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SUMMARY 



A study of a s e p t i c  maintenance by p r e s s u r i z a t i o n  has been conducted f o r  

t h e  Langley Research Center  of t h e  National  Aeronautics and Space Admini-stration 

under  c o n t r a c t  NAS 1-7166. I n  t h e  course of t h e  s tudy,  a  t h e o r e t i c a l  ana lys i s  of 

t h e  c h a r a c t e r i s t i c s  of gas flow through microscopic holes  i n  t h i n  membranes 

demonstrated t h a t  a  pressure  d i f f e r e n t i a l  ac ros s  a  membrane sepa ra t ing  two 

qu ie scen t  gas chambers should prevent migra t ion  of microorganisms through a  

s i n g l e  microscopic hole  aga ins t  t h a t  p ressure  g rad ien t .  Prel iminary experimental 

v e r i f i c a t i o n  of t he  t h e o r e t i c a l  a n a l y s i s  was obtained f o r  holes  ranging from 19 4 

t o  2 2 8 p  i n  diameter i n  .012 and .030 inch  th i ck  membranes of polypropylene and 

aluminum. Spores of Bac i l l u s  s u b t i l i s  var .  n ige r  were presented by g r a v i t y  t o  

t h e  ho le  from an  ae roso l  above the  membrane, and were captured i n  t h e  event of 

passage through t h e  ho le  on agar  medium i n  a  tube loca ted  d i r e c t l y  below. 

Forty-nine t e s t s  w i t h  pressure  d i f f e r e n t i a l s  ranging from 0.25 inches 

t o  5.0 inches of water r e s u l t e d  i n  t o t a l  exc lus ion  of microorganisms from t h e  

d e t e c t i o n  medium. However, experimental condi t ions  producing turbulence o r  high 

flow r a t e s  i n  e i t h e r  t he  ae roso l  o r  d e t e c t i o n  chambers r e su l t ed  i n  pene t r a t ion  

o f  spores  a g a i n s t  p re s su re  d i f f e r e n t i a l s  of 0.5 and 5.0 inches of water  by 

mechanisms not  y e t  explained.  No d i f f e rences  could be de tec ted  i n  the  

exc lus ion  o r - p e n e t r a t i o n  of microorganisms a s  a r e s u l t  of t h e  va r i ab l e s  involved, 

namely, 

a  - Hole s i z e  

b - Membrane th ickness  

c  - Membrane ma te r i a l .  

The s i m i l a r i t y  of behavior of the  polypropylene and the  aluminum membranes ind ica t e s  

t h a t  e l e c t r o s t a t i c  charge accumulation did not  s i g n i f i c a n t l y  a f f e c t  the  performance 

of t he  system. 



During the  s tudy,  some d i f f i c u l t y  was experienced wi th  extraneous contamina- 

t i o n  g iv ing  the  appearance of pene t r a t ion  of ho les  by microorganisms migrat ing aga ins t  

t h e  p re s su re  g rad ien t .  Diagnost ic  t e s t s  have proved t h a t  procedural  flaws ex i s t ed  

and r e q u i r e  t h a t  one discount  growth i n  t h e  d e t e c t i o n  chamber i n  t e s t s  run p r i o r  t o  

r e v i s i o n  of t h e  t e s t  procedures.  

The experimental da t a  s u b s t a n t i a t e  t he  theory t h a t  very low pressure  d i f f e r e n t i a l s  

e f f e c t i v e l y  exclude passage of microorganisms aga ins t  t he  p re s su re  gradien t  through 

microscopic ho le s  as  long a s  t h e  atmosphere on e i t h e r  s i d e  of t he  hole  i s  qu iescent .  

Flow dis turbances  on e i t h e r  s i d e  of t h e  membrane may inc rease  the  pressure  d i f f e r e n t i a l  

r equ i r ed  t o  prevent passage of t he  ae roso l  through the  hole .  

The l a r g e r  ho le s ,  ( l o o p  o r  g r e a t e r )  examined i n  t h e  course of t h i s  s tudy a r e  

r e a d i l y  d e t e c t a b l e  by s t a t e - o f - t h e - a r t  gas leak  d e t e c t o r s ,  even aga ins t  t h e  back- 

ground of d i f f u s i o n  through m a t e r i a l s  a n t i c i p a t e d  i n  the  b i o l o g i c a l  i s o l a t o r  s u i t  

sytem (BISS). It appears ,  t he re fo re ,  t h a t  p ro t ec t ion  aga ins t  passage of microprganisms 

t h r u  microscopic holes  by d i f f e r e n t i a l  p ressures  o f f e r s  a  p r a c t i c a l  s o l u t i o n  t o  

a s s u r i n g  the  i n t e g r i t y  of t he  BISS, a s sembly / s t e r i l i ze r ,  o r  s t e r i l i z a t i o n  c a n i s t e r  

i f  t he  inf luence  of the flow d is turbances  descr ibed above can be overcome. 



INTRODUCTION 



1. INTRODUCTION 

1.1 BACKGROUND 

The s c i e n t i f i c  requirement t o  main ta in  a  b i o l o g i c a l  quarant ine  of the p l ane t s  

u n t i l  t h e  ex i s t ence  and na ture  of l i v i n g  forms on these  e x t r a t e r r e s t i a l  bodies i s  

determined r e q u i r e s  t he  s t e r i l i z a t i o n ,  and maintaining t h e  s t e r i l i t y ,  of the  

p l ane t a ry  e n t r y  veh ic l e s  t o  be used i n  t h e  exp lo ra t ions .  Conventional methods of 

s t e r i l i z a t i o n  employed by commerce and the  pharmaceutical i ndus t ry  suggest t h a t  

t h e  e n t r y  v e h i c l e  be enclosed i n  a  c a n i s t e r  and the  combination be h e a t  s t e r i l i z e d .  

This  approach imposes two ob l iga t ions  on t h e  engineering community. 

F i r s t ,  t he  c a n i s t e r  used t o  maintain the  s t e r i l i t y  of the  p lane tary  e n t r y  

v e h i c l e  must provide a  p e r f e c t  b a r r i e r ,  a f t e r  s t e r i l i z a t i o n ,  aga ins t  contamination 

from d u s t ,  microorganisms and o ther  v i a b l e  contaminants. The c a n i s t e r ,  however, 

being subjec ted  t o  t he  r i g o r s  of manufacture, assembly and s t e r i l i z a t i o n  p lus  t he  

requirements of dep res su r i za t ion  and sepa ra t ion ,  may have microscopic holes  p re sen t .  

These ho le s  provide a  route  f o r  recontamination of t he  e n t r y  veh ic l e .  

Second, e i t h e r  t h e  adjustment,  r e p a i r  and checkout of the  en t ry  veh ic l e  be 

accomplished wi thout  v i o l a t i n g  lander  s t e r i l i t y ,  o r  the  hea t  s t e r i l i z a t i o n  cyc le  must 

be repeated.  The a s s e m b l y / s t e r i l i z e r  concept proposes a  f a c i l i t y  which would permit 

opening the  c a n i s t e r  and subsequent r e p a i r  and checkout of the  e n t r y  veh ic l e  i n  a  

s t e r i l e  environment. This f a c i l i t y ,  l i k e  t h e  c a n i s t e r  i t s e l f ,  i s  sub jec t  t o  t he  

p r o b a b i l i t y  of microscopic holes  pe rmi t t i ng  the  passage of v i a b l e  contaminants 

t h r u  w a l l ,  j o i n t s  and door s e a l s  and t h e  recontamination of t he  e n t r y  vehic le .  

Supplemental means the re fo re  a r e  requi red  t o  p r o t e c t  aga ins t  t h e  passage of 

microorganism th ru  small  ho les  t o  a s s u r e  t he  s t e r i l i t y  maintenance of a  p l ane t a ry  

e n t r y  veh ic l e .  Accordingly, NASA programs f o r  p l ane t a ry  exp lo ra t ion  contemplate 

t h e  use  of p r e s s u r i z a t i o n  t o  t o t a l l y  exclude microorganisms from the  c a n i s t e r  and 

t h e  a s s e m b l y / s t e r i l i z e r ,  Ln each app l i ca t ion ,  i n t e r n a l  p r e s s u r i z a t i o n  t o  a  few 



inches  of water  above the  ambient atmospheric pressure  has been pro jec ted  t o  pro- 

t e c t  aga ins t  admission of microorganisms through acc iden ta l  o r  un in t en t iona l  

microscopic ho le s  i n  the  microbial  b a r r i e r .  

The c o n t r o l  of a i r  movement has  been employed f o r  many years  i n  i n d u s t r i a l  

and h o s p i t a l  p r a c t i c e s  t o  a s s i s t  i n  excluding microorganisms from closed o r  semi- 

c losed  systems. I n  most app l i ca t ions ,  i t  was des i red  t o  maintain a  low populat ion 

d e n s i t y  of microorganisms i n  a  room a rea ,  o r  prevent  t he  escape of p o t e n t i a l  

pathogens from a  room o r  enclosure.  By a d j u s t i n g  a i r  p re s su re  i n  i nd iv idua l  rooms 

o r  enc losures ,  con t ro l  of t he  microbia l  popula t ion  d e n s i t i e s  has been achieved (1, 2 ) .  

I n  developing techniques t o  maintain a s e p s i s  i n  closed systems, i n v e s t i g a t o r s  adopted 

t h e  use  of a  p o s i t i v e  pressure  d i f f e r e n t i a l  t o  achieve an outward gas flow through 

any leak  t o  i n s u r e  the  b i o l o g i c a l  i n t e g r i t y  of the  system. Thus gnotobio t ic  animal 

l a b o r a t o r i e s  and a s e p t i c  f i l l i n g  f a c i l i t i e s  i n  pharmaceutical houses use  d i f f e r e n t i a l  

p re s su re  t o  a s s i s t  i n  excluding microorganisms from s t e r i l e  systems. The success  of 

such f a c i l i t i e s  i n  maintaining s t e r i l i t y  of a  system has been reported.  However, 

t h e  a c t u a l  b e n e f i t  accrued from maintaining a  d i f f e r e n t i a l  p ressure  ( P) ac ros s  

a  b a r r i e r  had not  been e s t ab l i shed ,  nor  had t h e  magnitude of t he  A P requi red  

been determined ( 3 ) .  

The program described he re in  was d i r e c t e d  a t  t h i s  problem, the  P r equ i r ed  

f o r  t he  s t e r i l i t y  maintenance of a  p l ane t a ry  e n t r y  veh ic l e .  The da t a  evolved, how- 

eve r ,  w i l l  b e  a p p l i c a b l e  t o  many s i t u a t i o n s  where i t  i s  des i red  t o  exclude o r  

con ta in  microorganisms. 

