r  t h a t  c o u l d  be made a v a i l a b l e  b y  p r i o r  p lanning.  

1.2 H i s t o r i c a l  Perspec t ive  

I n  1972, t h e  C l i n c h  V a l l e y  Study1 reviewed t h e  s t a t u s  o f  e x i s t i n g  
r e g u l a t i o n s  and t h e  p l a n s  f o r  emergency response c a p a b i l i t i e s  a t  
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nuc lea r  p l a n t s  i n  t h e  event o f  acc iden ta l  re leases  o f  r a d i o a c t i v e  mate- 
r i a l s .  Recommendations f o r  improvements i n  r e g u l a t i o n s  and response 
c a p a b i l i t i e s  conta ined i n  t h e  s tudy  i nc luded  t h e  f o l l o w i n g :  

1. e s t a b l i s h  r e g i o n a l  Emergency Operat ions Con t ro l  Centers t o  
a s s i s t  i n  hand l i ng  c r i s e s ,  

2. e s t a b l i s h  emergency p lans  f o r  m o n i t o r i n g  and p r e d i c t i n g  
t h e  movements o f  r a d i o a c t i v e  c louds  d u r i n g  ( u n l i k e l y )  
acc iden ta l  re leases, 

3. p l a n  warning systems t o  a l l o w  f o r  t h e  t i m e l y  evacuat ion  
o f  popu la t i ons  a t  r i s k  f rom acc iden ta l  re leases  o f  r a d i o -  
a c t i v i t y ,  

4. develop expedient means o f  p r o t e c t i n g  i n d i v i d u a l s  who 
must remain i n  areas a t  r i s k  d u r i n g  t h e  passage o f  
r a d i o a c t i v e  clouds, and 

5. d i s t r i b u t e  non rad ioac t i ve  potassium i o d a t e  p i l l s  be fo re  
emergencies f o r  use b y  t h e  p o p u l a t i o n  i n  p reven t ing  o r  
reduc ing  t h e  uptake o f  r a d i o a c t i v e  i o d i n e  f rom r a d i o a c t i v e  
c louds .  

Prev ious  s tud ies  o f  t h e  problem o f  p r o t e c t i n g  water-cooled nuc lear  
r e a c t o r s  f rom a c t i o n s  b y  saboteurs o r  f rom coord ina ted  t e r r o r i s t  a t t a c k s  
have shown2y3 t h a t  i t  i s  poss ib le ,  a l though ex t remely  d i f f i c u l t ,  f o r  a 
h i g h l y  coordinated, w e l l - d i s c i p l i n e d  group o f  t e r r o r i s t s - - a i d e d  b y  a 
coopera t ing  nuc lea r  power p l a n t  employee ( o r  ex-employee)--to cause a 
meltdown o f  t h e  power p l a n t  r e a c t o r  and a consequent re lease  o f  r a d i o -  
a c t i v i t y  f rom t h e  containment vessel .  
exper ience has, however, r a i s e d  doubts t h a t  i t  i s  r e a l l y  p o s s i b l e  f o r  a 
saboteur t o  f a c i l i t a t e  a meltdown i n  t h e  a v a i l a b l e  t i m e  even w i t h  a 
q u a s i - m i l i t a r y  ope ra t i on .  Studies o f  t h e  TMI acc ident  a l so  suggest t h a t  
t h e  amount o f  r a d i a t i o n  t h a t  cou ld  be re leased  i s  f a r  l e s s  ( b y  a f a c t o r  
o f  about l o 3  t o  105)4  than t h a t  assumed i n  p rev ious  s tud ies .2y3  The 
consequences o f  a h y p o t h e t i c a l  r e l e a s e  have been s tud ied5  u s i n g  h i s t o r -  
i c a l  me teo ro log i ca l  d a t a  t o  e s t a b l i s h  t h e  range o f  p o s s i b l e  d i s p e r s a l  
sequences. The r a d i o a c t i v e  m a t e r i a l  t h a t  would be re leased  would be i n  

t h e  fo rm o f  r a d i o a c t i v e  gases o f  krypton, xenon, and iod ine ,  and i n  t h e  
form of a m i x t u r e  o f  v e r y  f i n e l y  d i v i d e d  ox ides  o f  va r ious  f i s s i o n  
produc ts .  

The Three M i l e  I s l a n d  (TMI) 

The gases would tend t o  d i spe rse  r a p i d l y  and t o  be d i l u t e d .  
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The particulate material would be about 1 to 3 11in diameter and would be 
deposited slowly as the radioactive cloud moved downwind. In all the 
scenarios examined, lethal inhaled doses could be prevented by evacuating 
the people downwind of the release; the people could be evacuated on 
foot by moving in a crosswind direction at a rate o f  3 . 2  km/h. Such a 
plan requires an effective system for informing the public in the vicin- 
ity of the reactor of the imminent danger and of the best evacuation 
routes based on existing and predicted wind conditions. 

population at risk is the inhaled dose. 
measures suggested by the Clinch Valley Study would make a major contri- 
bution to the protection of the population during a reactor meltdown. 
However, in addition to the crosswind evacuation and the prophylactic 
iodine treatment, other expedient countermeasures would be needed if 
some of the people downwind of a damaged reactor could not be evacuated 
immediately (e.g., handicapped persons, patients in hospitals or nursing 
homes). 

The major problem is providing protection against inhalation and 
ingestion of toxic particles. The obvious solution is to breathe 
filtered air. In industrial practice, dust-filter respirators or gas 
masks are normally used. For the general public, this equipment usually 
is not available. 

Experiments6 carried out at Fort Detrick in 1958 provide some 
valuable information on improvised masks. Either a bath towel (folded 
to provide two layers) or a man's handkerchief (folded to provide eight 
layers) can be held over the nose and mouth to reduce aerosol inhalation 
by 85 to 90% (a PF* of 7 to 10). Both these devices produce a pressure 
drop, which could be tolerated by an adult. Wetting of the filter medium 
increases the pressure drop without significant improvement in filtration 
efficiency. 
over the mouth. 

It is clear from the previous studies that the major threat to the 
The prophylactic iodine counter- 

To keep the hands free, the filter could be tied directly 
Inhaling through the mouth and exhaling through the 

* PF = protection factor, which is defined as the ratio of the 
dose that a person would receive without the protective device to the 
dose he would receive with the device. 
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nose min imize  t h e  dead-a i r  volume and t h e  amount o f  s a l i v a t i o n  on t h e  
f i l t e r .  These methods are cumbersome a t  t h e i r  best ;  a t  t h e i r  worst, 
w i t h  c h i l d r e n ,  t h e y  migh t  n o t  s u f f i c e .  Therefore,  o t h e r  methods o f  
reduc ing  i n h a l a t i o n  and i n g e s t i o n  are needed. 

spaces w i t h i n  b u i l d i n g s  f rom r a d i o a c t i v e  p a r t i c l e s ,  i t  was decided t o  
experiment w i t h  aerosols  o f  B a c i l l u s  g lobegi  i (BG) spores, thereby  
avo id ing  t h e  exper imenta l  d i f f i c u l t i e s  o f  work ing w i t h  r a d i o i s o t o p e s .  
A s  s t a t e d  p r e v i o u s l y ,  t h e  r a d i o a c t i v e  p a r t i c l e s  are expected t o  range 
f rom 1 t o  3 p i n  s i z e .  
i s  about 2 1-1. 

be q u i t e  s i m i l a r  t o  those o f  t h e  r a d i o a c t i v e  p a r t i c l e s  t h e y  s imulate.  
B a c i l l i u s  g l o b e g i i  are nonpathogenic organisms t h a t  grow r e a d i l y  i n  
n u t r i e n t  agar and fo rm v e r y  hardy spores t h a t  can be handled q u i t e  
s a f e l y  . 

D i v i s i o n  prepared concentrated spores ("mud") b y  growing t h e  BG f rom a 
s t r a i n  o f  BG spores ob ta ined f rom Edgewood Arsenal .  
b y  growing c o l o n i e s  f rom s e r i a l  d i l u t i o n s  and was found t o  c o n t a i n  about 
2 x IO1' spores/g. 
aga ins t  r a d i o a c t i v e  aerosols  should be e q u a l l y  e f f e c t i v e  aga ins t  a t t a c k s  
b y  t e r r o r i s t s  u s i n g  b i o l o g i c a l  organisms.) 

