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In the past, the most severe• acc.i_Ci~fit· ~p~· w:h,ich, :filter. operations 
were needed was the design basis :accider)t .. ·>;·,~h;i.~~-1s a break of a large 
diameter tube of the pr,imary. circuit _and Jia,s 0happ~n~.d nowhere. The 
core meltdown accident was.· not taken-. into consideration for the 
construction of filter systems, but it has· happened more than once -
the Chernobyl accident, for exampl:~, w•ith considerable contamination 
of large areas of Europe. To mitigate· ,the e11vironmental burden of a 
reactor meltdown accident·,· filtered,;v;eriting. o:f\th~., containment atmos-
phere is important for these purposes. · · ·· 

.·: _: 

0 Avoiding the failure of the containment causing an uncontrolled 
release 'of· radioactivity ·into t,he environm~nt!. . . . . . ..... . 

0 Allowing emergency procedures, ·like,-feed ... and ._ble·e~f; ... wh'i.c}l. ineC1hs, ,, . 
in this ·case~: ·feed cooling water·. onto. the .mo,l,tel} po+e .. avqidJng a't .·. 
the same . time a ·dangerous ·rise ~ii)- containment p::r-esf:mre._ by ble~d , :.' · · 
incj the steam· •out of. the containment. :· , . , , . . . · · , . 

. ·r: . .f .. "• : . 
•.,.'; 

The· extreme challenges to the removal , system.s used. under .. seJ::"ious ...... . 
accident conditions make it nece.ssary to develop and :bui1a;:~pecia11y' '_ .. · 
designed systems or at least improved filter elements. · · · ··· · · · · 

Apart from this, the method·used:today· is .. ques:tJ.qna:bie. ; wi).i .. ,if ..... , 
give protection. to ·'the HEPA~filters:. usin_g condeilsers, heC1,t~1rs,. val ye,$ . 
for the ·:reduction. of· pressure· bursts_,. pre-filters., ,and .. so .on, .rathe]:'." ·· ,: 
than improving the filter element itself to w:ithstanci, t;.he chal;t.~119,E?s.~_, .; .: 
expected. · 

:. '.::: :. ,. 

Most "Of the W .' European nations. will .·ad.d systems for.'. filtered .· , .. 
venting to· the- power reactor containments.·. Releya11t information wii,l 
be given in this session. A fruitful dis.cussicm J,.s .c:tlJ;o exp~cted~J . ,._ 

• ·- ..•. ! I •·"' _. .. ,- . .., .·. •' 

.. ···. 
,. ·~.. i . 

l'' i'.'.; ',,' :. ~-. • • . . ,'! .. ' 
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EXPERIMENTAL MEASUREMENTS OF DROPSIZE DISTRIBUTION 
IN AN. ARRAY OF ·WATER SPRl\.YS* 

N. T. Hightower, III 
Reactor Safety Research Division 

Savannah River Laboratory 
E. I. du Pont de Nemoµrs and Company 

Aiken, South Carolina 29808 

T. A. Bassett 
Bete Fog Nozzle, Inc. 

Greenfield, Massachusetts 01302 

Abstract 

Experimental measurements of the spatial dropsize distribution (DSD) for 
a proposed improved reactor spray system (IRSS) array for the Savannah River 
production reactors were conducted to characterize the spatial DSD at various 
vertical distances below the tip of the spray nozzles. The grid spacing between 
the nozzles was varied for the array to investigate the effect of spacing on DSD. 
Since buffered water is known to enhance the scrubbing effectiveness of sprays, 
unbuffered water (pH of 7) and buffered water (pH of 10) were used to investigate 
the effect on DSD.0) 

DSD data for the proposed IRSS were necessary to evaluate the effectiveness 
of gas cooling and radioactive halogen and particulate scrubbing in the reactor 
room air following a hypothetical severe core-melt accident. The test data will 
be used in the computer simulation design process of the proposed IRSS for the 
Savannah River production reactors. 

The tests represent one of the first full-scale measurements of spatial DSD 
for a representative ·section of a spray system array in the United States. No 
known reactor safety calculations involving the application of sprays in contain
ment or confinement systems account for the variation of DSD with distance. These 
tests were an attempt to investigate this phenomenon. The tests are significant 
due to the widespread application of sprays in the containment or confinement 
system of nuclear reactors. 

I. Introduction 

Nearly all processes involving sprays are strongly affected by dropsizes, 
distribution, and velocity. Accurate measurement of these parameters and proper 
application are necessary to evaluate the effectiveness of the proposed IRSS. 