An i n v e s t i g a t i o n  of f e a s i b i l i t y  of s t e r i l e  i n s e r t i o n  us ing  gnotobio t ic  

techniques w i t h  f l e x i b l e  f i l m  i s o l a t o r s  has been conducted ( 4 ) .  However, t h e  

s tudy  i n  r e f e rence  ( 4 )  was aimed a t  determining t h e  pene t r a t ion  of microorganisms 

a g a i n s t  a  p o s i t i v e  pressure  gradien t  wi th  ho le s  i n  v e r t i c a l l y  o r i en t ed  su r f aces .  



Since the holes investigated were not oriented to be susceptible to the effect of 

gravity deposition, it did not represent as stringent a challenge to the pressure 

gradient as the AMP Program. 

Preliminary theoretical calculations which were performed in preparation for 

this program indicated that pressurization will be an effective active means for 

preventing transmission of microorganisms through small holes through which gas 

flow is laminar. It was not known for large holes, whether the laminar flow 

would be established in short lengths due to pronounced entrance and exit effects 

which produce countercurrent molecular or particulate migration in the region of 

the boundary layer. In addition, the irregular shapes and dimensions of holes found 

in the practical situations make theoretical analysis very difficult. For this reason, 

analytical and experimental evaluation of simplified cases was required. 

The intent of the present program was to screen a matrix of pressure differentials 

and hole dimensions thereby establishing regimes for more extensive testing to gain 

a high degree of confidence in the pressurization technique for protecting sterile 

chambers. It also evaluated the simplified case of near-cylindrical holes experi- 

mentally and analytically. 



1 .2 PROGRAM FORMULATION 

The AMP Program was formulated t o  eva lua te  t he  inf luence  of s e v e r a l  para- 

meters on the  t ransmission of a i rborne  microorganisms through small ho le s .  The 

parameters of p a r t i c u l a r  i n t e r e s t  included: hole diameter,  th ickness  of membrane, 

p re s su re  d i f f e r e n t i a l ,  and e l e c t r o s t a t i c  charge. I n  a d d i t i o n  t o  providing da t a  

r e l a t i v e  t o  t h e  e f f e c t i v e n e s s  of pressure  d i f f e r e n t i a l s  i n  excluding micro- 

organisms, t he  study evaluated a  method f o r  d e t e c t i n g  the  passage of micro- 

organisms through such a  membrane. 

A v i a b l e  c u l t u r e  technique was used f o r  t h i s  de te rmina t ion .  Lyophilized spores  

were employed t o  obta in  maximal v i a b i l i t y  and minimal clumping of t h e  aerosol ,  

thereby achiev ing  p o t e n t i a l l y  u l t imate  s e n s i t i v i t y .  The ae roso l  was presented 

t o  t he  hole  by g rav i ty ,  t he  te rmina l  v e l o c i t y  of a  f a l l i n g  microbe exceeding 

o the r  v e l o c i t y  vec to r s  and thereby present ing  the  g r e a t e s t  chal lenge.  The 

membrane was interposed i n  a  ho r i zon ta l  plane between t h e  aerosol  and the  

d e t e c t i o n  chamber s o  t h a t  t he  hole  was c e n t r a l l y  loca ted  above the  d e t e c t i o n  

medium (Figure 5 ) .  As a  r e s u l t ,  microorganisms t r ansg res s ing  the  hole  were 

depos i ted  on the  c u l t u r e  medium by g r a v i t y .  The volume of t he  de t ec t ion  

chamber was l a rge  enough t o  f a c i l i t a t e  pressure  c o n t r o l  and minimize a i r  v e l o c i t y ,  

bu t  small  enough t o  permit r ap id  depos i t i on  of spores  on the agar  su r f ace  (See 

Table I) . This  experimental design a f  forded maximal s e n s i t i v i t y  a s  a  s i n g l e  

v i a b l e  spore e n t e r i n g  the  chamber could be de t ec t ed .  

The pressure  d i f f e r e n t i a l s  ac ros s  t he  membrane were maintained by supplying 

s t e r i l e  a i r  t o  t he  d e t e c t i o n  chamber. To t h i s  end, Mi l l i po re  f i l t e r s  were 

employed i n  the  supply and manometer l i n e s  t o  insure  a  s t e r i l e  gas supply. 



9 A high popula t ion  of ae roso l i zed  spores  (ca  8 x PO ) was employed t o  p re sen t  a 

severe  cha l lenge  t o  t he  system s o  t h a t  s h o r t  t e s t  per iods  could be used t o  o b t a i n  

meaningful r e s u l t s .  Af t e r  s e v e r a l  s t ages  of experiment development, a 72 hour 

exposure per iod  wi th  t h e  hole  open t o  the  a e r o s o l  was found s u i t a b l e  and pro- 

vided r e l i a b l e  d a t a .  



TABLE I SESTLING RATES OF AIP,RORNE PARTICLES - 

Diamete r  of  V e l o c i t y  of S e t t l i n g  
P a r t i c l e s  (Mic rons )  . F e e t  p e r  Minute  I n c h e s  per .  Hour 

NOTE: T h i s  t a b l e  h a s  been  compi l ed  f rom " S i z e  and C h a r a c t e r i s t i c s  of  
A i r -Borne  S o l i d s 1 ' ,  by W.G.  F r a n k ,  p u b l i s h e d  i n  t h e  S m i t h s o n i a n  
M e t e o r o l o g i c a l  T a b l e s .  R a t e s  a r e  f o r  p a r t i c l e s  i n  t h e  s h a p e  of 
s p h e r e s ,  h a v i n g  a s p e c i f i c  g r a v i t y  o f  1.0 and s e t t l i n g  i n  air a t  
a t e m p e r a t u r e  of 7 0 ' ~ .  A l though  t h e  s p o r e s  used  i n  t h i s  s t u d y  
were e l l i p s o i d a l ,  t h e  d a t a  above  a f f o r d  a  r e a s o n a b l e  a p p r o x i m a t i o n  
of  e x p e c t e d  s e t t l i n g  r a t e s  f o r  a d e q u a t e  e x p e r i m e n t  d e s i g n .  
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ANALYTICAL CONSIDERATION 



Introduction 

In the experimental investigation of bacterial contamination and, specifi- 

cally, bacterial penetration of small openings, it is of interest to dis- 

cover whether such penetration is possible on the theoretical grounds. 

For this reason an analytical study was performed of various postulated 

modes of motion of single bacterial spores and of the gas flow through 

small holes under the conditions of the experiments. Thus the transport 

and mot ion of spores due to concentration gradient (diffusion), due to 

gravity (settl ing), and due to thermal mot ion (~rownian mot ion) were 

investigated; the flow of gases through the membrane holes were calculated 

for each experimental membrane thickness, hole diameter, and pressure 

drop, and detailed calculations were made of velocity profiles for two 

types of jets issuing from the hole outlet, the laminar jet and the 

turbulent jet. 

2.1 Diffusion 

The laws of diffusion in gases are well known. If these laws are applied 

to the bacterial spores some insight should be gained as to the diffusion 

rates of such spores when dispersed in air. For the purpose of numerical 

demonstration of the phenomena in question, the following parameters are 

assumed: 

Circular opening - 10 microns diameter, 50 microns long, gas (air) 
at one atmosphere and room temperature, spores - 1.0 micron diameter 

9 spheres of 1.0 g/cc density, and spore concentration - 10 per g-mol of 

air. Using the above values, the mass of a single bacterium is 



and the  average mass o f  a i r  '"m01ecule"~ 

The d i f f u s i o n  c o e f f i c i e n t s  a re  i nve rse l y  p ropor t iona l  t o  t he  square roo t  

o f  mass. 

Thus, 

This  ind ica tes  t h a t  the d i f f u s i o n  r a t e  o f  a one micron b a c t e r i a l  spore i s  

on l y  1.0 x t h a t  o f  a i r .  For equimolar, steady s t a t e  coun te rd i f f us ion  

o f  a i r  t he  d i f f u s i o n  r a t e  i s  

where 

Na i s  the  d i f f u s i o n  r a t e  o f  a i r ,  g-mols/sec-cm 
2 

2 
Da i s  t h e  d i f f u s i o n  c o e f f i c i e n t  o f  a i r ,  0.2 cm /sec a t  25°C 

R i s  t h e  gas constant, 82 cc-atm/g-mol-OK 

T i s  the  absolute temperature, "K 

L i s  the  tube length, 50 microns 

p and p.  are p a r t i a l  pressures o f  the  d i f f u s i n g  species 
I 

(p = 1 atm, pi = 0).  

S u b s t i t u t i n g  t h e  proper values i n  the  above equation, 

2 
N = 1.64 x g-molslsec-cm . 
a 

Then f o r  10 micron diameter openings the d i f f u s i o n  r a t e  o f  a i r  i s  



The d i f f u s i o n  r a t e  o f  b a c t e r i a  w i l l  be smal ler  by the  f a c t o r  

r e f l e c t i n g  the  fac t  t h a t  the  d i f f u s i v i t y  of b a c t e r i a  i s  1.0 x l om5  smal ler 

9 than t h a t  o f  a i r  and t h a t  one gram-mol o f  a i r  conta ins 1.0 x 10 spores. 

The number o f  b a c t e r i a  expected t o  d i f f u s e  through the  opening i n  quest ion 

i s  then 

7.7 x  1014 x 1.7 x  = 1.3 x lom5 spores/sec, o r  

1.1 s  pores/24 hrs. 



2.2 

Settling due to the gravitational force is an another type of motion which 

may cause penetration of biological barriers through small holes under 

favorable geometry, i.e., the barrier in the horizontal plane with spore- 

laden gas column above it. Under these conditions it is of in'terest to 

calculate the settling velocity of the spore and the minimum pressure drop 

across the barrier to prevent its penetration by the spore. 

At 1 atmosphere and 2S0C, one may readily calculate the terminal velocity 

of a settling particle by applying Stoke's law: 

where, in c.g.s. units 

u is the terminal particle velocity, cm/sec 

g is the acceleration due to gravity, 980 cm/sec 
2 

-4 d is the bacterial diameter, 1 x 10 cm 

p is the bacterial density, 1.0 g/cm 3 

-4 
y is the viscosity of air, 1.8 x 10 poises. 

Employing the above values, the terminal velocity of a bacterium is 

Assuming bacter i a1 spore concentrat ion of lo9 spores/g-mol of ai r above a 

membrane with a 10 micron diameter hole, this terminal velocity would 

-4 
result in penetration of the membrane at a rate of 1.1 x 10 spores/sec 

or 10 spores/24-hr day. 