To develop and t e s t  methods o f  p r o t e c t i n g  people and t h e  l i v i n g  

The average diameter o f  monodispersed BG spores 
Therefore,  t h e  d i f f u s i o n  p r o p e r t i e s  o f  BG spores should 

Personnel o f  t h e  Oak Ridge N a t i o n a l  L a b o r a t o r y ' s  (ORNL) B i o l o g y  

The mud was analyzed 

(Note t h a t  t h e  methods developed f o r  p r o t e c t i o n  
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2. EXPERIMENTAL EQUIPMENT AND TECHNIQUES 

2.1 Development o f  Aerosol Generators 

2.1.1 Mod i f i ed  Lauterbach generator 

A m o d i f i e d  Lauterbach generator t h a t  cou ld  produce l a r g e  q u a n t i t i e s  
o f  aeroso ls  c o n t a i n i n g  v i a b l e  BG spores was developed. 
produced aeroso ls  a t  t h e  r a t e  o f  f rom l o 9  t o  1O1O spores/min f rom a 
suspension o f  t h e  mud i n  denatured a lcoho l .  
b u t  t h e y  gave l e s s  c o n s i s t e n t  r e s u l t s  than  t h e  a l coho l  s l u r r y  because o f  
t h e  clumping o f  t h e  spores i n  water. 
c o n s i s t s  o f  predominant ly monodispersed spores. 
have an average diameter o f  about 2 uand show a d e p o s i t i o n  v e l o c i t y  o f  
about 3 x m/s. 

The 3 - R ,  3-neck f l a s k  
ho lds  t h e  suspension o f  BG spores i n  a lcoho l  ma in ta ined a t  a cons tan t  
l e v e l  by  a supp ly  l i n e  t h a t  en te rs  a t  t h e  bottom and an ove r f l ow  l i n e  on 
t h e  s ide .  
ove r f l ow  i s  pumped b y  means o f  an a i r  l i f t .  
(0.5-in.-OD) s t a i n l e s s  s t e e l  tubes each have e i g h t  0.343-mm (0.0135-in.) 
No. 80 d r i l l  ho les  e q u a l l y  spaced around t h e i r  c i rcumferences. The 
aerosol  i s  generated b y  t h e  a c t i o n  o f  compressed a i r  a t  2 x lo5  Pa (30  
p s i g )  be ing  discharged th rough t h e  16  ho les  across t h e  surface o f  t h e  
1 i q u i d .  

The generator 

Water s l u r r i e s  were t r i e d ,  

The aerosol  f rom t h e  a l coho l  s l u r r y  
The a i rbo rne  p a r t i c l e s  

The aerosol  generator i s  shown i n  F ig .  1. 

The 1-1 f l a s k  i s  used as a supp ly  r e s e r v o i r  t o  which t h e  
The two 1.27-cm-OD 

2.1.2 New nozz le  

The genera t ion  r a t e  achieved by  t h e  Lauterbach generator was ade- 
quate f o r  most o f  our  t e s t s ,  b u t  i t  was n o t  h i g h  enough t o  s imu la te  some 

o f  t h e  c o n d i t i o n s  des i red .  Therefore,  a new nozz le  was designed, b u i l t ,  
and tes ted .  
spores/mi n were obtained. 

Generat ion r a t e s  as h i g h  as 1.3 x 1013 monodispersed 
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F i  g. 1. Mod i f i ed  Lautenbach generator 
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2.2 Aerosol C o l l e c t i o n  Techniques 

2.2.1 Aerosol enc losures 

Two types  of  enc losures were designed and cons t ruc ted  f o r  use i n  
p r e l i m i n a r y  exper iments t o  h o l d  t h e  generated aerosols  long enough t o  
e s t a b l i s h  r a t e s  of  generat ion,  average p a r t i c l e  s ize,  and d e p o s i t i o n  
v e l o c i t i e s .  

Two u n i t s  of t h e  f i r s t  type, c a l l e d  expandable g love  boxes, a re  
shown i n  F ig .  2. 
p o s i t i o n  and can be expanded t o  h o l d  0.056 m3 ( 2  f t 3 )  when a i r  i s  blown 
i n t o  it. 
nonexpanding s ides .  

wide, 12 m long, and 3 m h i g h  (20 x 40 x 10 f t ) .  
a i r  blower. 

Each box ho lds  0.028 m3 ( 1  f t 3 )  of  a i r  i n  i t s  co l l apsed  

Each box has a rubber  g love  i n s t a l l e d  i n  each o f  two o f  i t s  

The second type, shown i n  F ig .  3, i s  a s i n g l e  p l a s t i c  enc losure 6 m 
It i s  i n f l a t e d  by  an 

2.2.2 Aerosol samPlina techniaues 

Several  sampling techniques were t e s t e d  and evaluated. The major 
method used a l l - g l a s s  impingers o f  t h e  t ype  manufactured b y  Ace Glass, 
Inc. ,  Vineland, New Jersey  (see F ig .  4 ) .  The aerosol  p a r t i c l e s  f rom a 
measured volume o f  a i r  ( a c t u a l l y  a known cons tan t  f l o w  r a t e  and a mea- 
sured t ime)  were c o l l e c t e d  by  drawing t h e  a i r  through two a l l - g l a s s  
impingers i n  se r ies .  
was kep t  d r y  t o  serve as a water t a p  t o  p r o t e c t  t h e  vacuum pump from 
s p i l l o v e r .  Th is  arrangement gave rep roduc ib le  r e s u l t s .  Tests showed 
t h a t  t h e  l o s s  o f  spores f rom t h i s  t ype  o f  sampler was about 3%.* When 
ex t remely  accurate recovery  was desired, two s e t s  o f  impingers ( o f  two 
each) were used i n  se r ies .  
than 1 i n  1000. 
when kep t  f o r  severa l  days i n  t h e  deminera l ized water i n  which t h e y  are  
co l l ec ted .  

The f i r s t  impinger conta ined water, b u t  t h e  second 

Th is  arrangement gave a leakage r a t e  o f  l e s s  
BG spores can remain v i a b l e  and w i l l  no t  become i n a c t i v e  

* That i s ,  by  adding another s e t  of impingers i n  ser ies ,  a d d i t i o n a l  
spores t h a t  had passed through t h e  f i r s t  s e t  c o u l d  be co l l ec ted .  
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Another sampling method used f i l t e r  paper. A known amount o f  a i r  
was drawn th rough a sampling dev i ce  t h a t  h e l d  a s p e c i a l  t ype  o f  f i l t e r  
paper. 
s i z e  smal l  enough t o  t r a p  l - v  p a r t i c l e s  and t h e  a b i l i t y  t o  d i s i n t e g r a t e  
r e a d i l y  when shaken up i n  a b o t t l e  o f  water. 
then t r a n s f e r r e d  ( u s i n g  s t e r i l e  tweezers) t o  an "8-02" b o t t l e  c o n t a i n i n g  
100 rnl o f  water.  
r e s u l t e d  i n  t h e  suspension o f  t h e  BG spores. 
water suspensions ( o r  s e r i a l  d i l u t i o n s  o f  t h e  suspensions) were c u l t u r e d  
on n u t r i e n t  agar sur faces  t o  determine t h e  number o f  spores c o l l e c t e d .  

A t h i r d  sampling method used s l i t  samplers o f  t h e  t y p e  manufactured 
b y  Reyonier and Sons, 3806 N. Ashland Avenue, Chicago, I l l i n o i s .  S l i t  
samplers have a c l o c k  mechanism t h a t  s l o w l y  r o t a t e s  an agar p l a t e  under 
a s l i t  i n  t h e  l i d .  A vacuum pump draws a i r  th rough t h e  s l i t  a t  a con- 
s t a n t  r a t e  (measured a t  9.4 L l m i n ) .  Any spores i n  t h e  a i r  are t rapped 
and r e t a i n e d  on t h e  agar. 
develop t h e  co lon ies  f o r  count ing .  Because t h i s  method was more d i f f i -  
c u l t  t o  assess than t h e  impinger method, i t  was used o n l y  f o r  spot 
checking t h e  impinger r e s u l t s .  

