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ABSTRACT 

The theoretical optimization of the characteristics of a recircul ating 
filter system that minimize an individual's dose from the inhalation of radon 
progeny is described. The computer simul at ion presented combines model s for a 
well -mixed room, lung deposition, and lung dose equivalent. A modified form 
of the Porstendorfer-Jacobi room model and the Jacobi -Ei sfel d 1 ung dosimetry 
model are used for the simulation. The goal is to determine optimal filter 
characteristics for reducing the 1 ung dose equivalent under specified room 
conditions. The parameters of the filter that are optimized include the 
filter solidity, filter thickness, and fiber diameter. The resulting optimal 
design is a thin filter of low solidity composed of relatively coarse fibers. 
This analysis indicates that a significant reduction in the dose-equivalent 
rate can be achieved through the use of a properly designed recirculating 
filter system. Data from laboratory tests using three different filter 
designs are presented. Although the data do not appear to support the 
theoretical predictions, the prel iminary nature of the experiments do not 
justify drawing any conclusions at this time. 



INTRODUCTION 

During the past several years there has been increased in te res t  i n  the 
presence o f  radon i n  homes, mostly due t o  the rea l i za t ion  tha t  radon 
concentrations i n  homes can be thousands o f  times higher than previously 
suspected. This in te res t  has resulted i n  an increased leve l  o f  research i n t o  
how t o  reduce the dose equivalent t o  people breathing the contaminated a i r .  
To date, the major i ty o f  t h i s  research has been directed toward the prevention 
o f  the entry o f  radon gas i n t o  the breathing zone. The present research 
focuses on the f i l t r a t i o n  o f  room a i r  t o  remove radon decay products. The 
objective i s  the evaluation o f  the pract ica l  i t y  o f  using a rec i rcu l  a t ing  
f i l t e r  system as a mi t igat ion device. 

MODELING 

The well -mixed room model i n  Figure 1 i l l u s t r a t e s  the relat ionships among 
pa r t i c l e  concentration, vent i  1 ation, surface deposition, f i  1 t ra t ion,  and 
source terms. I n  t h i s  model, steady state conditions require tha t  the 
production terms equal the loss terms f o r  par t i c les  w i th in  the room. Under 
these conditions, wi th  no f i l t e r  operating, the source term I s  equal t o  the 
ra te  o f  loss through exchange wi th  outdoor a i r  (accounting f o r  the outdoor 
dust brought Indoors), and the loss due t o  deposition on room surfaces. 

The a i r  exchange ra te  i s  defined as the r a t i o  o f  the a i r  f low i n t o  and 
out o f  the room divided by the volume o f  the room. The surface deposition 
rate f o r  a speci f ic  p a r t i c l e  size (or the "plateout rate")  i s  defined as the 
rate a t  which one room volume o f  a i r  i s  cleared of par t i c les  o f  t ha t  size. 
This i s  defined as the deposition ve loc i ty  o f  the par t i c les  times the surface 
area o f  the room divided by the room volume. I n  t h i s  model, par t i c les  are 
assumed not t o  be resuspended once deposited on a surface. Based on 
measurements performed under 1 aboratory conditions, the deposition ve loc i ty  o f  
unattached radon-222 decay products has been estimated t o  be i n  the range o f  2 
t o  10 m/s. For t h i s  model, 2.3 m/s  i s  used f o r  the deposition ve loc i ty  and 
5 mZ/s f o r  the d i f fus ion  coef f ic ient . ( l )  

The f i l t e r  e f f ic iency i s  a function o f  the character ist ics o f  the f i l t e r ,  
including the thickness o f  the f ibrous mat, the f i l t e r  s o l i d i t y  (i.e., the 
r a t i o  o f  the volume o f  the f ibers  t o  the t o t a l  volume o f  the f i l t e r )  , and the 
diameters o f  the f ibers.  For a given f i b e r  diameter, a "s ingle f i b e r  
ef f ic iency"  which i s  a function o f  the ve loc i ty  past the f i b e r  and diameter o f  
the p a r t i c l e  can be calculated. The re lat ionship o f  the single f i b e r  
ef f ic iency t o  the overal l  e f f ic iency i s  determined by in tegrat ing over the 
thickness o f  the f i l t e r  and the d is t r ibu t ion  o f  p a r t i c l e  sizes. Although most 
f i l t e r s  are made up o f  f ibers  wi th  a range o f  diameters, t h i s  model uses a 
single f i b e r  diameter. The three f i l t e r  parameters tha t  are adjusted f o r  
purposes o f  optimization are the so l id i ty ,  the f i l t e r  thickness, and the f i b e r  
diameter. 