For a 10 micron diameter, 50 micron long hole, the gas flow at this 

velocity is governed by the Hagen-Poiseuille equation 

where 

Ap is the pressure drop 

p is the viscosity of air 

d is the hole diameter 

L is the hole length. 

- 3 Employing the value of spore terminal velocity, u = 3.0 x 10 cm/sec cal- 

culated above, and the given hole size 

- 5 = 3.5 x 10 inches H20. 

Thus negligible pressure drop should be required to prevent membrane 

penetration by bacterial spores. 

2.3 Brownian Motion 

In addition to settling due to gravity and diffusional flow microbial 

spores of about one micron size may undergo random thermal motion commonly 

known as Brownian motion. From the principle of equipartition of energy 

at equilibrium the spores will have the same average energy as the 

surrounding gas molecules. This energy equals 3/2 kT ergs/molecule or 

particle, From statistical mechanics consideration it may be demonstrated 

that the energy of molecules is normally distributed with the 



standard deviation equal to kT. If this energy is essentially the 

kinetic energy, then 

1 muZ= kT, and u = \1?, 2 

where 

k is Boitzmann constant, 1.38 x 1 0 - ~ ~ e r ~ s / " ~  

T is absolute temperature, O K  

u is velocity, cm/sec 

m is particle mass, gms. 

Thus the average energy per spore at room temperature (25"~) is 

3 -14 E = -  k~ = 6.2 x 10 ergs 2 

with the standard deviation 

-14 s.d. (E) = K k T  = 5.0 x 10 ergs. 

One micron spore of assumed density of 1.0 has mass 

'I[ - 4 3 -12 m = g x (10 ) = 0.52 x 10 gms. 

Its average velocity is 

At seven standard deviations from the average only one spore in a popula- 

ti on of loi2 spores is expected to have energy in excess of 

with the corresponding velocity 

u = 1.26 cm/sec. 



By Stoke's law the surrounding air offers resistance to the spore motion 

F = 3npud, 

where 

F is the retarding force 

p is the viscosity of air 

u is the spore velocity 

d is the spore diameter. 

Equating spore deceleration to the force F 

gives spore velocity 

u = u exp (- 
0 m t 

from which the distance traveled by the spore is 

u m 
0 x=----.--- 

3 w d  
3 m d  (1 -exp(- - m t)). 

Substituting for t from the equation for spore velocity gives 

The maximum distance traveled by a spore (u = 0) for the initial velocity 

u = 0.48 cm/sec, corresponding to the average kinetic energy of the spore, 
0 

is 

0.52 x -6 x = x 0.48 = 1.45 x 10 cm, 
3% x 1.85 x low4 x 10 -4 

and one spore in 1012 is expected to travel a distance of 

- 6 x = 3.8 x 18 cm. 

This distance i s  only a small fraction of the spore diameter. 



The above analysis indicates that Brownian motion of spores whose diameter 

is on the order of one micron is practically non-existent and may be 

safely disregarded in discussion of spore motions. 

Of all the spore motions those due to settling are most pronounced. For 

this reason a barrier in the horizontal position presents a more chal- 

lenging case to bacterial penetration than in any other orientation. 

Analysis of Gas Flow 

2.4.1 

Under the conditions of the experiments performed in this study the gas 

flow through the membrane holes belongs to the laminar regime (~agen- 

Poiseuille type of flow) and the head loss may be expressed by the formula 

where 

L is the membrane thickness 

u is the gas velocity 

is the gas viscosity 

D is the hole diameter 

p is the gas density. 

To this head loss must be added fluid head loss due to the contraction of 

flow from the large gas reservoir, where gas velocity is essentially zero, 

to the flow conditions in the hole itself. This head loss is given by the 

expression 
3 

where 



and 

A T  
i s  the  cross-sect ional  area o f  the i n l e t  reservo i r ,  

A2 i s  the  cross-sect ional  area o f  the hole. 

A 2 I n  our case -sd 0 
A 1 

and, therefore,  

g i v i n g  

Combining these two head losses 

where 

&I i s  the  pressure drop across the membrane 

g ives the  f o l l o w i n g  expression f o r  gas v e l o c i t y  

9 

L 

Table I I l i s t s  gas v e l o c i t i e s ,  vo lumet r ic  f l o w  ra tes  (Q), and Reynolds 

numbers f o r  a l l  the combinations o f  membrane thickness, ho le  s ize,  and 

pressure drop employed i n  the  experimental inves t iga t ions .  

The above expression i s  v a l i d  when the  f l ow  i s  f u l l y  developed i n t o  para- 

b o l i c  f l o w  which i s  c h a r a c t e r i s t i c  o f  the  laminar f low. 



TABLE I1 
A I R  FLOW CHARACTERISTICS  

I 
Hole h P = 2  . 0 " ' H 2 0  



Schiller;': has shown both, theoretically and experimentally, that such 

parabolic flow is established a number of channel diameters downstream 

from the entrance. This distance is a function of the Reynolds number 

Re = of the flow. Specifically, 
C1 

where 

x is the channel length. 

At low pressure drops (Ap = 0.5 in ~ ~ 0 )  and small hole sizes (D < - 50 

microns) parabolic flow is established very near the entrance, at larger 

pressure drops and for larger hole sizes the parabolic velocity distribu- 

tion is either established quite a distance from the inlet or not at all. 

To obtain complete solutions for these latter cases would require numeri- 

cal integration of the governing equations which were derived with a 

number of simplifying assumptions, whose validity would also have to be 

analyzed. As some errors in t h ~  batculation of the relatively large 

velocities are more easily tolerated than of the small velocities the 

flows through large holes and at large pressure drops were also calculated 

using the above equations, with an understanding that the calculated 

values may be somewhat too low. 

In gas flow through holes the velocity at the wall is zero and the 

velocity profile for the laminar flow is given by the expression 

2 
U = Ll I - L max R~ 

;':Schilier, L., Forsch. a.d. Geb. Ing.-Wesen, No. 248 (1922). 



where 

u is the gas velocity along the axis max 

Y is the radial distance 

R is the hole radius. 

At a distance of one micron from the hole wall in a 19 micron diameter 

hole the gas velocity is 

u = 0 . 2 ~  = 0. 4uave, max 

and in a 50 micron diameter hole the gas velocity is 

u = 0.08~ = 0 . 1 6 ~ ~ ~ ~ .  
max 

An inspection of velocity data listed in Table 1 shows that any spore near 

the wall of either 19 or 50 micron hole (and, by an easy calculation, of 

the holes of all the sizes listed) would be rapidly swept out of the hole 

by the gas stream whose velocity one micron from the wall is several 

orders of magnitude greater,even at a pressure drop of 0.5 inch of water, 

than the settling velocity of the spore previously calculated to be 

3 x 10-~cm/sec. 

2.4.2 Exit flow 

Gas leaving a small circular opening issues as a jet, This jet may be 

either laminar or turbulent depending on the Reynolds number of the flow 

through the opening. For the jet to be turbulent the Reynolds number 

where 

D is the hole diameter 

u is the average gas velocity through the hole 

v is the kinematic viscosity of the gas 

must exceed 30. 



Taking x and y as a x i a l  and radial coordinates, respectively, the 

governing system of differential equations for the laminar jet is 

and 

where 

v is the radial velocity. 

Assuming a  constant pressure in the exit chamber the flux of momentum in x 

direction is constant. 

where 

J is the momentum flux 

p i s the gas dens i ty. 

For the boundary conditions 

a u 
v = O a n d ; 5 - = O a t y = O  Y 

u = 0 a t y = m  

the solution for the axial and the radial velocities is 

where 



and the constant of integration Y can be calculated from the given value 

of momentum. 

aa 
2 16 2 2 u ydy = - spy v 

3 

J or kinematic momentum K = - 
P ' 

In our case (parabolic velocity distribution) 

2 
u = U , Y O L Y < R  

max R~ 

where 

R is the hole radius 

u is the maximum velocity max 

giving for the kinematic momentum 

2 2 D2 K = S u 2  R =--U 
max 12 max 

and the expressions of the axial and the radial velocities 

u2 D~ ma x 
u = 

1 
3 2vx 2 

1 + tE 
and 

w i t h  



For t h e  t u r b u l e n t  j e t ,  bo th  t h e  d i f f e r e n t i a l  equat ions and t h e  s o l u t i o n s  

a re  i d e n t i c a l  w i t h  one except ion, namely, t h e  k inemat ic  v i s c o s i t y  o f  t!,e 

laminar j e t  i s  rep laced w i t h  t h e  expe r imen ta l l y  determined v i r t u a l  k i ne -  

ma t i c  v i s c o s i t y  

I n  our case 

E = 0. 00824umaxD. 

The equat ions o f  s o l u t i o n s  f o r  t h e  laminar and t u r b u l e n t  j e t s  were p ro -  

grammed on t he  General E l e c t r i c  605 computer and numerical s o l u t i o n s  were 

ob ta ined  f o r  a  t y p i c a l  laminar j e t  (L = 30 mi l s ,  D = 50 microns, 

u  = 68 cm/sec, and Re = 2.18) and f o r  a  t y p i c a l  t u r b u l e n t  j e t  
ave 

(L = 30 m i l s ,  D = 190 microns, u  = 4675 cm/sec, and Re = 568) .  
av e 

The computer program i n  Fo r t r an  language and sample c a l c u l a t i o n s  a re  g iven 

i n  Appendix B. 

The numerical  r e s u l t s  o f  t h e  above c a l c u l a t i o n s  a re  shown i n  graph form i n  

F igures 1, 2, 3,  and 4. From these f i g u r e s  a conc lus ion  may be drawn t h a t  

t he  e x i t  j e t s  o f  a i r  behave regu la r l y ,  w i t h  a x i a l  v e l o c i t y  decreas ing 

i n v e r s e l y  w i t h  t h e  d i s tance  from t h e  opening and r a d i a l  v e l o c i t y  be ing  

p o s i t i v e  i n  t h e  j e t  f l a r e  and nega t i ve  i n  t h e  reg ions i n  which a i r  i s  

drawn i n t o  t h e  j e t .  The negat i ve  r a d i a l  j e t  v e l o c i t y  occurs, however, 

some d i s tance  from t h e  e x i t .  

These r e s u l t s  s t r o n g l y  suggest t h a t  b a c t e r i a l  spores would f i n d  an impene- 

t r a b l e  b a r r i e r  i n  t he  a i r  j e t ,  laminar  o r  t u rbu len t ,  t o  t h e i r  approach 

even t o  t h e  e x i t  area o f  t h e  membrane ho le .  