A f o u r t h  sampling method, used o n l y  on t h e  f i r s t  two outdoor t e s t s ,  
was t h e  Part ichrome ana lyzer  be ing  developed b y  Chemical Systems Labora- 
t o r y  (CSL). Because t h e  development was n o t  complete a t  t h e  t i m e  o f  our 
t e s t s ,  t h e  analyzer was operated b y  CSL personnel. The Part ichrome 
ana lyzer  gave r e s u l t s  g e n e r a l l y  comparable t o  those  o f  t h e  o t h e r  sampling 
methods. However, i t  was somewhat d i f f i c u l t  t o  use because i t  detec ted  
o t h e r  a i r b o r n e  o rgan ic  m a t e r i a l s  i n  t h e  p a r t i c l e  s i z e  range o f  0.5 t o  
10 1-1. I n  t h e  outdoor t e s t s  t h e  background o f  o t h e r  o rgan ic  m a t e r i a l s  
was o f ten  o f  t h e  same o rde r  o f  magnitude as t h a t  o f  t h e  BG samples. 
Part ichrome ana lyzer  does have one tremendous advantage over t h e  o t h e r  
methods; however, t h e  r e s u l t s  a re  a v a i l a b l e  w i t h i n  minutes r a t h e r  than 
w i t h i n  a day o r  two. 

The f i l t e r  paper was chosen on t h e  b a s i s  o f  two c r i t e r i a - - a  pore  

The f i l t e r  papers were 

Vigorous shaking of t h e  b o t t l e  broke up t h e  paper and 
A l i q u o t  samples o f  t h e  

The agar p l a t e s  were incubated  f o r  1 2  h t o  

The 

* 

* A t  t h e  t i m e  these t e s t s  were run, t h e  Part ichrome analyzer was 
c l a s s i f i e d .  Therefore; t h e  method o f  ana lys i s  cannot be g i ven  here. 
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2.3 

The r a t e  o f  i n f  

I n f i l t r a t i o n  Rate f o r  Closed Houses 

l t r a t i o n  of a i r  i n t o  c losed houses was e s t  mated by  
two d i f f e r e n t  methods: (1) CO2 d i f f u s i o n  and (2) e q u i l i b r i u m  pressure.  

2.3.1 Carbon d i o x i d e  d i f f u s i o n  method 

A weighed amount o f  CO2 was re leased i n t o  t h e  c losed space, and 
t h e  a i r  i n  t h e  space was analyzed con t inuous ly  us ing  a Wi lks  Miran-101 
p o r t a b l e  CO2 analyzer .  
equat ion  

The i n f i l t r a t i o n  r a t e  was c a l c u l a t e d  b y  t h e  

1 R = hl. CT/CL s 

where 
R 
T 

= r a t e  o f  change o f  a i r  (changes/h), 
= t i m e  f rom s t a r t  (h), 

= C O ~  concen t ra t i on  a t  s t a r t  (m3 co2/m3 a i r ) ,  cL 
CT = CO2 concen t ra t i on  a t  t i m e  T. 

Note t h a t  t h i s  i n f i l t r a t i o n  r a t e  depends on t h e  t v e l o c i t y  d u r i n g  t h e  
t e s t  and on t h e  d i f f e r e n c e  i n  i n s i d e  and o u t s i d e  temperatures.  Under 
most o f  t h e  t e s t  cond i t i ons ,  t h e  wind v e l o c i t y  and temperature d i f f e r -  
ences remained f a i r l y  constant .  

2.3.2 E q u i l i b r i u m  pressure method 

The l a r g e  house ( f i n a l  t e s t )  was n o t  t i g h t  enough t o  use t h e  C02 
d i f f u s i o n  method f o r  t h e  e n t i r e  s t r u c t u r e .  The method used cons is ted  o f  
b lowing  a i r  i n t o  t h e  c losed house u n t i l  a pressure e q u i l i b r i u m  was 
reached. 
measured. 

The a i r  f l o w  and t h e  house pressure  a t  e q u i l i b r i u m  were 
From these measurements t h e  r a t e  o f  change was ca l cu la ted .  

R = v/V 9 

where " = V r a t e  o f  a i r  b lowing  i n t o  t h e  house (m3/h), 
V = volume o f  t h e  house (m3). 
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From t h e  e q u i l i b r i u m  pressure, an equ iva len t  wind v e l o c i t y  was 
c a l c u l a t e d  b y  u s i n g  t h e  s tagna t ion  pressure generated on t h e  s i d e  o f  a 
b u i l d i n g  by t h e  wind. 
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3. RESULTS 

3.1 Labora tory  Ev a1 u a t  i ons 

3.1.1 E s t a b l i s h i n a  averaae P a r t i c l e  s i z e  

To ensure t h a t  t h e  p a r t i c l e  s i z e  o f  t h e  aerosol  approximated was 
t h a t  o f  t h e  r a d i o a c t i v e  p a r t i c l e s  i t  simulated, t h e  average s i z e  o f  t h e  
aerosol  p a r t i c l e s  was es t imated b y  two d i f f e r e n t  methods. The f i r s t  
method measured t h e  o p t i c a l  s i z e  o f  t h e  p a r t i c l e s .  Spores were al lowed 
t o  s e t t l e  o u t  on microscope s l i d e s  on t h e  bottom o f  t h e  p l a s t i c  box. 
A f t e r  1 d o f  s e t t l i n g  t i m e , t h e  s l i d e s  were examined under a microscope 
equipped w i t h  a measured g r a t i n g .  
es t imated  t o  be 1.75 F. 

developed a t  F o r t  D e t r i ~ k , ~  which measures t h e  aerodynamic s i z e  o f  t h e  
p a r t i c l e s .  
aerosol  concen t ra t i on  i n  an enclosed space. The mathematical development 
i s  shown i n  Appendix A. 
t h e  l - m 3  g love  boxes, t h e  diameter was e s t a b l i s h e d  a t  ~2 11 (Tab le  1 ) .  
By u s i n g  t h e  pressure  nozz le  and t h e  l a r g e  po lye thy lene  bag ( " t e n t " ) ,  
t h e  average diameter was c a l c u l a t e d  t o  be 2.2 u .  

The average s i z e  o f  t h e  p a r t i c l e s  was 

The o t h e r  method was based on a m o d i f i e d  Stokes law c a l c u l a t i o n ,  

The method r e q u i r e s  measuring t h e  r a t e  o f  decrease o f  t h e  

By u s i n g  t h e  m o d i f i e d  Lauterbach generator and 

3.1.2 C a l c u l a t i o n  of d e p o s i t i o n  v e l o c i t y  

The d e p o s i t i o n  v e l o c i t y  was c a l c u l a t e d  f rom t h e  r a t e  o f  s e t t l i n g  o f  
spores i n  a p l a s t i c  g love  box. 
were p laced uncovered i n  t h e  bottom o f  t h e  g love  box. 
i n g  BG spores was discharged i n t o  t h e  box f o r  1 min. The covers were 
p laced on t h e  p e t r i  d ishes a t  t h e  r a t e  o f  one each minute  f o r  t h e  f i r s t  
15 min, t h e n  one every  15  m in  f o r  2 h; A l l  d ishes were incubated  
ove rn igh t .  
p l o t t e d  i n  F i g .  5. The s t r a i g h t  l i n e  shown on F ig .  5 was ob ta ined f rom 

a f i t  o f  t h e  b e s t  s t r a i g h t  l i n e  drawn through t h e  d a t a  p o i n t s  as de te r -  
mined by  t h e  least-squares method. 

P e t r i  d ishes  c o n t a i n i n g  n u t r i e n t  agar 
Aerosol con ta in -  

The d a t a  f o r  t h e  f i r s t  15 min f rom one such experiment a re  
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Table 1. C a l c u l a t i o n  o f  average p a r t i c l e  diametera 

Observed da ta  
T C c o / c t  

(h)  (spore s/m 1 ) 

C a l c u l a t i o n s  
D c o / c t  

(11) 

6700 
4000 
2250 

4 20 

1.68 
2.98 

15.95 

0.519 1.99 
1.092 2.04 
2.769 2.06 

aConstants i n  Eq. (A.6), Appendix A, are: 

" = 100 cm, ii 
n = 0.018 c e n t i p o i s e  = 1.8 x 

2 g = 980.7 cm/s , 
g/s.cm, 

p '  = 1.29 x g/cm2 ( n e g l i g i b l e ) ,  

2 p = 1.2 g/cm . 