The filtration rate is defined as the flow through the filter divided by 
the volume of the room. At a specified particle size the clean air delivery 
rate is defined as the filtration rate times the filter removal efficiency for 
that particle size. Although the clean air delivery rate is the important 
parameter for maximizing particle removal in a room, it is not the parameter 
of primary interest for radon. What is important in evaluating filter 
performance is the "filter effectiveness"; the steady-state ratio of the 
dose-equival ent rate from the airborne decay products before and after 
treatment. 

The other variable of interest is the filter face area. For purposes of 
these calculations, the filter area was set equal to 1 m2. Using these 
variables, and weighting the single fiber efficiency at each particle size by 
the particle size distribution, the filter model Is applied over the entire 
range of particle sizes. This weighting factor is also appl ied to the 
processes of deposition, air exchange, and the source term. 

Practical considerations in the design of filters include 1 imitations on 
the filter characteristics, the aerodynamic noise produced by the fan, the 
pressure drop, and the velocity of the air through the filter. Limitations 
were placed on the allowed variation of the filter design parameters to 
restrict these parameters to practical values. Following this approach, the 
filter solidity was allowed to vary from 0.5% to 35%; the filter thickness 
from 0.1 to 100 millimeters; and the fiber diameter from 0.1 to 100 
micrometers. Another limitation placed on the filter design was that the 
filter velocity not exceed 5 m/s (980 fpm, 11 mph), as this was regarded as 
the highest acceptable breeze from the fan. 

From the fan law for aerodynamic noise, this noise is related to the 
pressure drop as an exponential function of the difference between the 
operating sound power level and a reference sound power level. For most 
vane-axial and centrifugal fans the reference sound power level varies from 45 
to 55 dB (defined as "the sound power level of a homologous fan when producing 
a fan flow rate of unity [l cfm] at a fan total pressure of unity [l in. Hz01 
at the same point of rating") (2). For this analysis the operating fan noise 
was restricted to no more than 15 dB higher than the reference sound power 
level. Holding the fan noise constant allows for the comparison of a wide 
range of different filter and fan combinations. 

To simul ate radon decay products in the room, the Porstendorfer-Jacobi 
room model was used (3). This model was modified by adding an expression for 
removal by the filter to it, and includes the interactions between radon decay 
products, particles in the air, and various sources and sinks as illustrated 
in Figure 2. The steady-state conditions describing the concentrations of 
radon and its decay products in room air were written in terms of the activity 
of the various nuclides inside and outside the room. These concentrations 
depend upon the efficiency of the filter, radioactive decay, exchange with 
outside air, deposition of particles on room surfaces, attachment of free 
decay products onto airborne particles, recoil of decay products from 
particles, and filtration. 



The model used t o  ca lcu la te  the dose-equivalent r a t e  de l ivered t o  the 
lung t i ssue  by the decay products was developed by Jacobi and E i s fe l d  
(J-E) (4). The steady-state equations descr ib ing the  a c t i v i t y  re ta ined i n  
each generation were w r i t t e n  as functions of the f r ee  and attached decay 
product a c t i v i t i e s  breathed i n t o  the  1 ungs, rad ioac t i ve  decay, deposi t ion o f  
the p a r t i c l e s  onto the lung surfaces, desorption o f  decay products from 
p a r t i c l e  surfaces, movement of the decay products by muco-ci 1 i ary clearance, 
and d i f f us i ona l  t rans fe r  t o  the  blood. For the purposes o f  optimization, the 
f u l l  J-E lung dose-equivalent model was used. However, t o  determine the 
f i l t e r  ef fect iveness under 1 aboratory condi t ions a simpler (1 inear)  
approximation (4) i s  used t o  ca lcu la te  the mean dose-equivalent r a t e  de l ivered 
t o  the basal c e l l  l ayer  o f  the Tracheo-Bronchial (T-B) region o f  the  lungs: 