Figure 1. Axial Velocity Laminar Jet 



y, RADIAL DISTANCE (cM) 

Figure 2. Rad ia l  Velocity Laminar  .Jet 
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Figure 3.  Axial ITelocity Turbulent Jet 
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Figure 4. Radial Velocity Turbulent Jet 



Conclusions 

The ana l ys i s  o f  b a c t e r i a l  spore mot ions and a i r  f l o w  through ho les  i n d i -  

ca te  t h a t  i n  t h e  absence o f  a i r  f l o w  t h e  spores may penet ra te  t h i n  bar-  

r i e r s  through openings exceeding t h e i r  s i ze .  Once, however, even smal l  

pressure drop (on t h e  o rde r  o f  a f r a c t i o n  o f  an inch  o f  water)  i s  a p p l i e d  

across such a b a r r i e r ,  no pene t ra t i on  by s i n g l e  spores can t ake  p lace.  



MATERLALS AND METRODS 



Mate r i a l s  and Nethods 

3 . 1  

A labora tory  apparatus  f o r  determining the  flow of microorganisms 

through va r ious  microscopic holes  i n  membranes, and f o r  c o n t r o l l i n g  a  range 

of d i f f e r e n t a i l  p r e s su re s  was designed and two such u n i t s  were f a b r i c a t e d .  

Each apparatus  cons i s t ed  of the  fol lowing ma te r i a l s  assembled a s  shown i n  

Figure 5 .  

Aerosol Chamber 

A 22 l i t e r  Glass React ion Flask,  Catalog No. K-61240, Kontes Glass Co., 

Vine land, N .J . 

Reaction F la sk  Clamp, Catalog No. K-61375, Kontes Glass Co., Vineland, N . J .  

Membrane Holder 

The membrane holders  were machined from Lexan. The lower p l a t e  was 1.9cm 

t h i c k  and t h e  upper .6cm t h i c k .  These were machined t o  f i t  the  clamp wi th  

a 2.54cm diameter hole  d r i l l e d  c e n t r a l l y  i n  each p i ece .  Addi t iona l ly ,  t h e  

1.9cm p iece  had a 1.5mm hole d r i l l e d  on i t s  ho r i zon ta l  plane through the  

center  and e n t i r e  diameter of t he  p i ece .  This  was adapted t o  provide a  

source of a i r  p ressure  on the  membrane and a  p o r t  f o r  attachment of the 

manometer. 

The fan was a d e f r o s t e r  type, Sears Roebuck Co., Catalog Sa le s  No. 

28878528, wi th  rubber b l ades ,  



Aeroso l  Chamber 

F i l t e r  

F i g u r e  5 .  Exper imenta l  Apparatus  



F i l t e r  Holder -- 

The a i r  f i l t e r  ho lders  used were Mi l l i po re  Gas Line F i l t e r  Holder, Catalog 

No, XX40 025 00, Mi l l i po re  Corp,, Bedford, Mstss. 

F i l t e r s  

The f i l t e r s  used i n  t he  f i l t e r  ho lder  were Mi l l i po re  Ivir' Type GS wi th  a 

mean pore s i z e  of .22)4 . 

Manometer 

So l id  p l a s t i c ,  v e r t i c a l  s t y l e  wi th  a  range of 0-10" of water .  Model No. 

310, P.W. Dwyer Mfg. Co. I n c . ,  Michigan Ci ty ,  Ind iana .  

Range 0-6Opsi. Model No. 40, The Matheson Co., Eas t  Rutherford, N . J .  

The Aerosol Dispenser was f a b r i c a t e d  from standard b ra s s  tub ing  connect ions.  

F igure  6 shows t h e  Aerosol Dispenser wi th  one end fas tened  t o  a  s t a i n l e s s  

s t e e l  t ube .  

Brass Adaptor 

so lde r  j o i n t  

0 r i n g  

Aluminum f o i l  

F igure  6 .  Aerosol Dispenser 
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The d ispenser  func t ions  when a  p re s su re  of approximately 30 p s i g  is  suppl ied  

t o  t h e  d i spense r .  Both aluminum f o i l  s e a l s  rup tu re  and an ae roso l  i s  d i s -  

charged exp los ive ly .  The d ispenser  is  a  mina tu r i za t i on  of a  design obtained 

from M r .  C a r l  Depeople of t h e  U.S. Army Chemical Corps a t  F o r t  Detr ick,  Md., 

whose coopera t ion  was g r a t e f u l l y  app rec i a t ed .  

Membranes 

The membranes used were f a b r i c a t e d  from .030 inch and .012 inch aluminum 

and polypropylene s h e e t s .  I n i t i a l l y ,  t e f l o n  and copper were s e l e c t e d  f o r  

membranes a s  noted i n  t h e  proposal .  However, some d i f f i c u l t y  was en- 

countered wi th  both m a t e r i a l s .  The copper d i s s i p a t e d  t he  hea t  s o  r e a d i l y  

t h a t  it was impossible  t o  d r i l l  wi th  a l a s e r  even when subjec ted  t o  8 or  

9 exposures .  The t e f l o n  was impervious t o  pene t r a t i on  wi th  the l a s e r  on 8 

o r  9 exposures .  I n  t h e  t e f l o n  d r i l l i n g  opera t ion ,  it was considered t h a t  

t h e  c o l o r  might be i n f luenc ing  t h e  lack  of p e n e t r a t i o n  and a  colored p i ece  

of po lye thylene  was placed on both s i d e s  of t h e  p o t e n t i a l  membrane. On 

a c t u a t i o n  of t h e  l a s e r ,  however, ho les  were d r i l l e d  on both s i d e s  of t h e  

polyethylene and t h e  t e f l o n  su r f ace  was only e tched .  

To o b t a i n  a  d r i l l a b l e  m a t e r i a l  t h a t  was au toc lavable ,  polypropylene and 

aluminum were used. 

Microscopic ho les  were d r i l l e d  u s ing  a  Lear-Siegler  LW-212 metal  working 

l a s e r  w i t h  a  Nikkon Compariton us ing  a  6 mi l l i second  pu l se  a t  4 k i l o w a t t s ,  

2  pu l se s  per  ho l e .  

Holes va ry ing  i n  s i z e  from 19 t o  228 microns i n  diameter were produced f o r  

our de te rmina t ions .  Because t h e  2 pu l se s  were requi red ,  some of t h e  ho les  

were ova l  i n  c ros s - sec t ion .  Such holes  were dimensioned by t h e i r  maximum 

and minimum dimensions.  



Measurement of Membranes 

Micrometer c a l i p e r s  were used t o  determine the  th ickness  of each membrane. 

The l a t e r a l  dimensions of t he  membrane holes  were determined by l i g h t  

microscopy us ing  a s tandardized ocular  micrometer. 

Viable Cul ture  Detec tor  Tubes 

Twenty-five by seventy- f ive  mi l l imeter  c u l t u r e  tubes were washed i n  an 

aqueous s o l u t i o n  of Alconox and r insed  i n  d i s t i l l e d  or  deionized water .  Ten 

m i l l i l i t e r s  of T ryp t i ca se  soy .agar  was placed i n  each tube and the  tubes 

capped. The capped tubes were then autoclaved a t  121°C and 15 ps ig  f o r  15 

minutes and removed from the  au toc lave .  The d e t e c t o r  tubes were then placed 

i n  a water ba th  s e t  a t  4 5 ' ~  and allowed t o  e q u i l i b r a t e .  When the  agar had 

cooled t o  45OC, the  tubes were r o t a t e d  a t  a n  80' angle  u n t i l  the medium 

hardened. The tubes were then cooled a d d i t i o n a l l y  by p lac ing  them i n  a 

r e f r i g e r a t o r  f o r  approximately one hour t o  s e t  t h e  agar ,  and then  incubated 

f o r  48 hours a t  3 7 ' ~  t o  d e t e c t  contaminants.  

3 .2 B io log ica l  Ma te r i a l s  

S e l e c t i o n  and P repa ra t ion  of Aerosol 

V i a b i l i t y  of t he  c u l t u r e  through prepara t ion  and a e r o s o l  production is 

c r i t i c a l  t o  t he  Viable  Culture Technique. For t h i s  purpose, it appeared 

s u i t a b l e  t o  employ spores  of a spec ies  of Bac i l l u s  s u b t i l i s  v a r .  n i g e r .  

This  was a l o g i c a l  choice because of i t s  c h a r a c t e r i s t i c  c u l t u r a l  morphology, 

s t a b i l i t y  t o  dry ing  and s torage ,  and genera l  ease  of handl ing.  Spores used 

f o r  t h i s  purpose were thoroughly cleaned t o  reduce clumping. The spores  

were then  f r eeze  d r i ed  i n  order  t o  provide uniform d i s t r i b u t i o n  i n  an 

ae roso l .  



Spores of B, v a r  . were prepared a s  follows: 

A s t a r t e r  c u l t u r e  was prepared by inocu la t i ng  50 m l .  of spo ru l a t i on  medium 

c o n s i s t i n g  of n u t r i e n t  b r o t h  supplemented wi th  0.0001 percent  MnC12.4H20 i n  

a  125 m l .  f l a s k  from the  s tock  c u l t u r e ,  hea t  shocking a t  8 0 ' ~  f o r  t e n  minutes,  

and incubat ing  a t  3 5 O ~  f o r  twenty-four hours.  One m i l l i l i t e r  of t h e  s t a r t e r  

c u l t u r e  was then spread over each of approximately 15 l a r g e  p e t r i  d i shes  

con ta in ing  a  s p o r u l a t i o n  medium c o n s i s t i n g  of n u t r i e n t  aga r  supplemented wi th  

0.001 pe rcen t  MnC12. 4H20. The p l a t e s  were incubated a t  37Oc i n  a  humidified 

atmosphere f o r  seven (7) days, t he  p o i n t  a t  which s p o r u l a t i o n  was found t o  

be v i r t u a l l y  complete. The spores  were harvested by suspending t h e  growth 

i n  d i s t i l l e d  water .  (The p l a t e s  were r e f r i g e r a t e d ,  water was poured over 

t he  p l a t e s ,  t h e  growth scraped from t h e  agar ,  and t h e  r e s u l t i n g  suspension 

recovered wi th  a  p ipe t . )  The suspension was cen t r i fuged  a t  ~ O C ,  resuspended 

i n  a  s t e r i l e  MI50 phosphate bu f f e r ,  pH7. The spores  were scrubbed wi th  

u l t r a s o n i c s  a t  25 k i l o c y c l e s  per  second f o r  10 minutes .  The suspension was 

washed 10 times wi th  s t e r i l e  d i s t i l l e d  water .  The r e s u l t i n g  spore suspension 

was v i r t u a l l y  f r e e  of any d e b r i s  o r  v e g e t a t i v e  c e l l s  a s  determined by phase 

microscopy. 