ORNL-DWG 76-16923 

0 2  4 6 8 IO (2  f4  
TIME (rninl 

Rate of Deposition of Spores. 

F ig .  5. Rate o f  d e p o s i t i o n  o f  spores 
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The d e p o s i t i o n  v e l o c i t y  i s  c a l c u l a t e d  as f o l l o w s :  
V = R/c, 

where 
V = d e p o s i t i o n  v e l o c i t y  i n  cm/s, 
R = r a t e  o f  d e p o s i t i o n  i n  spores/cm2.s, 
c = i n i t i a l  concen t ra t i on  i n  spores/cm3 ( i n  t h i s  

experiment c was 23 spores/cm3). 

The s lope  o f  t h e  graph i n  F ig .  5 i s  33 spores/cm.min. Therefore, 
R = 33/60 = 0.55 spores/cm2.s, 
V = 0.55/23 = 0.0239 cm/s = 2.4 x m/s. 

3.1.3 V i a b i l i t y  o f  spores 

Tes ts  made t o  determine t h e  v i a b i l i t y  o f  t h e  spores showed t h a t  
keeping t h e  spores i n  water o r  a l coho l  suspensions f o r  as l ong  as a week 
caused no de tec tab le  l o s s  o f  concen t ra t i on  o f  v i a b l e  spores. The proce- 
dures used d u r i n g  t h e  aerosol  t e s t s  never r e q u i r e d  h o l d i n g  t h e  spores i n  
e i t h e r  l i q u i d  f o r  more than  3 o r  4 d. 

3.1.4 P r o t e c t i o n  f a c t o r s  us ing  vacuum c leaner  

Experiments were performed t o  eva lua te  t h e  f e a s i b i l i t y  o f  us ing  an 
o r d i n a r y  home vacuum c leaner  as a f i l t e r  f o r  removing aerosol  p a r t i c l e s  
f rom t h e  a i r ,  t he reby  s e r v i n g  as t h e  b a s i s  o f  t h e  system t o  p r o t e c t  
l i v i n g  spaces f rom t h e  i n t r u s i o n  o f  r a d i o a c t i v e  p a r t i c l e s .  
an occupied house cou ld  be c losed  b e f o r e  a r a d i o a c t i v e  c loud  a r r i v e d .  
The home vacuum c leaner  c o u l d  be adapted t o  f i l t e r  o u t s i d e  a i r  and 
d ischarge i t  i n t o  t h e  house t o  m a i n t a i n  a v e r y  smal l  p o s i t i v e  p ressure  
t h a t  would reduce t h e  i n f i l t r a t i o n  o f  r a d i o a c t i v e  p a r t i c l e s .  
t e s t s  were performed u s i n g  t h e  f i v e  f o l l o w i n g  exper imental  setups: 

S p e c i f i c a l l y ,  

D u p l i c a t e  

1. one c lean  bag i n  t h e  vacuum cleaner,  

2. a double bag i n  t h e  vacuum c leaner  (one c lean  bag was 
opened a t  t h e  bottom, and another c lean  bag was p laced 
ins ide ;  t h e  f i r s t  bag was resea led  w i t h  duc t  tape) ,  

f l o u r  i n  a c lean  bag ( t h e  f i r s t  t e s t  used 5 l b  o f  f l o u r ,  
and t h e  second t e s t  used o n l y  1 cup, 

3. 



18 

4. c lean  bag i n  t h e  sweeper c a n n i s t e r  w i th  another c l e a n  bag 
on t h e  exhaust, and 

5. d i r t y  bag i n  t h e  sweeper (bags were loaded w i t h  a normal 
three-month accumulation f o r  an o r d i n a r y  household). 

Tests were performed by  genera t i ng  aerosol  f o r  10 min a c osed, 
c o l l a p s i b l e  p l a s t i c  box c o n t a i n i n g  2 m3 o f  a i r  (see t h e  box on t h e  
l e f t  i n  F i g .  2). The sweeper was then  used t o  t r a n s f e r  and f i  t e r  
1 m3 o f  t h e  contaminated a i r  i n t o  a second cloud-expandable p l a s t i c  
box t h a t  a l ready  conta ined 1 m3 o f  e s s e n t i a l l y  c lean  a i r .  
ana lyz ing  t h e  concen t ra t i on  o f  spores i n  bo th  boxes b e f o r e  and a f t e r  
t h e  t r a n s f e r ,  t h e  PF was c a l c u l a t e d  as f o l l o w s :  

By 

number o f  spores removed f rom box 1 
increase i n  spores i n  box 2 P F  = 

The PF i s  de f i ned  as 

concen t ra t i on  i n  a i r  be fore  f i l t r a t i o n  
pF = concen t ra t i on  i n  a i r  a f t e r  f i l t r a t i o n  

o r  

PF = vllcll - v12c12 
v22c22 - v21c21 

9 

where 
C 1 1  = concen t ra t i on  o f  spores i n  box 1 b e f o r e  t r a n s f e r ,  
C12 = concen t ra t i on  o f  spores i n  box 1 a f t e r  t r a n s f e r  

C21 = concen t ra t i on  o f  spores i n  box 2 b e f o r e  t r a n s f e r ,  
C22 = concen t ra t i on  o f  spores i n  box 2 a f t e r  t r a n s f e r ,  
V 1 1  = volume o f  a i r  i n  box 1 b e f o r e  t r a n s f e r ,  
V12 = volume o f  a i r  i n  box 1 a f t e r  t r a n s f e r ,  
V 2 1  = volume o f  a i r  i n  box 2 b e f o r e  t r a n s f e r ,  
V22 = volume o f  a i r  i n  box 2 a f t e r  t r a n s f e r .  

(no rma l l y  equal t o  C11), 

( 3 )  

Although t h e  two s e t s  o f  d u p l i c a t e  t e s t s  were performed under c o n d i t i o n s  
as n e a r l y  t h e  same as poss ib le ,  t h e  second experiment g e n e r a l l y  gave 
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h ighe r  PFs than  d i d  t h e  f i r s t  experiments; r e s u l t s  a re  g iven i n  Table 2.  
The most s i g n i f i c a n t  f i n d i n g  o f  these t e s t s  i s  t h e  f a c t  t h a t  t h e  bes t  
f i l t r a t i o n  can be ob ta ined by  us ing  a sweeper bag t h a t  has a normal 
c o l l e c t i o n  o f  household d i r t  i n  it. 

Table 2. P r o t e c t i o n  f a c t o r  l i m i t s  ( b y  e r r o r  a n a l y s i s )  

F i l t e r i n g  method 

P r o t e c t i o n  Fac tor  

F i r s t  Second 
ex p e r  i men t exper iment 

1. One c lean  bag 40- 100 78-176 
2. Double c lean  bag 65-146 333-750 
3. F l o u r  i n  one c lean  bag 187-420 427-600 
4. Clean bag i n  sweeper & c lean  bag 67-150 190-421 
5. Dir ty  bag i n  sweeper 933-2100 1133-2550 

3.2 P r e l i m i n a r y  F i e l d  Test 

As a check on exper imenta l  techniques and t o  compare ac tua l  r e s u l t s  
w i t h  expected values, a p r e l i m i n a r y  f i e l d  t e s t  was run.  
was s e t  up and operated f o r  10 min d i scha rg ing  i n t o  a l - m 3 ,  c losed 
p l a s t i c  box. 
t h e  aerosol .  
i n t o  t h e  a i r  a t  a h e i g h t  o f  1 m above ground. Open p e t r i  d ishes were 
p laced downwind o f  t h e  generator  a t  i n t e r v a l s  o f  3 m. 
p laced as c l o s e  t o  t h e  d i r e c t i o n  t h e  wind was b lowing  as p o s s i b l e  and 
one d i s h  was p laced on e i t h e r  s i d e  a t  a d i s tance  o f  1 m. An impinger 
sample was taken con t inuous ly  a t  a p o i n t  15 m downwind and a t  a h e i g h t  
of  1 m above ground. 
Hast ings a i r  meter. 

t h e r e  was some g u s t i n g  o f  up t o  5 m/s (11 mph). 
was es t imated t o  be 2.0 m/s (4.4 mph). 