II. Test Method 

Equipment and Tests 

The spray nozzles tested were the Bete Fog Nozzle, Inc. model TF40XP, shown 
in Figure 1.(2) The spiral nozzle design provides a 120° full-cone spray pattern 
with the largest free passage in a continuous spiral opening. The nozzle is a 
one-piece 316 stainless steel casting with a 5/8-in.-diameter orifice and free 
passage. The lack of internal parts makes these nozzles well suited to the IRSS 
application requir,ing near 100% emergency availability. 

* This paper was prepared in connection with work done under Contract No. 
DE-AC09-76SR00001 with the U.S. Department of Energy. 
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Figure 1. Spiral spray nozzle (TF40XP) for IRSS 

Figure 2. Single IRSS nozzle sprayi ng at Bete Test Facility. 
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A single TF40XP nozzle was tested at 10 and 14 psi at distances of 1, 3, 5, 
and 7 ft to provide a dropsize and velocity data baseline for water and buffered 
water (Figure 2). The pH of the water was maintained at a pH of 7 and buffered 
with a mixture of soda ash and soditml bicarbonate to a pH of 10. 

A three-by-three nozzle array of TF40XP nozzles was tested to collect drop
size and velocity data as pressure, nozzle spacing, and distance from the noz~le 
were varied (Figure 3). The nine-nozzle array was designed to simulate the inter
action of the multiple nozzle array in the proposed IRSS . The proposed array of 
74 nozzles will be located at elevations of 43 and 61 ft abo~e the reactor room 
floor and spaced 9-ft, 8-in. x 11-ft apart. The nine nozzles in the array were 
arranged with three different spacings of 8-ft, 8-in. x 10-ft; 9-ft, 8-in. x 
11-ft; and 10-ft, 8-in. x 12-ft. Each nozzle was threaded into its location to 
orient the spiral tips in the same direction. The array was tested at a pressure 
of 10 psi. 

Water pressure and flow to the nozzle(s) were measured during the tests. 
The pressure of the water supplied to the nozzles in the array te~t was measured 
using nine PTC Electronics model D-2000 readouts with model P-105 transducers 
(0-500 psig) located at each of the nozzles in the array, and one Holicoid 0-15 
psi analog gauge at the inlet to the array for reference. The total flow rate of 
the array was measured with a Rosemount magnetic flowmeter model 8712 transmitter 
and model 8700 flow tube. Similar instrumentation was used for the single nozzle 
test. 

Dropsize and Velocity Measurements 

Spatial dropsize and velocity data for the spray were measured with the Bete 
dropsize analyzer. This analyzer is a computerized video imaging system for 
collection and analysis of spatial dropsize and velocity data in a nozzle spray. 
The analyzer consists of the following: 1) a computer for data acquisition and 
analysis; 2) a video monitor for viewing the droplets; 3) a printer and plotter 
for the various dropsize data; 4) a field video analyzer housing a video camera 
and strobe illumination light; and 5) a support video camera for a patternator 
system (Figures 4 and 5). 

The analyzer operates on the same basic principle as high-speed photography. 
Multiple video frames of drops are acquired by strobe illumination of a discrete 
probe volume of the spray, which is defined by the lens .magnification and depth of 
field. The images are displayed on a video monitor, computer-analyzed, and stored 
within 1 sec. Multiple video frames are accumulated at each location until a 
preset value is reached as determined by the sampling procedure. Data are 
collected at a number of locations in the spray as determined using spray pattern 
plots. 

The analyzer was calibrated with a 3,175-micron-diameter ball bearing. The 
lens magnification was 1.94, and the slope focus value was 2/3 for dropsize and 
velocity testing. 

The spray volumetric distribution (spray pattern) at each vertical distance 
from the nozzle was collected and measured with a specially designed patternator 
system (Figure 3). The spray pattern measurements are used to assist in choosing 
the radial test locations for dropsize measurements, within the x-y plane at each 
vertical distance from the nozzle array. 
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Figure 3. IRSS test array spraying at Bete Test Facility. 

Figure 4. Control room for Bete dropsize analyzer. 
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The patternator system utilizes a standard collection device consisting of a 
linear array of vertical glass tubes. This array is mounted on an x-y-z position
ing device and placed beneath the spray nozzle. When the correct nozzle operating 
pressure is reach~d, a pneumatic cylinder opens a cover, allowing the tubes to 
fill with liquid. Each tube contains a black ball, which floats in the liquid 
collected by that tube, providing a visual indication of the liquid height. 