- 
where D E w Mean Lung Dose Equivalent Rate, Sv/hr 

PAEC = Integrated Potent i  a1 A1 pha Energy Concentration, WLM 
f - Unattached Fract ion o f  PAEC 

170 = Number o f  hours i n  a WLM 

OPTIMIZATION METHODOLOGY 

The ob ject ive  o f  the opt imizat ion o f  f i l t e r  design i s  t o  reduce the lung 
dose-equivalent r a t e  t o  a minimum. This can be achieved by de f in ing  the  
funct ion t o  be minimized as the r a t i o  o f  the lung dose-equivalent ra tes  from 
breathing room a i r  w i t h  a f i l t e r  operating compared t o  breathing room a i r  
wi thout  a f i l t e r  operating. The f i l t e r  design t h a t  produces the minimum value 
f o r  t h i s  r a t i o  i s  the optimum design.. 

Mu1 t i -parameter opt imizat ion was performed using the Modif ied Simplex 
Method (MSM) o f  Nelder and Mead (5).  This procedure permits a simultaneous 
opt imizat ion o f  f i l t e r  thickness, s o l i d i t y ,  and f i b e r  diameter using an 
adaptive, i t e r a t i v e ,  sequential search o f  the response surface, defined i n  
t h i s  app l ica t ion as the r a t i o  o f  the dose-equivalent ra tes  from f i l t e r e d  and 
u n f i l t e r e d  room a i r .  The MSM has been shown t o  be q u i t e  robust i n  f i nd i ng  
t r ue  optima wi thout  ca lcu la t ing  der ivat ives (6). 

Using the approach appl ied i n  these studies, unimodal i t y  i s  not  assured. 
To ensure t ha t  the technique has found the t r u e  global  optimum, random 
s t a r t i n g  po in ts  were chosen and repeated f u l l  opt imizat ions performed. A t  
l e a s t  100 such opt imizat ions were run t o  assess the l oca t i on  o f  the optimal 
parameter set. I n  each case, a s t r i c t  convergence c r i t e r i o n  was set  t o  avoid 
f i nd ing  o f  "fa1 se minimaa i n  regions o f  slow response change. 

For optimization, ce r t a i n  i n i t i a l  condi t ions were spec i f ied f o r  the 
ca lcu la t ion o f  the condi t ions w i t h i n  the room. The n d o o r  2 2 2 ~ n  concentrat ion 

s i wa set  a t  the EPA remedial ac t ion l e  e l  o f  148 Bq/m (4 pCi/L). The outdoor 
2&n concentration was set  a t  5 B q / r n  (7). The r a t i o  o f  decay product 
concentrations outdoors t o  the  Rn concentrat ion was se t  a t  1 : 0.8 : 0.65 



(for 218~0 : 214pb : 214Bi ) (8). The surfa e t o  vol  ume r a t i o  o f  the room was 
set t o  1.45 m-1, w i th  a room volume o f  80 3 . The exchange ra te  between the 
room and outdoor a i r  was set a t  one a i r  change per hour (1 ch). The aerosol 
was assumed t o  have a concentration o f  20,000 particles, c a  (o f  u n i t  
density), and t o  be lognormally d is t r ibu ted  wi th  a count median diameter o f  
0.06 micrometer and a geometric standard deviat ion o f  2.0. (9) 

Without the f i l t e r  i n  operation, estimates o f  radon deca prod 

J h\ 3 ^ 3 so concent at ion n the room a i r  ere c ulated t o  be 122 Bq/m f o r  
65 Bq/ f o r  Pb, and 43 Bo/ f o r  Bi, w i th  4.6% o f  the decay products i n  
the free state. This corresponds t o  a Potential Alpha Energy Concentration 
(PAEC) o f  0.02 Working Level (WL), and an equi l ibr ium fac tor  o f  0.42. The 
mean dose-equivalent r a t e  t o  the basal c e l l s  o f  the T-B region was calculated 
t o  be 10 pSv/hr. 