The generator  

Samples were taken t o  determine t h e  r a t e  o f  genera t ion  o f  
The generator  was then operated f o r  30 min d i scha rg ing  

One d i s h  was 

Wind v e l o c i t y  was measured every  5 min w i t h  a 
V e l o c i t y  v a r i e d  f rom 1 t o  2.5 m/s (2 .2  t o  5.6 mph); 

Average wind v e l o c i t y  
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Expected f a l l o u t  and expected concen t ra t i on  ( 1 5  m downwind o f  a 

p o i n t  source) were c a l c u l a t e d  b y  us ing  pub l i shed   correlation^.^ 
Comparisons between c a l c u l a t e d  and observed va lues  are  g i ven  i n  

Tab le  3. The observed and c a l c u l a t e d  concen t ra t i ons  i n  t h e  a i r  were 
reasonably c lose, b u t  t h e  observed f a l l o u t  (on  t h e  p l a t e s )  was a t  l e a s t  
a f a c t o r  o f  10 lower than t h a t  ca l cu la ted .  

Table 3. Comparison o f  c a l c u l a t e d  and exper imenta l  
values o f  f a l l o u t  and downwind concen t ra t i on  

D i  s tance f rom Fa1 l o u t  Average concen t ra t i on  
genera tor  (spores/cm2) ( s pore s /l ) 

(m) Ca lcu la ted  Observed Cal cu 1 a ted  Observed 

3 83.7 6.9 
6 58.2 3.6 
9 36.8 2.9 

1 2  24.8 3.2 
15  172 123 

F a l l o u t  was based on a d e p o s i t i o n  v e l o c i t y  o f  3 x m/s. The 
f a c t  t h a t  t h e  observed va lues  were so low suggests t h a t  e i t h e r  t h e  
d e p o s i t i o n  v e l o c i t y  may be about 3 x 
does n o t  work w e l l  near t h e  ground over such s h o r t  d is tances .  The l a t t e r  
i s  t h e  more l i k e l y  exp lanat ion .  

m/s o r  t h a t  t h e  c o r r e l a t i o n  

3.3 F i e l d  Tes ts  on Closed Houses 

Two s e r i e s  o f  experiments were performed. Each s e r i e s  had somewhat 
d i f f e r e n t  o b j e c t i v e s .  The m o d i f i e d  Lauterbach genera tor  was used i n  t h e  
f i r s t  s e r i e s  o f  t e s t s ,  and t h e  h i g h  pressure  nozz le  was used f o r  t h e  
o t h e r  s e r i e s .  An a t tempt  was made t o  determine whether a c losed  house 
would serve  as a f i l t e r  f o r  t h e  aerosol  p a r t i c l e s .  See Appendix B f o r  
mathematical c a l c u l a t i o n s  i n  support  o f  t h i s  e f f o r t .  
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3.3.1 F i r s t  s e r i e s  o f  t e s t s  

F i v e  separate experiments were conducted on t h r e e  houses. One 
house was t e s t e d  f o r  leakage r a t e  on l y .  I n  each of t h e  o the r  cases, t h e  
aeroso l  generator was s e t  up and operated f o r  severa l  hours on t h e  wind- 
ward s i d e  o f  t h e  house be ing  tes ted .  A t  t h e  beg inn ing  o f  t h e  t e s t ,  CO2 
f rom a f i r e  e x t i n g u i s h e r  was re leased  i n t o  t h e  c losed house. 
Miran-101 p o r t a b l e  s p e c i f i c  vapor ana lyzer  was used t o  reco rd  t h e  
concen t ra t i on  of CO2 d u r i n g  t h e  experiment. 
used t o  c o l l e c t  a cont inuous sample o f  a i r  j u s t  o u t s i d e  t h e  house. 
Var ious methods o f  a n a l y s i s  were used t o  measure t h e  b u i l d u p  o f  spore 
concen t ra t i ons  i n s i d e  t h e  house. 
w i n d - d i r e c t i o n  ins t rument  were e rec ted  on a 2-m p o l e  ou ts ide  t h e  
b u i l d i n g .  

A W i l ks  

A s e t  o f  impingers was 

A s e n s i t i v e  anemometer and a r e c o r d i n g  

The d a t a  f rom t h e  f i v e  t e s t s  a re  summarized i n  Table 4. 

Table 4. Tests on c losed houses ( f i r s t  s e r i e s )  

Tool shed P r i v a t e  home T r a i l e r  home 
Tes t  1 Test 2 Tes t  3 Test 4 Tes t  5 

Leakage r a t e  ( R ) ,  
changes/h 

Aver age wind 
v e l o c i t y ,  m/s 

Average concentra- 
t i o n  o u t s i d e  
b u i l d i n g  ( f r o m  
impinger sample), 
s pores/R 

Ca lcu la ted  concen- 
t r a t i o n  o u t s i d e  
b u i l d i n g ,  s p o r e d l  

Dura t i on  o f  
experiment , m i  n 

Concent ra t ion  i n -  
s i d e  house a t  end 
o f  experiment, 
spore s lR  

PF ( c a l c )  

0.20 0.25 0.130 0.163 0.44 

2.1 1.3 1.3 0.7 1.5 

150 165 5 14 540 

376 560 

150 120 

105 

250 180 180 

111 470 

0.56 1.8 1.84 
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I I I I I I I I 

O CALCULATED VALUES 
- c0,4 - X MEASURED VALUES 

- 
LEAKAGE RATE = 0.163 OR 2- 

0 

Dur ing  tes t  4, samples taken inside the b u i l d i n g  t o  determine the  
r a t e  o f  b u i l d u p  of BG were 30-min samples. 
measured r a t e  of buildup compared rather  well w i t h  the b u i l d u p  calcu- 
lated on the basis o f  the measured diffusion ra te .  

Figure 6 shows tha t  the 

F i g .  6 .  B u i l d u p  of BG concentration ( t e s t  4 )  

Figure 7 shows the resu l t s  of similar samples taken d u r i n g  t e s t  5. 

W i t h  the  exception of three samples, measured 
Samples were taken a t  5-min intervals  d u r i n g  the f i r s t  half hour and 
each 10 min thereaf ter .  
and calculated r a t e s  were essent ia l ly  the same. 

0 CALCULATED VALUES, 
X MEASURED VALUES 
LEAKAGE RATE - 0.44 OR 
APPROX. 2.3 h/AIR CHANGE 

0 
0 20 40 60 Bo 100 120 140 160 480 200 

ELAPSED TIME Imml 

Fig. 7. B u i l d u p  of BG concentration ( t e s t  5) 
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Results of these tests suggest that there is no effective filtration 
of the aerosol during passage of the air through the walls of a building. 

If there is no improvement in filtration PF, a building will provide 
significant protection from inhaled dose only during the time required 
for one air change. For example, from Table 8.1 (Appendix B), it can be 
seen that the PF is reduced to less than 3 when T = 1/R. 
tested are believed to be at least as tight as most residences. 
Therefore, with only the closed building as defense against intrusion of 
contamination, people in such houses will have protection for only 
3 to 5 h. 

The buildings 

3.3.2 Second series of tests 

The second series of tests was designed primarily to eva uate the 
use of a vacuum cleaner to supply filtered air to an occupied space to 
maintain a slight positive pressure, thus improving the PF of the space. 
The tests were performed on an old house in a semiremote area. 
second floor of the house was sealed off by a trap door and polyethylene 
plastic to reduce the volume being tested. 
house is shown in Fig. 8. In preparation for the tests, rooms 1 and 2 
were sealed with plastic, and room 2 was fitted with a home vacuum 
cleaner for filtered makeup air as shown in Fig. 9. The intake to the 
cleaner pulled outside air in through a hole in a board installed in a 
window. The other holes were fitted with tubes so that samples o f  the 
air in the room could be taken from outside the house. Infiltration 
rate tests were run on rooms 1 and 2 using the CO2 diffusion technique. 
The remainder of the house was closed up and tested for tightness by 
blowing air into the closed house until equilibrium was reached. 
flow rate into the house was measured by a Pitot tube in a 3.66-m-long 
(12-ft-long), 0.3-m-diam (lZ-in.-diam) tube installed on the intake side 
of the blower (Fig. 10). 
inclined tube manometer. 
infiltration rate during a 1.4-m/s (3-mph) wind was calculated in order 
to simulate the meteorological conditions existing during subsequent 
tests. Infiltration rates of the three spaces are tabulated in Table 5. 