Ten m i l l i l i t e r s  of c e l l  suspension were placed i n  a  100 m l .  Florence f l a s k ,  

which was t hen  placed i n  l i q u i d  n i t rogen  u n t i l  t h e  suspension was f rozen .  

The f l a s k  was connected t o  a  h igh  vacuum l i n e  and d r i ed  f o r  approximately 5 

hours .  Upon completion of t h e  drying,  t h e  spores  were pooled i n  a  con ta ine r  

wi th  a  c o t t o n  p lug  and placed i n  a  d e s s i c a t o r  over anhydrous CaS04. The 

a e r o s o l  was produced from lyphol ized p repa ra t i ons  t o  l i m i t  clumping and t o  

avoid the in t roduc t ion  of mois ture .  The p a r t i c l e  s i z e  d i s t r i b u t i o n  of t h e  

lyphol ized  spores  was determined by microscopic measurements a s  shown i n  

Table 111. 



TABLE I11 PARTICLE SIZING DATA 

Re la t ive  
Cumulative Volume Cumulative 

Diane t e r  Number Percent  of (diarnete? Percent of Percent  of 

T o t a l s  200 23744 

To summarize the  da t a  on t h i s  ba tch  of lypholized dry spores ,  

MMD mass median diameter 9  .O  

MASS <5  microns 22% 

CMD count mediam diameter 1 .7 

NUMBER <5 microns 90.0% 

The v i a b l e  spore count r gram 1 .7  x 10 11 

The method used f o r  b a c t e r i a l  p a r t i c l e  s i z i n g  i s  shown i n  Appendix A .  

3.3 Tes t  Pro tocol  

3.3.1 I n i t i a l  Tes t  Procedure 

The i n i t i a l  t e s t  procedure followed i s  shown g raph ica l ly  i n  F igure  7 .  

The d e t a i l s  i n  each s t e p  a r e  explained below. 

P repa ra t ion  of t he  Experimental Apparatus 

The membrane se l ec t ed  f o r  t he  t e s t  t o  be run  was examined microscopical ly  

t o  v e r i f y  t h a t  t he  hole  was open, and then was i n s t a l l e d  i n  t h e  membrane 

and c u l t u r e  tube holder .  A p iece  of t e f l o n  was placed over t h e  hole  and 

held i n  p l ace  with a p iece  of au toc lave  tape  with s t r i n g s  a t tached  t o  each 



PREPARE CULTURE: 

STEAM STERILIZE 
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I TRIM A P I 
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INCUBATEo48 HRS I A T 3 7 C  

F i g u r e  7 .  I n i t i a l  T e s t  P r o c e d u r e  



end. An empty 25 x 75m tube was mounted t o  t he  lower s i d e  of t he  membrane 

holder .  Tygon tub ing  was a t tached  t o  each of t h e  p o r t s  i n  the lower lexan 

d i s c .  The membrane holder ,  f i l t e r s ,  tub ing  and the  a e r o s o l  d i spenser  were 

washed i n  an aqueous s o l u t i o n  of Alconox and r i n s e d  thoroughly i n  d i s t i l l e d  

o r  deionized water .  Af t e r  washing, t h e  assembled membrane holder  and f i l t e r s  

were autoclaved a t  1 . 2 1 ~ ~  and 15 p s i g  f o r  15 minutes and d r i e d .  

The s t e r i l i z e d  assembled membrane and -chamber ho lder  was brought i n t o  

p o s i t i o n  near  t h e  bottom opening of t h e  ae roso l  chamber. The s t r i n g s ,  

a t t ached  t o  t h e  p i ece  of au toc lave  t ape  covering the  membrane hole ,  were 

fed through the  t o p  opening of t he  chamber. The holder  was then clamped 

t o  t h e  bottom of t h e  a e r o s o l  chamber. 

The f i l t e r s ,  manometer and a s soc i a t ed  tub ing  were connected and a  n i t rogen  

source was connected t o  t h e  upstream s i d e  of t h e  a e r o s o l  d i spenser  l i n e .  

An a i r  source was connected t o  t h e  upstream s i d e  of t he  l i n e  t o  t h e  membrane 

holder  a s  t h e  f i n a l  s t e p  i n  t he  equipment se tup .  

Aerosol Generat ion and Maintenance 

The a e r o s o l  d i spenser  was opened a t  t h e  e x i t  end and loaded wi th  50 mg of 

lyphol ized  spores  having a  v i a b i l i t y  of 1 .7  x 1 0 ~ ~ / g m .  The aluminum f o i l  

and nu t  were rep laced  t o  r e t a i n  t h e  v i a b l e  microorganisms. The rubber s topper  

con ta in ing  the  two s t a i n l e s s  s t e e l  tubes  was placed loose ly  i n  t h e  t o p  

opening of t h e  a e r o s o l  chamber. The d ispenser  was i n s e r t e d  i n t o  t he  chamber 

through t h e  bottom opening and drawn up i n t o  p o s i t i o n  by p u l l i n g  t h e  s t e e l  

tub ing  p a r t i a l l y  through t h e  rubber  s topper .  The test  p l an  o r i g i n a l l y  c a l l e d  

f o r  s t e r i l i z i n g  t h e  a e r o s o l  chamber p r i o r  t o  each t e s t  r un .  Upon running t h e  

f i r s t  t e s t s ,  it was determined t h a t  l a r g e  amounts of ae roso l  were being l o s t  



through adhesion and e l e c t r o s t a t i c  a t t r a c t i o n  t o  t h e  ae roso l  chamber w a l l s .  

It was pos tu l a t ed  t h a t  t h i s  r e s i d u a l  l aye r ing  could be used t o  increase  t h e  

a e r o s o l  popula t ion  and s t e r i l i z a t i o n  between t e s t s  was d i scont inued .  Sub- 

sequent  counts  taken  on t h e  a e r o s o l  ind ica ted  t h a t  an  i nc rease  i n  t h e  a e r o s o l  

popula t ion  was a t t a i n e d  by t h i s  means. 

When t h e  t e s t  equipment had been assembled a s  descr ibed  above, n i t rogen ,  

passed through a  b a c t e r i o l o g i c a l  f i l t e r  a t  30 p s i ,  was introduced i n t o  t h e  

a e r o s o l  d i spense r .  The e l e c t r i c  f an  was a c t i v a t e d .  The aluminum f o i l ,  s e a l i n g  

both  ends of t he  d i spenser ,  rup tured  under t he  gas p re s su re  and t h e  s t o r e d  

spores  were e j e c t e d  i n t o  t he  a e r o s o l  chamber. The r e s u l t a n t  mixture was 

c o n s t a n t l y  a g i t a t e d  by t h e  f an  b l ades .  

I n s t a l l a t i o n  of Detector  Chamber and Exposure 

Af t e r  t h e  rup tu re  of t he  aluminum s e a l  i n  t h e  a e r o s o l  d i spenser ,  t h e  bottom 

p o r t i o n  of t h e  c u l t u r e  chamber ho lder  was flamed. The empty 25 x  75mm tube  

was removed and a prev ious ly  prepared c u l t u r e  d e t e c t o r  chamber con ta in ing  

aga r  was i n s e r t e d  a s e p t i c a l l y .  The a i r  supply t o  t h e  c u l t u r e  chamber was 

a c t i v a t e d  and ad jus t ed  t o  t h e  des i r ed  p re s su re  d i f f e r e n t i a l .  Upon ob ta in ing  

t h e  p re s su re  va lue  des i r ed ,  t h e  au toc lave  tape  blocking the  t ops ide  of t h e  

membrane hole  was removed by means of t h e  s t r i n g s  pass ing  through t h e  t o p  

of t h e  a e r o s o l  chamber. The a i r  input  was trimmed, a s  necessary,  t o  main ta in  

t h e  d i f f e r e n t i a l  p r e s s u r e .  

I n i t i a l l y ,  t h e  t e s t  was run f o r  48 hours,  bu t , a s  problems a rose ,  t h i s  t ime 

was reduced t o  24 hours t o  i nc rease  t h e  number of t e s t s  run  and has t en  

r e s o l u t i o n  of anomalous r e s u l t s .  Upon completion of t h e  t e s t  per iod ,  t he  

a e r o s o l  chamber and a t t ached  membrane and c u l t u r e  chamber ho lder  were 

i nve r t ed .  The c u l t u r e  d e t e c t o r  chamber was removed a s e p t i c a l l y ,  capped, 

incubated f o r  48 hours ,  and f i n a l l y  examined f o r  growth of 2 ,  s u b t i l i s  v a r .  



. An empty t e s t  tube was a t tached  t o  the  holder  and the  tygon tubing  

from the  manometer t o  t he  a e r o s o l  chamber was disconnected a t  t h e  chamber 

before  sampling t h e  r e s idua1  ae roso l .  

A t  the  te rmina t ion  of the  exposure period of a  given t e s t ,  t h e  ae roso l  was 

sampled and v i a b l e  counts were made according t o  t h e  fol lowing procedure t o  

eva lua te  t h e  s t a b i l i t y  of the  ae roso l .  Ten m i l l i l i t e r s  of s t e r i l e  water 

were added t o  a  s t e r i l e  g l a s s  impinger. The ae roso l  was passed through 

t h e  s t e r i l e  water a t  the  r a t e  of 1 CF'M f o r  t en  minutes by means of a  vacuum 

pump a t tached  t o  t he  irnpinger o u t l e t .  A i r  i n  t he  ae roso l  chamber was 

cont inuously r ep l aced .  - 

Aliquots  of t h e  contents  of t he  g l a s s  impingers were p l a t ed  wi th  appropr ia te  

d i l u t i o n s  t o  determine the  v i a b l e  count of t he  ae roso l  which was s t i l l  

suspended a f t e r  t h e  t e s t  per iod .  

The r e s u l t s  of t h e  ae roso l  measurements taken a f t e r  t he  t e s t i n g  period a r e  

shown i n  Table I V .  

Membrane Exarnina t ion  - 

A t  t he  completion of each t e s t ,  t he  membrane was removed c a r e f u l l y  from the  

appara tus  and examined microscopical ly  t o  i n su re  t h a t  t h e  hole  had remained 

open. 