A separate video from that in the field video analyzer camera is aimed at the 
patternator while the nozzle(s) is spraying. The video image is digitized, and 
the signal is sent to a computer, which continuously measures the movement of each 
ball as the test is run. From this information spray density for each tube is 
calculated. The program output is sent to a plotter, which presents the data in 
graphic form. This plot of spray pattern is used to choose the locations in the 
spray for dropsize measurements. 

A sampling procedure was developed to maintain statistical accuracy of the 
data. As the vertical distance from the nozzle increases, the spray pattern 
diameter increases, which decreases spray density. The sampling procedure 
weighted the data collection based on volume of the spray per unit area, as shown 
in the spray charts. At the various peaks a number of radial locations and the 
number of sample video frames, and thereby drops, analyzed at each location were 
chosen to account for the different percentages of total spray volume at each 
location. 

Data Analysis 

After the dropsize and velocity data were collected at the various locations 
in the spray, single location test reports were combined by the computer to 
form the composite reports. The composite reports are presented as the overall 
velocity and spatial dropsize distribution data for each condition. 

Once the velocity and spatial dropsize distribution data were obtained, 
a mathematical transformation was performed to generate the temporal dropsize 
distribution required for the IRSS design calculations. The method for this 
transformation is described in the discussion section. 

III. Discussion of Results 

Spatial Versus Temporal Data 

All of the data presented in this report were collected as spatial dropsize 
distribution data. There has been a great deal of discussion in the atomization 
field to obtain consensus on a definition for spatial and temporal terms. How
ever, no consensus exists at present. An attempt will be made to describe the 
commonly used definitions of these terms, as they relate to liquid particle-size 
measurements. 

Spatial dropsize distribution is the size distribution of particles in a 
given volume of space, wherein there is no significant variation in the distribu
tion during the sampling interval. Spatial distributions are typically obtained 
by high-speed imaging or sensing of diffracted light from a particle ensemble. 
Spatial distributions may be transformed into flux distributions by multiplying 
the number (or fraction) of droplets of a given dropsize by that velocity. 
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Figure 5. Field video analyzer. 
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Figure 6. Comparison of actual and predicted spray diameters. 
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Flux size distribution, or more commonly temporal dropsize distribution, is 
the size distribution of particles passing through a sampling zone during a given 
interval of time, wherein individual droplets are counted and sized. Flux distri
butions are typically obtained by collection techniques or by optical instruments 
capable of sensing individual particles in flight. Certain sampling methods may 
provide neither flux size distribution nor spatial size distributions. 

There is no recommended standard practice for spatial versus temporal drop
size measurements. However, a preference for one over another may be dictated 
by the computer model used to analyze spray effectiveness. For the IRSS design 
calculations temporal DSD data were used. 

Application of Data 

In some applications it may be desirable to accurately describe the complete 
dropsize distribution produced by a spray nozzle by referring to a single value. 
This test data will be discussed with reference to the DV.5 (Volume Median 
Diameter), the D32 (Sauter Mean Diameter), or D20 (Surface Mean Diameter) as a 
single value that is most appropriately used to characterize a spray of the type 
produced by a direct pressure nozzle. Dodge has described a process for data 
reduction to facilitate the use of a single dropsize value to evaluate sprays.(3) 

A single value is useful for scoping where calculations or when evaluations 
become difficult using a complete dropsize distribution. However, caution should 
be exercised when using a single value for describing a complex phenomenon such as 
spray dropsize distribution.(4) For reactor safety calculations the only proper 
approach is to use the DSD in calculations to evaluate spray effectiveness. 

Current severe core-melt accident analysis involving the application of 
sprays assumes a fixed DSD throughout the transient. Heat loads will distort the 
DSD and could affect appreciably the calculated effectiveness of the sprays. This 
area of DSD characterization LS beyond the scope of this paper. 

Effect of Various Parameters on Dropsize Distribution 

The effect of various parameters on DSD was investigated. They include water 
pressure at the nozzle(s), distance below the nozzle(s), nozzle spacing in a 3 x 3 
array, and buffered water. 