The 

The first-floor plan of the 

The 

Equilibrium pressure was measured by an 
Using data obtained from this test, the 
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ORNL-DWG. 78-18087 

FIRST FLOOR OF THE GREEN HOUSE 

~~ ~ 

Fig. 8. First-floor p l a n  
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F ig .  9. Vacuum c leaner  i n s t a l l a t i o n  (room 2) 
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Table 5. In f i l t r a t ion  r a t e s  (second se r i e s )  

Room Vo 1 ume In f i l t r a t ion  r a t e  Turnover time 
(m3) ( m j / h )  (changes/h) ( h )  

2 36 78a 2.2 0.26 

1 37 4.6 0.12 8.1 

3 -9 186 477 2.6 0.39 

aThis r a t e  was calculated from the i n f i l t r a t i o n  (CO2) t e s t ,  
i t  c mpares qui te  favorably w i t h  the cleaner-rated capacity of 
70 m 3 / h .  

Two separate 4-h t e s t s  were performed. The house was subjected t o  
an aerosol cloud generated by the high-pressure nozzle ( F i g .  11). 
Samples of a i r  outside the house were taken t o  es tabl ish the concentra- 
t ion of the cloud as i t  passed the house. 
in the three enclosed spaces f o r  the  duration of the  t e s t .  
the  two t e s t s  are  shown i n  Table 6. 
r a t e s  tha t  a person would receive e i the r  inside or  outside the house and 
the  PF provided by the closed house. 
higher PFs could be obtained i f  a reasonably accurate prediction of the 
time a t  which the cloud passed could be made. 
opened t o  c lear  out the contamination a t  an appropriate time. 
example, i f  the house were opened 20 min  a f t e r  cloud passage, the PFs 
would be higher by fac tors  r a n g i n g  from 13 t o  7000. 

Samples were taken o f  the air 
Results of 

Table 7 gives the calculated dose 

Data given i n  Table 7 show that  

The house could then be 
For 
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Table 6. Spore concen t ra t i ons  (second s e r i e s )  

4 Test  l a  Test Zb 

Dura t ion  
o f  t e s t s  Rooms Rooms 

(mi n) 

1 3-9 1 3c 4-9 

0-10 

10- 20 

20-30 

30-60 

60-90 

90- 120 

120-150 

150-180 

180-210 

210-240 

0 

4 

17 

0 

6 

0 

6 

8 

1 

66 

87 

43 

48 

41 

23 

19 

22 

23 

10 

100 

140 

790 

860 

980 

880 

540 

2 70 

240 

700 2.1 105 

400 4.2 x lo5 

460 2.4 x lo5  

210 0.9 105 

410 3.3 105 

430 18 103 

440 11 103 

410 7 103 

760 3 103 

420 

a5.1 x 1013 spores were re leased  over  a 2-min per iod ;  c l o u d  
concen t ra t i on  was 1.9 x 104 s p o r e s l l .  

b2.7 x lOI4 spores were re leased  over  a 4-min per iod;  c loud  
concen t ra t i on  was 2 x 106 spores/L. 

‘An exper imental  e r r o r  r e s u l t e d  i n  contaminat ion  o f  room 2 b e f o r e  
t h e  f i r s t  t e s t ,  so t h e  da ta  ob ta ined are meaningless. To avo id  r e c u r -  
rence o f  t h e  e r r o r  and t o  avo id  an ex tens i ve  decontaminat ion operat ion,  
room 3 was equipped w i t h  a sweeper makeup and sealed o f f  f rom t h e  r e s t  
o f  t h e  house f o r  t e s t  2. Although t h e  r a t e  of r e l e a s e  o f  spores was 
about t h e  same i n  t h e  two cases, v a r i a t i o n s  i n  t h e  wind and d i s tance  
from t h e  house caused a f a c t o r  o f  100 d i f f e rence  i n  t h e  measured c l o u d  
concent ra t ion .  



Table 7. C a l c u l a t i o n  of dose r a t e s  and p r o t e c t i o n  f a c t o r s a  
( A I  I doses a re  i n  thousands of  spores) 

Tes t  l b  Test  2‘ 
Dura t  i on 
of t e s t s  

(min) Sealed room Closed house Sealed room Room w i t h  sweeper Closed house 
Increment Sum Increment Sum Increment Sum I ncrement Sum Increment Sum 

0-10 

10-20 

20-30 

30-60 

60-90 

90- 120 

120-150 

i5o-iao 

180-210 

2 10-240 

P r o t e c t i o n  
f a c t o r s  (PFs)  