Based on the resu l ts  o f  the analyt ical  routine, the optimum f i l t e r  design 
was found t o  be a t h i n  f i l t e r  ( less than 0.7 mn), w i th  low s o l i d i t y  ( less than 
I%), and coarse f ibers  (greater than 30 pm). (The opt imizat ion o f  a f i l t e r  
i n  reducing the lung dose-equivalent ra te  i n  room a i r  was more f u l l y  discussed 
i n  an ear l  i e r  paper (10) .) Concentrations o f  radon cay products i n  t h  is treated room a i r  w estimated t o  be 39 ~o/m3 f o r  2 Po, 9.7 B o / d  f o r  "4Pb, 
and 7.2 B o / d  f o r  f n B i ,  w i th  6% o f  the decay products i n  the f ree  s tate 
This corresponds t o  0.003 WL, and an equi l  i brium fac tor  o f  0.08. The mean 
dose-equivalent r a t e  t o  the basal c e l l s  o f  the T-B region was calculated t o  be 
2.2 pSv/hr o r  22% o f  the estimate f o r  the un f i l t e red  rate. 

EXPERIMENTAL RESULTS 

Three d i f f e ren t  f i l t e r  designs were tested i n  a prel iminary phase o f  
experimentation: a High Ef f ic iency Par t icu late A i r  (HEPA) f i l t e r ;  a very 
l i g h t ,  coarse f i l t e r  (the "furnace f i l t e r n ) ;  and a f i l t e r  w i th  intermediate 
sol i d i  ty, f i b e r  diameter, and ef f ic iency ( the " p r e - f i l  t e rm) .  These f i l t e r s  
were tested a t  comparable aerodynamic fan noise levels, as discussed above. 
On the basis o f  these dat it appears tha t  the greatest reduction i n  PAEC was 
achieved by the HEPA f i l t e r ,  w i th  the furnace f i l t e r  providing lesser 
reductions and the p r e f i l t e r  providing the least.  The HEPA f i l t e r  also 
appeared t o  provide the greatest reduction i n  the T-B dose-equivalent rate. 
Please note, however, t h a t  these data are prel iminary and subject t o  
confirmation. Several factors, such as an using a screen sample t o  determine 
the unattached f rac t i on  and the p o s s i b i l i t y  o f  unstable condit ions i n  the 
chamber, may have perturbed the data unacceptably. U n t i l  such time as these 
and other questions have been answered, no conclusions can be made on the 
basis o f  t h i s  data. 

CONCLUSION 

From theory, i t  should be possible t o  design a f i l t e r  tha t  reduces the 
dose-equivalent ra te  del ivered t o  the lungs from airborne radon decay 
products. This appears t o  be optimized a t  t h i n  f i l t e r  thicknesses ( less than 
0.7 m), low f i l t e r  s o l i d i t i e s  ( less than I%), and coarse f i b e r  diameters 



(greater than 30 pm) . However, preliminary tes t ing  o f  three d i f f e ren t  f i l t e r  
designs matched f o r  fan noise d i d  not support t h i s  theoret ical  conclusion. 
Further research i s  required, using well characterized f i l t e r s  across a range 
o f  designs, including as close t o  the theoret ical  optimum as i s  p rac t ica l  t o  
manufacture, t o  f u l l  y prove o r  disprove the theoret ical  conclusion. 

The work described i n  t h i s  paper was not funded by the U.S. Environmental 
Protection Agency and therefore the contents do not necessarily r e f l e c t  the 
views o f  the Agency and no o f f i c i a l  endorsement should be inferred. 
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FIGURE 2. Radon decay product interactions in room air. 