Water Pressure at the Nozzle. The single nozzle data show both the spatial 
D32, DV.5, and D20 being smaller at 14 psi than at 10 psi (Figure 6). An empiri
cal relationship that has been used to predict closely the change in D32 and DV.5 
as a function of pressure is shown in Equation (1). 

where: 

D = A 

DA = Predicted average diameter at Pressure A 

DB Actual coverage dropsize diameter at Pressure B 

PA Liquid Pressure A 

PB Liquid Pressure B 

(1) 

The correlation of the actual D32, DV.5, and D20 to predicted values is shown 
in Figure 6. 
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Distance Below Nozzle ...... Some· sho~t- ·distance-· from .. the. TF.40XP .. nozzle (i:n this 
case approximately 18 in.), the liquid breakup process of sheet, ligam~nt, and 
finally spherical drop formation is''·'rtear.:1y?domplefod.~':c:.At.this point the liquid 

' I 
atomized by the nozzle has become a fully developed spray. After th~s !distance 
major changes in DSD wohld seem to be predominantly affected by envirofi;mental :::, 
effects (i.e., agglomeration, evaporation, and air currents). " ~,·: 

i .. ·: .. 

After approximately 18 in. the composite DSD for the TF40XP nozzl¢ appear~
well-formed and stable with increasing distance. The variation of average ',.: 
dropsize diameters at lbcatiohs in the inner and outer spray cone is typical fo~ 
this dynamic phenomenon:~ Thi·s. is., the basis for using the composite datia rathef:. 
than indi'1':k~!)~(: locations to :d~scriJ?,,~ the DSD. · i' ·:.;i.· c· 

-~.- ' 

The. effect of, distance on DS~· ·was 'investigated for d{~t.~nces betw~en 1 anci'. 
7 ft beio'w .t:hk. no~'zles(s). This 7-:::ft .. distance .. was the::rtlaxi~um distanc~ availa~).e 
for an~iisrs.:~f.: t~~~ Bet~ Tesf;:Facili~y~ .. >>··- <: .. , __ :·· , ; 

-·~~:;.:·~~:;;·: ... :~i~gf~ noz;zle the trend ~-i\ ~;;~·~tial D20 starting .,l'arge at ~·-ft l:;:: 
distance, decreasing to~ 5 ft with a rap{d::,,increase at 7 ft ~/·was observed at 10'~: 
psi (Figure 7). The temporal data increased .... steadily with distance at\ 10 psi .. 
(Figure 8). ·' · 

"-.· 

The spatial D32 an'~ ... DV:.5,. show-;a--deci:;ease .. fr.om ... L:::; .. to .... ~::-ft. distanc:eL ~ith less 
of a change for temporal data (Figqres 9, 10, 1), and 12).; This is belie:;;ed to be 
the distance where the spray is becoming fully developed. ,The sharp i~crease in 
D32 and DV. 5 from the 3- to 5-ft qist8:nc.~·;·iµa,y;1 il>~, ,dµe,;tO,:: .agg,lpmeration and evapora
tion of.smaller drops, and possibfy .. the .. ~Igratfon.of s~ai.rer .. dre>plets .. 
__ -., ··::;_·i.,_-_·: • - .. · ,~,-, --,: .. - ~ ',',, ·; 1 ; ,- ···_··;· ,, •• _ ·~,:.. ;·: •• : _;~ • ,:rr;·,. ~I 'l- ,· :·, '~itJ":·, ·' · 1 

For the array the D20 shows a trend similar to the single nozzle. That is 
the DSD decreasing with, . .dis.t.ance ... t.o .... 5 .. :f;t. .. ,a,:nd. i;-_~p~,qJ,y_ -~:i;iq_e!i_s:i,-qg __ .?~ ... LJ.t. ;' .. J'he 
temporal data show a st~ady in~rease in D20. The 8-ft, 8-in. x 10-ft 4rr~y 
spacing is the exceptio~ to thi's., treridt:witn.: (ofrl!y: a.·•s'l-ight'. i'ric:rease fro1t1 5 to 7 /t. 

D32 shows a general decre.ise wi.th distance from the nozzles .for the arrays) 
• • ••• +t • '· ... ,,; 

The DV. 5 shows a decrease with di.static-a from nozzle for the arrays with the ·,:· 
characteristic hump at 5 ft. Tempora'i<a~ta for be>th..P32 and DV. 5 follow similar 
trends as spatial data. i >· ...... .. .... , .. , .... , . . _ :;: 

.:-- ~ < • \. • l: _; { ' : ·: 

It appears that th~ DSD will not ch'ang·~··appreciably fdr·he.ights gfeater than 
7 ft. Based on this ra~ional~. and limitations at tJ~e B,e.te"Te~t <Facili~y for . 
characterizing DSD at greater disJa9'ces, the temporaF'DSD data at 7 ft;were used 
for the IRS~f.:~design calculations. >How.ever, further tests would be needed to -~'.. 
support this theory. 'tjie divergehce or ·d,ata at 5 ft is within expected error when 
trying 'to'.;cfrat'::l~te'rize spray noi~les of th'is_ type. ' :· 

··:·•'-, . ;-- ! <··· ~ .;.." .. _. 