PFs i f  house has 
been opened 
a f t e r  20 min 

0 

0.4 

1.7 

0 

1.8 

0 

1.8 

2.4 

0 -3 

45 

950 

0 

0.4 

2.1 

2.1 

3.9 

3.9 

5.7 

8.1 

a .4 

6 *6 

8.7 

4.3 

14.4 

123 

6.9 

5 *7 

6.6 

6.9 

5.2 

25 

6.6 

15.3 

19.6 

34 .O 

46.3 

53.2 

58.9 

65.5 

72.4 

1 1 

10 1 1  

14 25 

23 7 262 

258 520 

294 814 

264 i 078 

162 1240 

ai 1321 

72 1393 

57 

7000 

70 70 

40 110 

46 156 

63 21 9 

123 342 

126 468 

129 597 

132 72 9 

123 8 52 

228 1080 

74 

700 

2100 2100 

4200 6300 

2400 a700 

2700 11400 

9900 21300 

540 21840 

540 22380 

330 22710 

210 22920 

90 23010 

3.5 

13 
~~~~~~ ~~ ~ ~ 

aDoses were ca l cu la ted  on t h e  bas is  of an average of i n h a l a t i o n  r a t e  o f  10 l i t e r s  of  a i r h i n .  

bou ts ide  dose i s  380. 

Outs ide  dose i s  80,000. C 

w 
0 

” c 
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4 D I S C U S S I O N  AND CONCLUSIONS 

4.1 D i f f u s i o n  P r o t e c t i o n  Fac tor  vs 
F i l t r a t i o n  P r o t e c t i o n  Fac tor  . 

It has been p o s t u l a t e d  t h a t  c l o s i n g  a house b e f o r e  passage o f  a 
c l o u d  o f  aerosol  p a r t i c l e s  p rov ides  p r o t e c t i o n  t o  persons i n s i d e  t h e  
house i n  two ways. One, e n t r y  o f  t h e  t o x i c  p a r t i c l e s  can be delayed i n  
t h e  same way t h a t  a c losed house delays t h e  e n t r y  o f  uncontaminated a i r  
( r e s t r i c t i n g  i t s  movement t o  smal l  openings i n t o  and o u t  o f  t h e  b u i l d i n g  
and s lowing  t h e  process b y  which t h e  e n t e r i n g  a i r  i s  d i f f u s e d  i n t o  t h e  
conta ined a i r ) .  Second, aerosol  p a r t i c l e s  c l i n g  t o  t h e  s ides  o f  t h e  
v e r y  smal l  openings (c racks)  through which a i r  e n t e r s  t h e  house; t h e  
c racks  can be s a i d  t o  " f i l t e r "  t h e  a i r .  The mathematical  development o f  
a method f o r  c a l c u l a t i n g  t h e  two PFs i s  conta ined i n  Appendix B.  
Unfor tunate ly ,  t h e r e  seems t o  be no evidence o f  t h e  second method 
work ing on t h e  2-11 BG p a r t i c l e s .  

F igures  6 and 7 compare t h e  measured b u i l d u p  r a t e  w i t h  a b u i l d u p  
any f i l t r a t i o n  PF had been 
ldup r a t e  below t h e  d i f f u -  o b t a  

s i o n  

r a t e  c a l c u l a t e d  on t h e  d i f f u s i o n  PF o n l y .  I f  
ned, i t  would have reduced t h e  ac tua l  bu 
b u i l d u p  r a t e .  
The f a c t  t h a t  no f i l t r a t i o n  was de tec ted  may be a t t r i b u t a b l e  t o  t h e  

p h y s i c a l  n a t u r e  o f  t h e  p a r t i c l e s .  Rad ioac t ive  aerosols  i n  t h e  fo rm o f  
m e t a l l i c  ox ides have a tendency t o  p l a t e  o u t  on t h e  sur faces t h e y  contac t .  
The t e s t s  should be repeated u s i n g  some t y p e  o f  f i n e l y  d i v i d e d  meta l  
ox ide.  

4.2 S i g n i f i c a n c e  o f  Resu l ts  

4.2.1 Types o f  t h r e a t s  

Two d i s t i n c t l y  d i f f e r e n t  types o f  p o t e n t i a l  t h r e a t s  may be con- 
s idered:  (1) t h e  cont inuous r e l e a s e  o f  t o x i c  aerosols  o r  ( 2 )  t h e  sudden 

r e l e a s e  of  t o x i c  aerosols .  [ A  sudden r e l e a s e  forms a c l o u d  t h a t  becomes 
i n c r e a s i n g l y  l a r g e r  as i t  moves downwind; such a c loud passes a s p e c i f i c  

s t r u c t u r e  w i t h i n  a f i n i t e  p e r i o d  (up t o  1 h). ]  
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4.2.2 Closed b u i l d i n g s  

The degree o f  a i r - t i g h t n e s s  ob ta ined by s imp ly  c l o s i n g  t h e  b u i l d i n g s  
v a r i e d  considerably :  
f o r  t h e  t i g h t l y  sealed room (equ iva len t  t o  t h e  ve ry  t i g h t e s t  o f  new 
cons t ruc t i ons )  t o  2.6 changes/h f o r  a ve ry  o ld ,  d r a f t y  house. 
c l o s i n g  a b u i l d i n g  as t i g h t l y  as p o s s i b l e  be fo re  t h e  a r r i v a l  o f  a 
cont inuous r a d i o a c t i v e  aerosol ,  occupants cou ld  reduce t h e i r  expected 
dose by a f a c t o r  of 3 - - i f  t h e  d u r a t i o n  o f  t h e  exposure were more than 
t h e  t i m e  r e q u i r e d  f o r  1 a i r  change (20 min t o  8 h, depending on t h e  a i r -  
t i g h t n e s s  of t h e  house). 

a c t i v i t y  t h a t  i s  be ing  moni tored by  an emergency team such as t h a t  o f  
t h e  a i rbo rne  mon i to r i ng  system operated by  EG&G f o r  t h e  U.S. Department 
o f  Energy, t h e  house cou ld  be c losed be fo re  t h e  c loud  a r r i ved ,  then 

t h e  a i r  change r a t e  v a r i e d  f rom 0.12 a i r  change/h 

By s imp ly  

On t h e  o t h e r  hand, i f  t h e  t h r e a t  i s  a s h o r t - d u r a t i o n  c loud  o f  r a d i o -  

opened 
t ions, 
s e r i e s  

4.2.3 

and a i r e d  o u t  as soon as t h e  c loud  had passed. 
PFs o f  10 t o  200 might  be obta ined.  
t e s t s  on t h e  c losed house and t h e  sealed room.) 

Under such condi -  
(See r e s u l t s  f rom t h e  second 

Closed b u i l d i n g  w i t h  f i l t e r e d  a i r  

The PF ob ta ined f rom c l o s i n g  a house d u r i n g  exposure t o  a t o x i c  
aerosol  can be improved by us ing  a household vacuum c leaner  t o  p rov ide  
an emergency f i l t e r e d - a i r  supply  (F ig .  9) .  
p o s i t i v e  a i r  pressure i n  t h e  house d u r i n g  t h e  c l o u d ' s  passage and open- 
i n g  up as soon as t h e  c loud  had passed, a PF o f  about 800 cou ld  be 
obtained. 

By ma in ta in ing  a s l i g h t  

There a re  many high-performance f i l t e r s  (known i n  t h e  nuc lear  
i n d u s t r y  as HEPA o r  abso lu te  f i l t e r s )  t h a t  migh t  be used t o  improve t h e  
PF p rov ided by t h e  vacuum c leaner  used i n  these t e s t s .  
should be i n v e s t i g a t e d  i n  f u t u r e  work. 

v e r i f i e d  by  more ex tens i ve  t e s t s  on o the r  b u i l d i n g s .  

Th is  approach 

These conc lus ions  are  based on o n l y  a few t e s t s  and should be 
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APPENDIX A 
CALCULATION OF AVERAGE PARTICLE SIZE* 

Let 
fv = force applied to cause a particle of radius r to move 

with a constant velocity u through a medium with 
viscosity n (viscous flow), 

fg = force caused by gravity on a particle of radius r and 
a density p falling through a medium of density p'. 

Then, from Stokes law, 

From gravitational considerations, 

Combine Eqs. (A.l) and (A.2) by assuming fv = fg: 
CI n 

On the assumption that convection currents preclude tranquil 
settling, the decrease in concentration c can be expressed by 

where 
u' = deposition velocity, 

t = variable time, 

T = total time, 

A = horizontal area on which spores are being deposited, 

H = height spores have to fall to be removed. 

* Adapted from Special Report No. 36, Camp Detrick, Maryland, November 
15, 1945. 
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Rearrange Eq.  ( A . 4 )  integrate ,  and solve fo r  u'--: 

( A . 5 )  

I f  we assume tha t  in the v ic in i ty  of surface A, turbulence i s  
suf f ic ien t ly  mild tha t  u' = u ,  we can combine Eqs. ( A . 3 )  and ( A . 5 )  and 
solve for  an e f fec t ive  diameter D: 

1 / 2  
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APPENDIX B 
METHOD OF CALCULATING PROTECTION FACTORS 

OF CLOSED HOUSES 

B . l  D e f i n i t i o n s  

The p r o t e c t i o n  a f fo rded  by  a b u i l d i n g  c o n s i s t s  o f  two p a r t s .  
f i r s t  i s  t ime  dependent and occurs because a c losed b u i l d i n g  de lays  t h e  
e n t r y  o f  ou ts ide  a i r .  The second i s  n o t  t i m e  dependent and w i l l  occur 
o n l y  i f  t h e  passage through t h e  w a l l s  removes some o f  t h e  contaminant.  
I f  t h e  r a d i o a c t i v e  c loud passes r a t h e r  q u i c k l y  compared w i t h  t h e  t i m e  i t  
takes f o r  e q u i l i b r i u m  t o  be es tab l i shed  between ou ts ide  and i n s i d e  a i r ,  