By: Carl A. Curling, S. N. Rudnick, P. B. Ryan, 
0. W. Moeller 

Harvard School o f  Pub1 i c  Health 
Physical Sciences and Engineering Program 
665 Hunti ngton Avenue 
Boston, HA 02115 

ABSTRACT 

The theoret ical  optimization o f  the character ist ics o f  a rec i  r cu l  a t  i ng 
f i l t e r  system that  minimize an indiv idual 's dose from the inhalat ion o f  radon 
progeny i s  described. The computer simulation presented combines models f o r  a 
well-mixed room, lung deposition, and lung dose equivalent. A modified form 
o f  the Porstendorfer-Jacobi room model and the Jacobi - E i  s fe ld  1 ung dosimetry 
model are used f o r  the simulation. The goal i s  t o  determine optimal f i l t e r  
character ist ics f o r  reducing the lung dose equivalent under specif ied room 
conditions. The parameters o f  the f i l t e r  t ha t  are optimized include the 
f i l t e r  sol i d i  ty, f i l t e r  thickness, and f i b e r  diameter. The resu l t ing  optimal 
design i s  a t h i n  f i l t e r  o f  low s o l i d i t y  composed o f  r e l a t i v e l y  coarse f ibers.  
This analysis indicates that  a s ign i f i can t  reduction i n  the dose-equivalent 
ra te can be achieved through the use o f  a properly designed rec i rcu la t ing  
f i l t e r  system. Data from laboratory tests  using three d i f f e ren t  f i l t e r  
designs are presented. Although the data do not appear t o  support the 
theoretical predictions, the pre l  iminary nature o f  the experiments do not 
j u s t i f y  drawing any conclusions a t  t h i s  time. 



INTRODUCTION 

During the past several years there has been increased interest in the 
presence of radon in homes, mostly due to the realization that radon 
concentrations in homes can be thousands of times higher than previously 
suspected. This interest has resulted in an increased level of research into 
how to reduce the dose equivalent to people breathing the contaminated air. 
To date, the majority of this research has been directed toward the prevention 
of the entry of radon gas into the breathing zone. The present research 
focuses on the filtration of room air to remove radon decay products. The 
objective is the evaluation of the practicality of using a recirculating 
filter system as a mitigation device. 

MODELING 

The well -mixed room model in Figure 1 illustrates the relationships among 
particle concentration, ventilation, surface deposition, filtration, and 
source terms. In this model, steady state conditions require that the 
production terms equal the loss terms for particles within the room. Under 
these conditions, with no filter operating, the source term Is equal to the 
rate of loss through exchange with outdoor, air (accounting for the outdoor 
dust brought indoors), and the loss due to deposition on room surfaces. 

The air exchange rate is defined as the ratio of the air flow into and 
out of the room divided by the volume of the room. The surface deposition 
rate for a specific particle size (or the "plateout rate") is defined as the 
rate at which one room volume of air 1 s cleared of particles of that size. 
This is defined as the deposition velocity of the particles times the surface 
area of the room divided by the room volume. In this model, particles are 
assumed not to be resuspended once deposited on a surface. Based on 
measurements performed under 1 aboratory conditions, the deposition velocity of 
unattached radon-222 decay products has been estimated to be in the range of 2 
to 1 m/s. For this model, 2.3 m/s is used for the deposition velocity and ! 5 mm /s for the diffusion coefficient.(l) 

The filter efficiency is a function of the characteristics of the filter, 
including the thickness of the fibrous mat, the filter solidity (i.e., the 
ratio of the volume o f  the fibers to the total volume of the filter), and the 
diameters of the fibers. For a given fiber diameter, a "single fiber 
efficiency" which is a function of the velocity past the fiber and diameter of 
the particle can be calculated. The relationship of the single fiber 
efficiency to the overall efficiency is determined by integrating over the 
thickness of the filter and the distribution of particle sizes. Although most 
filters are made up of fibers with a range of diameters, this model uses a 
single fiber diameter. The three filter parameters that are adjusted for 
purposes of optimization are the solidity, the filter thickness, and the fiber 
diameter. 