N6z'He: 'spatiiig in k 3 x '~ Array. With the '·3 :x:, 3 arr~y. .... the-··~'ffect f~{;'distatlce 
below'the;riozZl'e ori Surface Mean Diameter (D20) showed"'·a trend similar' to the ;, 
single nozzle data. Th~ exception to this trend was seen with a nozzl~ spacing~of 
8 fL, 8 in. x 10 ft. At the 7-ft distance the spatial D20 increased orily slightly 
from 5-ft data. The te~poral data also followed the same trend except l decreasi~g 
from 5 to 7 ft at the 8+-ft, 8-in. x 10-ft spacing. When the D20 data were used/to 
analyze the ef~ect of the three-array spacings, no trend was detectable. · ,,._ .,_,. ... , .......... ~ .... ,...,,., .... - _, ........ -,,··-···· - ......... ,_. ..... ··--·~~-«~··· :~ ·:~~-~-

.,. 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

500 

TF40XP NOZZLE AT 10 PSI (34 GPM) 
en z 
0 a: 
0 
:ii -a: 
w 
tu 
:s 
<C 
i5 
z 
<C 

400 LEGEND 
w :s -a- 8' 8" x 1 o· o· 
w 
0 -+ 9'8"X11'0" 
<C 
LL -a- 1 O' 8" X 12' O" 
a: 
::::> -o- SINGLE NOZZl..E 
UJ 
..J 
<C 

~ 
D. 
UJ 

300 
0 2 4 6 8 

DISTANCE BELOW NOZZLE (FEET) 

Figure 7. Spatial Surface Mean Diameter variation with array spacing and distance. 
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Figure 8. Temporal Surface Mean Diameter variation with array spacing and distance. 
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When the array data are analyzed using either the Volume Median Diameter 
(DV.5) or the Sauter Mean Diameter (D32), the general trends are more evident than 
those seen with D20. Both the D32 and DV.5 show general trends of decreasing 
values with increasing distance. The decrease of the DV.5 is more noticeable, but 
so also is the increase at 5 ft. This was seen to a greater extent in the single 
nozzle. No explanation is given at this time for this phenomenon. 

As the array spacing was increased, the D32 decreased for the 1- and 3-ft 
distances from nozzle. At the 5- and 7-ft distances away, the increased nozzle 
spacing increased the D32 (Figure 9). 

For the DV.5, as the array spacing decreased, a similar crossover trend to 
D32 data was seen from 1 to 5 ft. The separation of values for changes in array 
spacing was more evident with DV.5 than D32 (Figure 11). For a 1-ft decrease in 
both dimensions of nozzle spacing, the DV.5 decreased by 3 and 8% at 5 and 7 ft 
from the nozzle, respectively. 

The data for the array show that the values for D20, D32, and DV.5 at 10 psi 
are less than the single nozzle values at respective distances greater than 1 ft. 
This may be due to the interaction of multiple spray patterns causing secondary 
atomization. 

Buffered Water. Dropsize tests were conducted on a single TF40XP nozzle at 
10 psi, spraying water buffered to a pH of 10 ~ith a mixture of Na 2CO and NaHCO to 
determine effects of buffering on the dropsize distribut.ion. A comparison of 
composite spatial average diameters at four vertical distances below the nozzle 
for buffered (pH of 10) and unbuffered (pH of 7) water spray is shown in Table 1. 
The data at 1 ft are not considered appropriate because the spray is not fully 
developed. 

The standard deviation (cr) from single-nozzle reproducibility tests in 
Table 2 was used to show the significance of the effect of buffering on the 
composite spatfal average diameters. A maximum difference of 11. 7 a was calcu
lated for D20. The results do not show a difference greater then 2 a in DV.5 and 
D32. The difference in DV.5 and D32 may be attributed more to limitations in 
sampling than to buffering. 

Transformation of Data from Spatial to Temporal Dropsize Distribution 

A method was developed to transform spatial data to temporal data--the flux 
of drops through a sampling zone during a time interval. The velocity of each 
drop has an influence on the value of this flux. Various items from Tables 4 
through 6 are referenced in the description of this transformation that follows. 