3 . 3 . 2  Tes t  Procedure Revisions 

A s  t he  experimental  program progressed, experience with t h e  appara tus  

d i c t a t e d  s e v e r a l  procedural  changes which were incorporated sequen t i a l l y  t o  

overcome d i f f i c u l t i e s  with sporadic  contamination of t he  de t ec t ion  medium 

and the  e f f e c t s  of non-quiescent gaseous atmospheres. The s t ages  of the  



TABLE I V :  AEROSOL POPULATIONS AFTER 
COMPLETION OF TEST PERIODS 

# .of  Appara tus  Aerosol Age (Colonies/chamber) 
(Days) T o t a l  C o u n t  ----- 



program leading  t o  t hese  changes a r e  descr ibed i n  Sec t ion  4.0, and the 

changes a r e  only itemized he re .  

a .  Fan Operation - The f an  i n  t he  ae roso l  chamber was stopped p r i o r  t o  

uncovering the  hole  i n  t he  membrane t o  e l imina te  t he  inf luence  of high 

v e l o c i t y  p a r t i c l e s .  

b. Improved Gaskets were provided t o  ob ta in  a  bettwe s e a l  between the  

membrane and i t s  ho lder .  

c .  A Pressure  Regulator was incorporated i n  t he  a i r  supply l i n e  t o  i n su re  a  

s t a b l e  gas supply. 

d. The Viable Culture Detector  was assembled t o  t he  s t e r i l e  holder  and 

membrane on a  laminar flow c l ean  bench by a  technic ian  wearing s t e r i l e  

gloves.  

e .  Incubat ion of t he  assembled membrane - membrane holder  - c u l t u r e  de t ec to r  

f o r  2 4  hours a t  3 7 ' ~  p r i o r  t o  assembly t o  t he  a e r o s o l  chamber t o  d e t e c t  

i n i t i a l  contamination. 

f .  Enclosure of t h e  t e s t  appara tus  t o  l i m i t  d i s t r i b u t i o n  of t h e  ae roso l  

i n  t h e  l abo ra to ry .  

In  S i t u  incubat ion  of t he  c u l t u r e  tube on the appara tus  and ex tens ion  of g* P 

the  t e s t  time t o  72 hours .  The incubat ion cons is ted  of 48 hours a t  

room ambient temperature followed by 24 hours a t  37'~. 

The r e s u l t i n g  t e s t  p ro tocol  is shown i n  Figure 8 .  
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RESULTS AND DISCUSSION 



4,0  RESaTS  AND DISCUSSION 

The i n i t i a l  t e s t i n g  was conducted i n  accordance with the  pro tocol  shown on 

Fig. V I E .  The membranes t e s t e d ,  the  d i f f e r e n t i a l  p ressures  used and the  r e s u l t s  

ob ta ined  a r e  d isp layed  on Table V. 

The aluminum membrane conta in ing  a  90 micron ho le  was inadve r t en t ly  clogged 

dur ing  a  c l ean ing  ope ra t ion  and had t o  be d iscarded .  The polypropylene membrane 

w i t h  a  100 micron h o l e  was s u b s t i t u t e d  f o r  subsequent t e s t s .  Profuse growth was 

observed i n  each in s t ance .  While no s p e c i f i c  a t tempt  was made t o  quan t i fy  the  number 

of organisms transmitted, no v i s u a l  d i f f e r ence  was d e t e c t a b l e  i n  t h e  magnitude of 

growth r e s u l t i n g  from pene t r a t ion  of the aluminum o r  polypropylene membranes t e s t e d  

a t  0 .5" H20 A P .  This v i s u a l  observa t ion  showed t h a t  a marked reduct ion  i n  t h e  

number of spores  occurred dur ing  the t e s t i n g  a t  5 . 0  inches of water .  

The appearance of profuse growth i n  the  d e t e c t o r  tubes during t e s t i n g  under 

0.5" and 5.0" H20 p re s su re  d i f f e r e n t i a l s  was unexpected s i n c e  the  a n a l y t i c a l  i nves t iga -  

t i ons  suggested t h a t  pene t r a t ion  would be prevented by 3.5 x inches H20. It 

was concluded t h a t  t h i s  growth was due t o  propulsion of t h e  spore p a r t i c l e s  by 

the  a g i t a t i n g  f a n  and t h a t  the  t e s t s  should be performed wi th  a  s t a t i c  ae roso l .  

The t e s t  procedure was modified t o  spec i fy  t h a t  the  ae roso l  fan  be stopped 

p r i o r  t o  removing t h e  cover  from t h e  ho le  i n  t h e  membrane. A s e r i e s  of t e s t s  were 

run on t h e  polypropylene membrane wi th  a  1 0 0 4  h o l e  t o  eva lua t e  the  e f f e c t  of t h i s  

procedural  change. The r e s u l t s  us ing  t h i s  modified t e s t  procedure confirmed t h e  

suspected in f luence  of t h e  a g i t a t i n g  fan.  I n  a l l  t e s t s  conducted under a  p o s i t i v e  

p re s su re  d i f f e r e n t i a l ,  e i t h e r  no evidence of growth occurred o r  only an occas iona l  

colony i n  t h e  d e t e c t o r  tube.  Tests  were performed on o the r  membranes t o  eva lua t e  

d i f f e r e n t  ho les  s i z e s  and membrane th icknesses .  The r e s u l t s  obtained i n  t h i s  

phase a r e  shown on Table V I .  



TABLE V. DEVELOPMENT TEST RESULTS - FAN RUNNING 



TABLE V I .  DEVELOPMENT TEST RESULTS - FAN OFF 

TEST GQMBETZONS 



Dtlring t h i s  t e s t  sequence, i t  was noted t h a t  t h e  Lexan membrane holders  had 

begun t o  c r aze  and warp. I t  was suspected t h a t  t h e  s e a l  between t h e  two Lexan 

ho lde r s  and t h e  membrane had been f au l ty .  A redundant system of "0" r i n g s  was 

i n s t a l l e d  i n  the  t e s t  apparatus  t o  remedy t h i s  s i t u a t i o n .  No no t i ceab le  change 

was noted i n  t he  t e s t  r e s u l t s ,  however. Tes t ing  was continued wi th  both t h e  

aluminum and polypropylene membranes with var ious  s i z e  holes .  Profuse pene t r a t ion  

occurred only under ze ro  d i f f e r e n t i a l  p ressure  condi t ions  with the  a g i t a t i n g  f a n  

n o t  ope ra t ing  during t h e  t e s t .  Sporadic appearances of growth i n  t h e  d e t e c t i o n  

chambers occurred f o r  a l l  t e s t s  run a t  d i f f e r e n t i a l  p ressures  of 0.5, 2.0,  and 5.0 

inches  of H20 on membranes wi th  hole  s i z e s  ranging from 19 t o  228 microns, The 

r e s u l t s  obtained during t h i s  phase a r e  shown i n  Table V I I .  

The t e s t  da t a  obtained t o  t h i s  po in t  (Tables V I  and VII) suggested t h a t  a 

threshold  may have appeared with polypropylene membranes between the  100 and 

1 1 7  x 1 4 1 w  diameter ho le s  and between 2.0 and 5.0 inches of  water A P . The 

causes of t he  sporadic  appearances of growth i n  o ther  port ions of  t he  t e s t  mat r ix  

had not  been i d e n t i f i e d ,  however. Blank membranes were employed a s  a  d i agnos t i c  

t o o l  t o  determine i f  t he  sporadic  growth observed could be a t t r i b u t e d  t o  con- 

taminat ion of t he  de t ec to r  chamber. 

I n  t h r e e  of fou r  t e s t s  a s  shown i n  Table V I I I ,  contamination of t h e  d e t e c t o r  chambers 

occurred. It was ev ident ,  t he re fo re ,  t h a t  t h e  sporadic  r e s u l t s  prev ious ly  observed 

could conceivably be a t t r i b u t e d  t o  such contamination. 

When i t  was found t h a t  i n d i c a t i o n s  of growth occurred i n  t h e  d e t e c t o r  tube 

a f t e r  t h e  blank membrane t e s t s ,  s e v e r a l  equipment and procedural  changes were incor -  

pora ted  i n t o  t h e  t e s t  cyc le .  The major changes involved were: 

1. Incorpora t ion  of a  p re s su re  r e g u l a t o r  i n  t h e  supply l i n e .  

2. Performing the  assembly of t he  v i a b l e  c u l t u r e  d e t e c t o r  on a  

laminar flow bench. 

3 .  Wearing of s t e r i l i z e d  gloves during assembly and disassembly 

opera t ions .  
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4. Rigorous procedures f o r  c o n t r o l  of ae roso l  disseminat ion i n  the  

l abo ra to ry  were i n s t i t u t e d .  

The d a t a  gathered a f t e r  t he  inco rpora t ion  of these  modi f ica t ions ,  shown i n  

Table I X ,  suggested t h a t  t he  apparent  th reshold  phenomena observed was not r e a l ,  

bu t  a n  a r t i f a c t  caused by inc reas ing  labora tory  contamination. The sporadic  

contamination p e r s i s t e d ,  bu t  no l a r g e  number of co lonies  occurred. Several  

t e s t s  i n  t h i s  sequence were conducted wi th  a  72 hour exposure period in s t ead  

of a  48 hour per iod  t o  determine whether contamination was occurr ing during 

removal of t h e  d e t e c t o r  tube. The de t ec to r  tubes were examined p r i o r  t o  removal 

from the  membrane holder .  

This t e s t i n g  showed t h a t  t he  v i a b l e  d e t e c t i o n  medium was extremely sens i t i v e  

and s u b j e c t  t o  contamination i n  t he  assembly and disassembly s t eps .  Standard 

a s e p t i c  techniques p rac t i ced  d a i l y  i n  i ndus t ry  were not adequate. More s t r i n g e n t  

c o n t r o l s  were necessary t o  prevent  p r e  and pos t  t e s t  contamination. Accordingly, 

t h e  t e s t  procedures were modified t o  provide incubat ion  of t h e  c u l t u r e  d e t e c t o r  

chamber assembled t o  t h e  membrane ho lde r  f o r  24 hours a t  37OC before  attachment 

t o  t he  a e r o s o l  chamber. The exposure time was extended t o  72 hours t o  permit i n  s i t u  

incubat ion  of t he  c u l t u r e  d e t e c t o r  chamber. A small  water  bath con t ro l l ed  a t  3 7 O ~  

was f i r s t  employed around the  d e t e c t o r  chamber f o r  t he  e n t i r e  72 hours of incubat ion.  

However, t e s t s  a t  ze ro  d i f f e r e n t i a l  p re s su re  demonstrated t h a t  condensation formed 

on the  membrane and prevented t h e  expected passage of spores  t o  t h e  c u l t u r e  medium. 

Therefore,  subsequent t e s t s  employed 48 hours of ambient temperature incubat ion  

followed by 24 hours  a t  37OC, a l l  i n  s i t u .  The f i n a l  t e s t  p ro tocol  i s  ou t l i ned  

i n  Figure VIII. 

Thi r ty - fou r  t e s t  a t tempts  were s t a r t e d  i n  accordance wi th  t h e  f i n a l  procedure. 