The f i l t r a t i o n  r a t e  i s  defined as the f low through the f i l t e r  d iv ided by 
the volume o f  the room. A t  a spec i f ied p a r t i c l e  s i ze  the clean a i r  del i v e r y  
r a t e  i s  defined as the f i l t r a t i o n  r a t e  times the f i l t e r  removal e f f i c i e n c y  f o r  
t ha t  p a r t i c l e  size. Although the clean a i r  de l i ve r y  r a t e  i s  the important 
parameter f o r  maximizing p a r t i c l e  removal i n  a room, i t  i s  not  the  parameter 
o f  primary i n t e res t  f o r  radon. What i s  important i n  evaluat ing f i l t e r  
performance i s  the " f i l t e r  effect ivenessn; the steady-state r a t i o  of the 
dose-equivalent r a t e  from the airborne decay products before and a f t e r  
treatment. 

The other var iab le  o f  i n t e res t  i s  the f i l t e r  face area. For purposes o f  
these calculat ions, the f i l t e r  area was set  equal t o  1 m2. Using these 
variables, and weighting the s ing le  f i b e r  e f f i c i ency  a t  each p a r t i c l e  s i ze  by 
the p a r t i c l e  s i ze  d is t r ibu t ion ,  the f i l t e r  model i s  appl ied over the e n t i r e  
range o f  p a r t i c l e  sizes. This weighting f ac to r  i s  a lso appl ied t o  the 
processes o f  deposition, a i r  exchange, and the source term. 

Pract ica l  considerations i n  the design o f  f i l t e r s  include l i m i t a t i o n s  on 
the f i l t e r  character ist ics,  the aerodynamic noise produced by the fan, the 
pressure drop, and the ve loc i t y  o f  the a i r  through the  f i l t e r .  L im i ta t ions  
were placed on the allowed va r i a t i on  o f  the  f i l t e r  design parameters t o  
r e s t r i c t  these parameters t o  p rac t i ca l  values. Fol lowing t h i s  approach, the 
f i l t e r  s o l i d i t y  was allowed t o  vary from 0.5% t o  35%; the  f i l t e r  thickness 
from 0.1 t o  100 mi l l imeters ;  and the f i b e r  diameter from 0.1 t o  100 
micrometers. Another l i m i t a t i o n  placed on the f i l t e r  design was t h a t  the 
f i l t e r  ve l oc i t y  not  exceed 5 m/s (980 fpm, 11 mph), as t h i s  was regarded as 
the highest acceptable breeze from the fan. 

From the fan law f o r  aerodynamic noise, t h i s  noise i s  re la ted  t o  the 
pressure drop as an exponential funct ion o f  the  d i f fe rence  between the 
operating sound power l e v e l  and a reference sound power l eve l .  For most 
vane-axial and cen t r i fuga l  fans the reference sound power l eve l  var ies from 45 
t o  55 dB (defined as " the sound power l eve l  o f  a homologous fan when producing 
a fan f low r a t e  o f  u n i t y  [l cfm] a t  a fan t o t a l  pressure o f  u n i t y  [l  in .  Hz01 
a t  the same po in t  of ra t ing" )  (2). For t h i s  analysis the  operating fan noise 
was r e s t r i c t e d  t o  no more than 15 dB higher than the reference sound power 
leve l .  Holding the fan noise constant al lows f o r  the  comparison o f  a wide 
range o f  d i f f e r e n t  f i l t e r  and fan combinations. 

To simulate radon decay products i n  the  room, t he  Porstendorfer-Jacobi 
room model was used (3). This model was modif ied by adding an expression f o r  
removal by the  f i l t e r  t o  it, and includes the in te rac t ions  between radon decay 
products, pa r t i c l es  i n  the a i r ,  and various sources and sinks as i l l u s t r a t e d  
i n  Figure 2. The steady-state condi t ions descr ib ing the  concentrations o f  
radon and i t s  decay products i n  room a i r  were w r i t t e n  i n  terms o f  the a c t i v i t y  
o f  the various nucl ides ins ide  and outside the room. These concentrations 
depend upon the e f f i c i ency  o f  the f i l t e r ,  rad ioact ive decay, exchange w i t h  
outside a i r ,  deposit ion o f  pa r t i c l es  on room surfaces, attachment o f  f r ee  
decay products onto airborne par t i c les ,  r e c o i l  o f  decay products from 
par t ic les ,  and f i l t r a t i o n .  