t h e  t o t a l  i nha led  dose rece ived  by persons i n  t h e  house w i l l  be reduced. 
The amount o f  r e d u c t i o n  i s  s t r o n g l y  dependent on t h e  r a t e  o f  in- leakage 
and t h e  l eng th  o f  t i m e  i t  takes  f o r  t h e  c loud  o f  r a d i o a c t i v e  p a r t i c l e s  
t o  pass. 

P r o t e c t i o n  f a c t o r s  a re  de f i ned  as t h e  r a t i o  o f  t h e  dose one would 
r e c e i v e  i f  he were o u t s i d e  t o  t h e  dose one would r e c e i v e  i f  he were 
i ns ide .  I n  our  case, we w i l l  cons ider  PF as t h e  product  o f  two pro tec-  
t i o n  fac to rs - -one PF a t t r i b u t a b l e  t o  d i f f us ion ,  which we know e x i s t s ,  
and one PF a t t r i b u t a b l e  t o  pos tu la ted  removal o f  t h e  contaminant as t h e  
a i r  passes through t h e  w a l l ,  which we w i l l  t r y  t o  d iscover  w i t h  our 
experiments. L e t  

The 

where 
PF = t o t a l  p r o t e c t i o n  f a c t o r ,  
PD = p r o t e c t i o n  f a c t o r  p rov ided by  d i f f u s i o n ,  
PF = p r o t e c t i o n  f a c t o r  p rov ided by f i l t r a t i o n .  

I n  t h e  case o f  t o x i c  aerosols,  t h e  r a t e  o f  accumulat ion o f  i nha led  
dose commitment w i l l  be p r o p o r t i o n a l  t o  t h e  concen t ra t i on  o f  t o x i c  par-  
t i c l e s  i n  t h e  a i r .  It i,s assumed t h a t  t h e  decay o f  t h e  t o x i c  p a r t i c l e s  
i s  smal l  enough t o  be neg lec ted  d u r i n g  t h e  p e r i o d  o f  exposure. That i s ,  
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we assume t h a t  t h e  r a t e  o f  accumulation o f  i n h a l e d  dose commitment i s  

p r o p o r t i o n a l  t o  t h e  concen t ra t i on  o f  t h e  s imu lan t .  

8.2 C a l c u l a t i o n  o f  t h e  D i f f u s i o n  P r o t e c t i o n  Fac to r  (PD) 

Carbon d i o x i d e  was used t o  measure t h e  i n f i l t r a t i o n  r a t e  o f  a i r  
i n t o  t h e  house. 
house, and t h e  a i r  i n s i d e  was analyzed f o r  C02 a t  p e r i o d i c  i n t e r v a l s  
(e.g., eve ry  h a l f  hour f o r  4 h ) .  

f u s i o n  o f  a i r  i n t o  t h e  house, which should be e s s e n t i a l l y  t h e  same as 
t h e  r a t e  o f  d i f f u s i o n  o f  CO2 ou t .  

A measured amount o f  CO2 was re leased  i n t o  t h e  c losed 

The f i r s t  s tep  i n  c a l c u l a t i n g  PD i s  t o  c a l c u l a t e  t h e  r a t e  o f  d i f -  

L e t  
C 
Ci = C a t  t i m e  zero, 
CT = C a t  t i m e  T ( h ) ,  
v 
V 
R 

= concen t ra t i on  o f  CO2 i n s i d e  house (m3 C02/m3 a i r ) ,  

= r a t e  o f  i n f l u x  o f  a i r  i n t o  t h e  house (m3 a i r / h ) ,  
= volume o f  t h e  house (m3 a i r ) ,  and 
= v/V = r a t e  o f  change o f  a i r  i n  t h e  house (change/h). 

The m a t e r i a l  balance equat ion  i s  r a t e  o f  inc rease = r a t e  o f  i n f l u x  - 
r a t e  o f  o u t f l o w :  

v g = o - c v  

T h i s  equat ion  can be so lved f o r  t h e  i n f i l t r a t i o n  r a t e  R:  

The va lue  o f  R depends on t h e  wind v e l o c i t y  around t h e  house, t h e  

With steady wind v e l o c i t y  and cons tan t  temperature d i f f e r e n c e ,  
temperature d i f f e r e n c e  between i n s i d e  and ou ts ide ,  and t h e  design of t h e  
house. 
t h e  va lue  o f  R f o r  any one house should be a cons tan t .  

L e t  
The PD i s  then c a l c u l a t e d  as f o l l o w s .  

Do = i n h a l e d  dose commitment ( e i t h e r  t h y r o i d  o r  whole body) a 
person would r e c e i v e  o u t s i d e  ( R ) ,  
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D = inhaled dose commitment a person would receive inside (if 
there were no loss of particles because of walls), 

k = proportionality factor between particle concentration 
and inhaled dose commitment accumulation rate (R/min 
particles/L), 

T = time the cloud takes to pass (h), 

E = concentration o f  the toxic particles inside the house 
at time t (particles/l), 

Eo = concentration of the toxic particles outside the house, 
assumed constant from t = 0 to t = T (particleslL). 

Then 

Do = k jo Eo dt = kEoT 

and 

Let 

A = i T E t  dt 

(8.3) 

(B .5a) 

and 

B = iit dt 9 (B.5b) 

where A is proportional to the dose commitment accumulated during cloud 
passage and B is proportional to the dose commitment accumulated after 
cloud passage. The material balance during cloud passage is 

dE 
dt V - =  (Eo V) - (E V) 9 
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f rom which 

Therefore, a t  any t i m e  t ( l e s s  than T )  

where EL i s  t h e  i n i t i a l  concent ra t  
house. Since E L  = 0, we can w r i t e  

E t  = E o ( l  

on o f  t h e  contaminant ns ide  t h e  

(B.9) 

S u b s t i t u t i n g  i n t o  Eq. (B.5a) and i n t e g r a t i n g  over t h e  range 0 - -  < t < T 
g i ves  

(B.lO) 

Examples o f  accumulated dose commitments f o r  va r ious  c l o u d  passage t imes 
are shown i n  Table B.1; R = 1 ( i .e. ,  1 a i r  change/h) i s  assumed. 
Comparison o f  t h e  l a s t  two columns i n d i c a t e s  how t h e  i n s i d e  i n h a l e d  dose 
commitment A approaches t h e  o u t s i d e  i n h a l e d  dose commitment Do/k as T 
increases. 

I f  t h e  l e n g t h  o f  t ime  o f  c loud  passage i s  s h o r t  compared w i t h  t h e  
t i m e  f o r  one a i r  change and i f  t h e  occupants o f  a house cou ld  open up 
t h e  house immediately a f t e r  c loud  passage, t h e  accumulated dose i n s i d e  
would be l e s s  than what would have been rece ived  ou ts ide ;  but ,  when t h e  
l e n g t h  o f  t i m e  t h a t  i t  takes f o r  t h e  c l o u d  t o  pass i s  l ong  compared w i t h  
t h e  t i m e  f o r  one a i r  change, t h e  dose i n s i d e  would be v e r y  n e a r l y  t h e  
same as t h e  dose ou ts ide .  
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Table B . l .  Ca lcu la ted  accumulated dose commitment i n s i d e  
house f o r  v a r i o u s  c l o u d  passage t imesa 

( R  = 1 assumed) 

T - 1 / R  e-R T/R A D,/k = EoT 

0.5 -0.5 

1 .o 0 

2.0 1 

4.0 3 

10.0 9 

0.61 0.11 Eo 0.5 E, 

0.37 0.37 Eo 1.0 Eo 

0.14 1.14 Eo 2.0 E, 

0.02 3.02 Eo 4.0 Eo 

0.00 9.00 Eo 10.0 Eo 

aPF = Eo/A. 

B.3. C a l c u l a t i o n  o f  t h e  Contamination P r o t e c t i o n  Fac to r  
Due t o  F i l t r a t i o n  

An at tempt was made t o  es t ima te  t h i s  p r o t e c t i o n  b y  s u b j e c t i n g  t h e  
house t o  a c loud  o f  BG aeroso l  o f  known concen t ra t i on  Fo f o r  a 
s p e c i f i c  t i m e  T. 
t i m e  t o  ensure t h a t  wind c o n d i t i o n s  were i d e n t i c a l  f o r  bo th  
c a l c u l a t i o n s .  

The i n f i l t r a t i o n  r a t e  R was determined a t  t h e  same 

L e t  

G 

GO 

PF 
R 

GO/PF = concen t ra t i on  o f  BG spores a c t u a l l y  e n t e r i n g  

= c o n c e n t r a t i o n  o f  BG spores i n  t h e  house (spores/m3), 
= concen t ra t i on  o f  BG spores o u t s i d e  t h e  house 

= p r o t e c t i o n  f a c t o r  p rov ided  b y  t h e  house, 
= v/V = r a t e  o f  change o f  a i r  i n  t h e  house, 

(spores/m3), 

t h e  house. 
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The m a t e r i a l  ba lance i s  g iven  by  

v - GV v - = -  dG Go 
d t  PF 9 

But  G i  = 0, therefore,  

R = - p n -  ro - G : g  pF1 
Combining Eqs. (B.15) and Eq. (B.2) g i ves  

Solve f o r  PF: 

(B.11) 

(B.12) 

(B.13) 

(B .14) 

(B.15) 

(B.16) 

Th is  equat ion  can be used t o  c a l c u l a t e  t h e  contaminat ion  p r o t e c t i o n  
f a c t o r  a f fo rded  by  t h e  house because o f  f i l t r a t i o n  through t h e  w a l l s  
u s i n g  t h e  measurements o f  CO2 concen t ra t i ons  and BG concen t ra t i ons  a t  
each t i m e  T .  
concent ra t  ions,  b y  C. ) 

(Note: BG concen t ra t i ons  a re  i n d i c a t e d  by  G; CO2 

1 
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