I n  n ine  in s t ances ,  microbia l  growth was noted i n  the  d e t e c t o r  tube a f t e r  t he  24 

hour p re  incubat ion  per iod  but  p r i o r  t o  t h e  assembly of t h e  membrane holder  t o  

t he  ae roso l  chamber. O f  t he se ,  f o u r  d e t e c t o r  tubes i nd ica t ed  1 o r  2 co lon ie s ,  four  

i nd ica t ed  5 t o  PO co lonies  and one showed 23 co lonies  growing. 



As mentioned above, two t e s t s  a t  zero d i f f e r e n t i a l  p ressure  were i n v a l i d  because 

condensation on the  membrane prevented the  passage of microorganisms th ru  t h e  

membrane. The t e s t  r e s u l t s  f o r  t he  twenty-three v a l i d  t e s t s  a r e  presented i n  

Tables X and XI. The da t a  i s  arranged s e q u e n t i a l l y  and by t e s t  apparatus .  It can 

be noted from Table X,  t h a t  no growth occurred f o r  s i x  consecut ive t e s t s  performed 

on apparatus  #2. The r e s u l t s  obtained on apparatus  #1 ind ica t ed  t h e  0.5" H 0 
2 

d i f f e r e n t i a l  p re s su re  was e f f e c t i v e  f o r  t h e  f i r s t  t h r e e  t e s t s .  Profuse growth, 

however, occurred dur ing  t h e  next  t h r e e  t e s t s .  This growth was much g r e a t e r  

than  previous ly  experienced wi th  the  190 micron ho le  ( s ee  Tables V I  and I X ) .  An 

i n v e s t i g a t i o n  was undertaken t o  i d e n t i f y  t h e  cause f o r  t hese  pene t r a t ions .  Examina- 

t i o n  of t h e  t e s t  appara tus  showed t h a t  t h e  s e a l  between t h e  d e t e c t o r  tube and t h e  

d e t e c t o r  tube holder  was loose.  A s e r i e s  of d i agnos t i c  t e s t s  was conducted, t h e r e f o r e ,  

t o  demonstrate t h a t  extraneous leakage had occurred on apparatus  #1 around t h e  

de t ec to r  t ube .  

I n i t i a l l y ,  t h e  190 micron ho le  was placed i n  apparatus  #2 and t h e  19 micron 

h o l e  i n s t a l l e d  i n  appara tus  #I .  No pene t r a t ion  was observed i n  e i t h e r  t e s t .  The 

190 micron h o l e  was then  r e i n s t a l l e d  i n  appara tus  #1 along wi th  a  t i g h t  f i t t i n g  

d e t e c t o r  tube. Apparatus #2 was s e t  up, u s ing  a  115 x 145 micron ho le  aluminum 

membrane, and an i n t e n t i o n a l  l eak  was c rea t ed  around t h e  d e t e c t o r  tube. This  was 

accomplished by a d j u s t i n g  the  a P, p r i o r  t o  removing t h e  ho le  cover ,  t o  0.5 inches 

of  water .  The d e t e c t o r  tube  ho lde r  was then  loosened t o  allow escape of a i r  u n t i l  

no P could be maintained.  The a i r  flow was then readjus ted  t o  r e e s t a b l i s h  

0.5 inches of water  a P, and t h e  ho le  was uncovered and i n  s i t u  incubat ion  was 

s t a r t e d .  Seven co lon ie s  were noted i n  t he  d e t e c t o r  tube of apparatus  #2 and pos t  examina- 

t i o n  revealed t h a t  t h e  115 x 145 micron ho le  was blocked. No growth was observed i n  

appara tus  #1. The t e s t s  were repeated,  except t he  i n t e n t i o n a l  l eak  was incorpora ted  

i n t o  appara tus  #I and not  i n  apparatus  #2. No growth was observed i n  e i t h e r  de t ec to r  



TABLE I X -  DEVELOPMENT T E S T  RESULTS -REVISED PROCEDURES 

TEST CONDITIONS 

1, RESTRICT DISSEXINATION OF AEROSOL 
2. ASSEMBLY OF MEMBRANE HOLDER ON CLEAN BENCK 
3,  TECHNICIANS EMPLOY STERILE: MASKS AND GLOWS 
4 .  INCORPORATED PRESSURE REGULATOR I N  A I R  STVPTX JSTKI? 

-NP-U_..,_N.------- 2.7-w-.- ,  ,-). . -. .\I* ---.- PÎ.- *-.. LCL '- - - ". - ---. - - 
FESULTS ...-. . 

K4TERIAL X;;<,. ,; C',7 I:.*;,d 

-- -.- - - 
2.0 

.-__-__ --.--..-- - * - - -  

0 

I 

0 
0 
--.- -... ' 
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i 
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I 

PROFUSE f (0) ! 
! 

( ) INDICATE 72 HR. T E S T  CONDITION 



TABLE X .  TEST RESULTS WITH FINAL TEST PROCEDURE 

APPARATUS #I AT'?/,:,:,"'! - - -  IS I!' f. 

)TAT ' L THICK HOLE GROWTH MAT ' T, TITTCIC H'JLc --- GROFiT3 

ow AP 

40 1 POLY .030 CI C 

A 1  190 /kt PROFliSE 

0.5" A P  

117x141 0 + POLY .030 3 3 0 POLY .030 6 *\J 0 ,  

117x141 POLY .030 n o  - PGLY .030 0 - L h .J 
.it ' 

228 A 

A 1  .030 190 0 - POLY .030 ii * 

A 1  .030 19 0 .012 i 9 G '  

AI .030 190 PROFUSE - ' . 012 19 - 



TABLE X I  - DIAGNOSTIC T E S T S  

APPARATUS rnl 

THICK 
I___ 

HOLE GROWTH I MAT'L 

A 1  ,030 190 0 
(SNUG FIT - TmE TO HOLDER) I 

2 BUILT-IN LEAK - 0.5" H20 A P 

A 1  .030 190 os'c 
HOLE BLOCKED 

A 1  .030 190 07k 
HOLE BLOCKED 

. . 

7 BUILT-IN LEAK - 0.1" H20 A P 

A 1  

-- 

A 1  .030 190 l¶k*  A 1  



tube,  however, post  examination showed t h a t  the  190 micron ho le  was blocked. The 

190 micron ho le  membrane was r e t e s t e d  i n  apparatus  #1 with t h e  same i n t e n t i o n a l  leak .  

Again no growth occurred and t h e  membrane hole  was blocked. The two membranes were then 

t e s t e d  with sma l l e r  i n t e n t i o n a l  leaks.  Growth occurred i n  both de t ec to r  tubes and 

n e i t h e r  membrane blocked. 

The r e s u l t s  of t hese  d i agnos t i c  t e s t s  confirmed t h a t  a i r  l eaks  on the  s t e r i l e  

s i d e  of the  membrane c o n t r i b u t e  t o  the pene t r a t ion  of organisms thru  a  micron s i z e d  

ho le .  It t h e r e f o r e  was concluded t h a t  t he  t h r e e  consecut ive in s t ances  of growth 

occurr ing  on t h e  190 micron ho le  (Table X) were t h e  r e s u l t s  of t e s t  apparatus  

leakage and d id  not  c o n s t i t u t e  v a l i d  t e s t s .  

The experience gained throughout t he  t e s t  program has shown t h a t  the v i a b l e  

c u l t u r e  technique f o r  d e t e c t i o n  of microorganisms i s  of the  utmost s e n s i t i v i t y .  

Rigorous a t t e n t i o n  t o  contamination con t ro l  beyond t h e  usua l  scope of convent ional  

a s e p t i c  techniques i s  required.  The t e s t s  performed wi th  blank membranes and the  

25% r a t e  o f  contamination experienced a f t e r  i n s t i t u t i n g  t h e  p r e  t e s t  incubat ion  c l e a r l y  

i n d i c a t e  t h a t  a l l  i n d i c a t i o n s  of pene t r a t ion  experienced during quiescent  t e s t i n g  

were i n  ques t ion .  It i s  ev ident  t h a t  contamination was being introduced i n t o  t h e  

c u l t u r e  d e t e c t i o n  tubes during t h e  t e s t s  documented on Tables VI, VII, VII I  and I X  

by t h e  t e s t  regimen i t s e l f .  

It i s  f u r t h e r  ev ident  from the  i n i t i a l  t e s t i n g  which was conducted wi th  continuous 

ope ra t ion  of the  a g i t a t i n g  fan ,  and Phe l a s t  t e s t s  which c rea ted  flow on t h e  s t e r i l e  

s i d e  of t h e  membrane, t h a t  non quiescent  condi t ions  in f luence  microbia l  pene t r a t ion  

a g a i n s t  a  d i f f e r e n t i a l  p ressure .  Tes ts  performed a f t e r  completion of t h i s  c o n t r a c t  

confirm t h a t  microbia l  pene t r a t ion  w i l l  occur aga ins t  0.5" H20 when t h e  a g i t a t i n g  

f a n  i s  operated throughout t h e  7 2  hour t e s t  per iod .  The s p e c i f i c  i n f luence  of non 

qu ie scen t  condi t ions  r equ i r e s  f u r t h e r  i nves t iga t ion .  



CONCLUSIONS 



5. CONCLUSIONS 

1.0 An experimental  apparatus  and t e s t  procedure t o  permit measurement of the  

counter  c u r r e n t  flow of microorganisms under quiescent  condi t ions  has been developed. 

The system employed i s  p o t e n t i a l l y  s e n s i t i v e  t o  pene t r a t ion  of one v i a b l e  microorganism. 

Rigid a s e p t i c  techniques a r e  requi red  t o  d e t e c t  and e l imina te  extraneous contamination. 

2.0 G r a v i t a t i o n a l  s e t t l i n g  i s  t h e  most s i g n i f i c a n t  f a c t o r  i n  quiescent  atmospheres 

c o n t r i b u t i n g  t h e  microbia l  pene t r a t ion  of ho le s .  A small  d i f f e r e n t i a l  p re s su re  grad- 

i e n t  w i l l  e f f e c t i v e l y  p r o t e c t  aga ins t  pene t r a t ion  of microscopic holes  by the  spore 

se t t l emen t .  

3 .0  The a p p l i c a t i o n  of t he  p re s su re  d i f f e r e n t i a l  concept t o  BISS, and Assembly 

S t e r i l i z e r  and a S t e r i l i z a t i o n  Canis te r  appears f e a s i b l e .  The s p e c i f i c  d i f f e r e n t i a l  

p ressure  t o  use  i s  dependent upon the  environmental condi t ions  surrounding each i tem. 