The model used t o  calculate the dose-equivalent ra te  del ivered t o  the 
lung t issue by the decay products was developed by Jacob! and E is fe ld  
(J-E) (4). The steady-state equations describing the a c t i v i t y  retained i n  
each generation were wr i t ten  as functions o f  the f ree  and attached decay 
product a c t i v i t i e s  breathed i n t o  the lungs, radioact ive decay, deposition o f  
the par t i c les  onto the lung surfaces, desorption o f  decay products from 
p a r t i c l e  surfaces, movement o f  the decay products by muco-ci 1 i ary clearance, 
and d i f fus ional  t ransfer  t o  the blood. For the purposes o f  optimization, the 
f u l l  J-E lung dose-equivalent model was used. However, t o  determine the 
f i l t e r  effectiveness under 1 aboratory conditions a simpler (1 inear) 
approximation (4) I s  used t o  calculate the mean dose-equivalent ra te  del ivered 
t o  the basal c e l l  layer  o f  the Tracheo-Bronchial (T-B) region o f  the lungs: 

- 
where DEW Mean Lung Dose Equivalent Rate, Sv/hr 

PAEC = Integrated Potenti a1 A1 pha Energy Concentration, WLM 
f - Unattached Fraction o f  PAEC 

170 - Number o f  hours I n  a WLM 

OPT I M  IZAT ION METHODOLOGY 

The object ive o f  the optimization o f  f i l t e r  design i s  t o  reduce the lung 
dose-equivalent ra te  t o  a minimum. This can be achieved by def ining the 
function t o  be minimized as the r a t i o  of the lung dose-equival ent rates from 
breathing room a i r  wi th  a f i l t e r  operating compared t o  breathing room a i r  
without a f i l t e r  operating. The f i l t e r  design tha t  produces the minimum value 
f o r  t h i s  r a t i o  i s  the optimum design. 

Multi-parameter optimization was performed using the Modified Simplex 
Method (MSM) o f  Nelder and Mead (5). This procedure permits a simultaneous 
optimization o f  f i l t e r  thickness, so l i d i t y ,  and f i b e r  diameter using an 
adaptive, i te ra t i ve ,  sequenti a1 search of the response surface, defined i n  
t h i s  application as the r a t i o  o f  the dose-equivalent rates from f i l t e r e d  and 
un f i l t e red  room a i r .  The MSM has been shown t o  be qu i te  robust i n  f ind ing . . 
t rue optima without ca lcu lat ing der ivat ives (6). 

Using the approach applied i n  these studies, unimodal i t y  i s  not assured. 
To ensure tha t  the technique has found the t rue  global optimum, random 
s ta r t i ng  points were chosen and repeated f u l l  optimizations performed. A t  
leas t  100 such optimizations were run t o  assess the locat ion o f  the optimal 
parameter set. I n  each case, a s t r i c t  convergence c r i t e r i o n  was set t o  avoid 
f ind ing o f  " fa lse miniman i n  regions o f  slow response change. 

For optimization, cer ta in  i n i t i a l  conditions were spec'f 'ed f o r  the 

i M calculat ion o f  the conditions w i th in  the room. The ndoor Rn concentration 
w set a t  the EPA remedial act ion 1e e l  o f  148 Bq/m (4 pCI/L). The outdoor 
&n concentration was set a t  q/& (7). The r a t i o  o f  decay product I S concentrations outdoors t o  the 2 Rn concentration was set a t  1 : 0.8 : 0.65 



( f o r  218~0  : 214~b : 214~1) (8). The surfa e t o  volume r a t i o  o f  the room was 3 set t o  1.45 m-1, w i th  a room volume o f  80 . The exchange ra te  between the 
room and outdoor a i r  was set a t  one a i r  change per hour (1 ch). The aerosol 5 was assumed t o  have a concentration o f  20,000 par t ic les/  cm (o f  u n i t  
density), and t o  be lognonnally d is t r ibuted wi th  a count median diameter o f  
0.06 micrometer and a geometric standard deviation o f  2.0. (9) 

Without the f i l t e r  i n  operation, estimates o f  radon deca prod ^ 3 HPo concent at ion n the room a i r  were c ulated t o  be 122 Bq/m f o r  
65 Bq/& f o r  ^llPb, and 43 ~q/m3 f o r  B i  , wi th 4.6% o f  the decay i n  
the free state. This corresponds t o  a Potential Alpha Energy Concentration 
(PAEC) o f  0.02 Working Level (WL) , and an equil  i b r i  um factor  o f  0.42. The 
mean dose-equivalent ra te  t o  the basal c e l l s  o f  the T-B region was calculated 
t o  be 10 pSv/hr. 

Based on the resul ts  o f  the analyt ical  routine, the optimum f i l t e r  design 
was found t o  be a t h i n  f i l t e r  ( less than 0.7 m), wi th  low s o l i d i t y  ( less than 
I%), and coarse f ibers (greater than 30 pm). (The optimization o f  a f i l t e r  
i n  reducing the lung dose-equivalent ra te  i n  room a i r  was more f u l l y  discussed 
i n  an e a r l i e r  paper (lo).) Concentrations o f  radon ecay products i n  t h  I! treated room a i r  w estimated t o  be 39 ~q/m3 f o r  2  PO, 9.7 Bq /d  f o r  914Pb, 
and 7.2 Bq/$ f o r  ^Bi, w i th  6% o f  the decay products i n  the free state. 
This corresponds t o  0.003 WL, and an equi l  ibrium factor  o f  0.08. The mean 
dose-equivalent ra te  t o  the basal c e l l s  o f  the T-B region was calculated t o  be 
2.2 pSv/hr o r  22% o f  the estimate f o r  the un f i l te red  rate. 

EXPERIMENTAL RESULTS 

Three d i f f e ren t  f i l t e r  designs were tested i n  a prel iminary phase o f  
experimentation: a High Eff ic iency Part iculate A i r  (HEPA) f i l t e r ;  a very 
1 ight, coarse f i l t e r  (the "furnace f i l t e r n ) ;  and a f i l t e r  wi th  intermediate 
sol i d i  ty, f i b e r  diameter, and ef f ic iency (the " p r e - f i l  tern) .  These f i l t e r s  
were tested a t  comparable aerodynamic fan noise levels, as discussed above. 
On the basis o f  these dat it appears tha t  the greatest reduction i n  PAEC was 
achieved by the HEPA f i l t e r ,  w i th  the furnace f i l t e r  providing lesser . . 
reductions and the p r e f i l t e r  providing the least. The HEPA f i l t e r  also 
appeared t o  provide the greatest reduction i n  the T-B dose-equivalent rate. 
Please note, however, t ha t  these data are prel iminary and subject t o  
confirmation. Several factors, such as an using a screen sample t o  determine 
the unattached f rac t ion  and the possi b i  1 i ty o f  unstable conditions i n  the 
chamber, may have perturbed the data unacceptably. U n t i l  such time as these 
and other questions have been answered, no conclusions can be made on the 
basis o f  t h i s  data. 

CONCLUSION 

From theory, i t  should be possible t o  design a f i l t e r  tha t  reduces the 
dose-equi val ent ra te del i vered t o  the 1 ungs from airborne radon decay 
products. This appears t o  be optimized a t  t h i n  f i l t e r  thicknesses (less than 
0.7 m), low f i l t e r  s o l i d i t i e s  (less than I%), and coarse f i be r  diameters 



(greater than 30 urn) . However, prel iminary testing of three di fferent f i  1 t e r  
designs matched for fan noise did  not support this theoretical conclusion. 
Further research is required, using we1 1 characterized f i  1 ters across a range 
of designs, including as close to the theoretical optimum as i s  practical to  
manufacture, to ful ly prove or disprove the theoretical concl usi on. 

The work described i n  this  paper was not funded by the U.S. Environmental 
Protection Agency and therefore the contents do not necessarily reflect the 
views of the Agency and no official endorsement should be inferred. 
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FIGURE I. Compartmental model of particle interactions in a room. 
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FIGURE 2. Radon decay product Interactions i n  room a i r .  