4.0 A 0.5" H20 d i f f e r e n t i a l  p re s su re  should prevent  pene t r a t ion  of microorganisms 

t h r u  smal l  ho le s  i f  t he  flow on e i t h e r  s i d e  of t he  b io  b a r r i e r  i s  not  d i s rup ted  by 

some o t h e r  f a c t o r .  Addi t iona l  t e s t s  should be performed a t  0.5" H20 however t o  provide 

g r e a t e r  assurance  i n  t h i s  p re s su re  d i f f e r e n t i a l .  

5.0 The 0.5" H 0 pressure  g rad ien t  may not be adequate under non-quiescent en- 
2 

vironments.  The e f f e c t  of non-quiescence on both s ides  of t he  b io  b a r r i e r  must be s tud ied  

i n d i v i d u a l l y  and i n  combination p r i o r  t o  establ ishment  of the  requi red  d i f f e r e n t i a l  

p re s su re .  

6.0 The d i f f e r e n t i a l  p re s su re  l e v e l  i s  not  in f luenced  by any of the  va r i ab l e s  

s t u d i e d ,  namely, ho le  s i z e s  from 19& t o  228 f l  , membrane th ickness  of .012" and 

. d o ' '  and membrane m a t e r i a l s  of aluminum and polypropylene. 
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1.0 Addi t iona l  t e s t i n g  under quiescent  condi t ions  should be undertaken t o  

provide g r e a t e r  assurance i n  the  e f f ec t iveness  of 0.5" R20 d i f f e r e n t i a l  p re s su re .  

2.0 The in f luence  of spore o r  p a r t i c l e  v e l o c i t y  on the  non s t e r i l e  s i d e  of a  

b i o  b a r r i e r  on the  p re s su re  d i f f e r e n t i a l  requi red  t o  prevent  t h e i r  passage through 

microscopic ho le s  should be inves t iga t ed .  

3.0 The e f f e c t  of gas flow on the  s t e r i l e  s i d e  of a  b i o  b a r r i e r  on the  pres -  

s u r e  d i f f e r e n t i a l  should be s tudied .  

4.0 The i n t e r a c t i o n  between flow d is turbances  r e s u l t i n g  from m u l t i p l e  holes  

c l o s e  toge the r  should be examined. 

5.0 The combined e f f e c t s  on a l l  non quiescent  condi t ions  should be s tud ied  t o  

determine whether t h e s e  environments a r e  a d d i t i v e .  

6.0 Extensive t e s t i n g  f o r  r e l i a b i l i t y  information should be performed only 

a f t e r  t he  d i f f e r e n t i a l  p re s su re  requi red  f o r  p r o t e c t i o n  aga ins t  high v e l o c i t y  

p a r t i c l e s  and s t e r i l e  s i d e  flow i s  e s t ab l i shed .  
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APPLN!)I X A - - - - . . - .- - -- 

BACTKR!tlL P A R T I C 1 , E  SIZING 

I n  tl-oduc t i on  -- -. - -- - - - 

Thc mcthod most  us i>c \  f o r  s i x ( ,  a n c l y s i : ,  of 1) : ic to- ia l  p a r t i c l e s  i s  J i ~ c ! c L  

nlcasurcliie~lt w i t  11 a 1 ight  mict oscop,.  1, i l i t  G c n l  i h t  ntclcl ocul  r.1 m i c ~ - o  t ,  r. 

T o  facilitate, ~-i.pc>l-i i n g  t11c s i z e  of h c ? ~ . t r ~ r i ; ~ l  pat  t i r l o s ,  i t  i s  u s u q l  l y  

assumccl t h a t  a1 1 p 3 r t  i c  1t.s i n  a gjvc'n ~ ~ 1 ~ 1 p 1 ~ ~  11 1 5 ~ ~  t11c sciri~c c l c ~ ~ s i t  y and 

s h a p e .  To s i m p l i . f y  f u r - \  11c1: t lip t l t : tern!inai.i  or1 of b a c t r i r i a l  p s ~ : t i c l e  si i - . ~ ,  i t  

i s  u s u a l l y  assumct l  thaL a1 1 t h c  l ) n c t r : ~  i n 1  1~al.t i r l  ,s a r e  s l ) l ~ c : r i c a l  a ~ l d  t11e 

method,  i t  p v o ~ r i d c s  t h t ~  r1i3,cs:,a~-!: tylx'  (of i i ~ i r ~ r ~ r i , l t  i o n  for- a1 1 1 , rar t  i r n l  

purpose::. 

C l e a n  5 l i r loc 2nd cr)\7r r s l  i p c , .  

Weigh 2 0  mg of a g e n t  i n t o  a  c l i n n  b c n k c r .  

Add 2 0  m l  o f  s u s p e n d i n g  f l u i d  (200 p a r t s  n - b u t y l  a l c o h o l  a n d  1 

p a r t  Canada  Balsam) . 
Magna-mix t h c  s o l u t i o n  f o r  approxjl l lntc  l y  5 m i n u t c s  . 

While t h e  s o l u t i o n  i s  m i x i n g ,  t a k e  a  wooJen a p p l i c a t o r  ar:J p l a c e  

1  o r  2 d r o p s  on each s l i d e .  

A l l o , ~  t h ~  s l i t l e s  t o  d r y  coniplt t e l l ,  , abL)iit  2 h o u r s .  

Cove r  w i t h  c o v e r  s l i p s .  

Repea t  a b o u t  't t i m e s ,  i n  o t h e r  w o r d s ,  I Reps.  

P i c l i  2 b e s t  s l i d e s  fr0.1, ezch r:t.p, t h u s  prc ;v id ing  10 g ~ o f  s l i , ' e s .  

S tu r t -  s l i d e s  i n  d c s s i c - a t o r  i l r ~ r  I L r nil) : t >  s i z e .  



Rending S l i d c s  

1 0 .  Use a 10 x 96 o r  1 2 . 5  x 96  powel- s c o p e ,  citl ibra tc>t i  w i t 1 1  o i l  ecvn r . l  s i c l n .  

11.  S i z e  50 pal-t ic1i .s  p.1- s l i d c .  

1 % .  Use t h e  f o l 1 o : ~ i n g  t y p e  o c u l a r  microii ictcr .  

13.  S\,~ppl, f i e l d  until 50 pasticlvs pcr s l i d e  lire rencl.  

14. Rcail 4 s l i d c ' s .  

15 .  Sample c n l c ~ i l  ,,I i onr ar-c a t  t :?checl. ( ~ C P  '1':t't)le 11) 

A f t e r  200 p a r t i c l e s  from t h e  s l i d e s  a r e  coun ted ,  s i z e d ,  and t a b u l a t e d  (Table I I I ) ,  

t h e  p e r c e n t  of t h e  t o t a l  number i s  c a l c u l a t e d  f o r  each s i z e  and t h e s e  pe rcen tages  

a r e  t h e n  cumulated f o r  d e t e r m i n a t i o n  o f  count median d i a m e t e r .  The t o t a l  mass 

f o r  each group i s  c a l c u l a t e d  by cubing t h e  diameter  and m u l t i p l y i n g  by t h e  number 

o f  p a r t i c l e s  i n  t h a t  s i z e  g roup .  The p e r c e n t  o f  t h e  t o t a l  mass i s  c a l c u l a t e d  

f o r  each s i z e  group and t h e s e  pe rcen tages  a r e  t h e n  cumulated f o r  d e t e r m i n a t i o n  o f  

mass median d i a m e t e r .  The cumulated f i g u r e s  f o r  number p e r c e n t  and mass p e r c e n t  

a r e  p l o t t e d  a g a i n s t  t h e  cor responding  s i z e ,  a s  shown i n  F i g .  9 by r e a d i n g  t h e  s i z e  

cor responding  t o  t h e  50 p e r c e n t  i n t e r c e p t ,  a s  shown on t h e  graph (Fig .  9 ) ;  t h e  

count  median d iamete r  o r  C .M.D. is  determined a s  1 . 7  microns;  t h e  mass median 

diameter  (M.M,D .) i s  determined i n  t h e  same manner a s  9  . O .  



Figure  9 .  Bac te r i a l  P a r t i c l e  S i z i n g  Graph 
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A FORTRAN PROGRAM FOR THE CALCULATIONS OF THE 
LAHfWR AND THE TURBULENT 3ET VELOClTBES 
DBRENSION UgSB)a Vt583, V(4B) 
PRHNT S@ 

888 FORMAT<- X 8  +w13%" + X = " E I e 3 s / /  3 
R E A D ~ U M A X I D I A I X B ~ X I O ~ P @ S Y ~ ~ N B M ~ R ~ S  
PRINT leer  URAXs D o  Ao XB, X 1 o  Y@@ Y l o  N8 W I  Ro S 
PRIBbT 888 
unx = U ~ A X ~ U M A X  
B a e @ 8 8 2 4 S U M A X * D  
NI =@+ 1 
M B = t d + I  
@X=@ 
DO 18 %Irl,WI 
EVE=Bf-l 
X=XB*X# +EYE 
W=x*gW*6s+saB) 
DO B@ J ~ l t s H 1  
EdAY14-8 
Y ( J l = Y @ + V 1  *EJAY 
Z=e 125*U$dAX+D*V<d) /W 
ZZ=Z*Z 
T = C & e + Z 2 1 * * &  
V < J ) ~ U D ~ P \ X + D * Z * C ~ ~ - Z ~ ~ ~ ( X * T * ~ O ~  

28 UCd)n UMX*D*D8<2eSW+T)  
RRlNT 2 B B 8 M X a X  
N X = N X + l  
PRINT 38@+ < I r Y < I ) a U < I ) r V & l ) a l ~ t ~ M l )  
PRINT I(@@ 

dB63 FORMAT I / / )  
aer  (CONTINUE 

2S@ FORMAT<" R + I  VO+K*V11 U " 
c-9 vee 3 

388 F Q R M A T C B ~ ~ ~ X S ~ E ~ S * ~ )  
1BB FORMAT C "  U & A X = " E l @ e 3 a n  D s m E I B a 3 a W  A e n E l B e 3 0 /  

'' ~ @ = " ~ j @ e a s ~  X $ z " E I @ e 3 a w  V 8 m m E 1 8 * 3 r n  Y I m w E 1 8 e 3 r /  
'' @ ~ ' * ] I 3 a o d ,  @sC%I3a /  
Re"E8eBae' SsWESeJ~//3 

59 FORMAT<" THE ORDER OF INPUT XSg UMAXa Do A P  XBP X 1 9  
" Y 0 a  Y l e  Ha M~4s R o  S"a% - ALL INPUTS AND OUTPUTS ARE ZN c n ~  sEe UNITS~IBB/I 
STOP 
END 

READY 





Rog~ss /r Our Most /mportant %dm+ 