For each dropsize bin range (#1), the number occurrence (#2) from the spatial 
test data (Table 4) was used to calculate an average number of drops per frame 
(#3) in Table 5. Using the average velocity for each bin (#4), from the velocity 
tests in Table 6, a value of "drops per second" (#5) (i.e., flux passing through 
the probe volume) is calculated in Table 5. This flux is the temporal dropsize 
distribution. The temporal percent volume (#6) in Table 5 is calculated based on 
the contribution of each bin to the total volume analyzed. From this tabularized 
dropsize data, the composite temporal average diameters (#7) in Table 5 are calcu
lated. These diameters can be compared to spatial average diameters in Figures 7 
through 12. 
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Table 1. Comparison of composite spatial diameters with buffered 
and unbuffered water. 

Composite Spatial Average 
Type Composite Diameter 2 microns Differences in 

Distance, Spatial Average Buffered Unbuffered Multiples of 
ft Diameter Water Water Standard Deviation 

1 D20 405 420 -7.3 
D32 848 927 -1.4 
DV.5 1117 1265 -1. 7 

3 D20 407 383 11. 7 
D32 861 837 0.4 
DV.5 1106 1153 -0.5 

5 D20 398 394 1. 9 
D32 889 859 0.5 
DV.5 1225 1175 0.6 

7 D20 381 362 9.3 
D32 909 1021 -2.0 
DV.5 1342 1510 -2.0 

Table 2. Single nozzle reproducibility for TF40FC nozzle with 
unbuffered water at 10 psi. 

Composite 
Spatial Test Results, microns Standard 
Average Distance, ReEeats Mean Value, Deviation, 
Diameter ft Initial No. 1 No. 2 microns microns 

D20 3 363 365 368 365.3 2.1 
DV.5 3 999 1187 1016 1067.0 84.9 
D32 3 735 863 757 785.0 55.9 

Table 3. Array data reproducibility for TF40XP nozzle with 
unbuffered water at 10 psi. 

Array SEacing 

8 1 811 by 10 I 
9 1 8 11 by 11' 

10'8" by 12' 
Single Nozzle 

Mean Value 

Standard 
Deviation, a 

Maximum Deviation 
from Mean Value 
in Multiples of a 

D20 z microns 

355.1 
370.0 
308.6 
370.9 

351.1 

25.3 

1. 68 
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DV.5 2 microns D32, microns 

991.3 774.5 
920.0 713. 5 
984.4 712.6 

1026.9 776. 5 

980.7 744.3 

38.5 31. 2 

1. 58 1. 30 
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Table 4. Spatial dropsize data for 3 x 3 array. 

BETE DROPLET ANALYSIS SYSTEM 

COMPOSITE REPORT NOZZLE: Tf40 XP (9) 
TESTS INCLUDED: 6905 6907 6909 6911 6913 6915 6917 6919 6921 6923 

6925 6927 6929 6931 6933 6935 6937 6939 
TEST METHOD: PLANE SL2,3 
SPRAY DIRECTION VERTICAL 
PRESSURE 10.0 PSI 
CENTERLINE COORDINATE 84.00 INCHES 
RADIAL COORDINATE 14.00 - 79.00 INCHES 
DISTANCE FROM NOZZLE 85.15 - 115.31 INCHES 
AZIMUTHAL ANGLE 9.4 - 43.2 DEG 
CYLINDRICAL ANGLE 0 - 270 DEG 

3X3 ARRAY 9FT. 8 IN. x 11 FT. 
LDC.OF 77,79~83". 

(#1) I. 
DIAMETER (#2) i. SURFACE 
<MICRONS) DROPS OCCURRENCE AREA 

··························································· ····································· .......................... 
63.l - 79.4 3% 2.01 0.06 
79.4 - 100.0 742 3. 77 0. 18 

100.0 - 125.9 1143 5.81 0.41 
125. 9 - 158.5 1488 7.56 0.84 
158.5 - 199.5 1779 9.04 1.57 
199.5 - 251.2 2666 13.54 3.86 
251.2 - 316.2 2892 14.69 6.72 
316.2 - 398.l 2590 13.16 9.41 
398.l - 501.2 2224 11.30 12.59 
501. 2 - 631. 0 1652 8.39 14.88 
631.0 - 794.3 1094 5.55 15.44 
794.3 - 1000.0 597 3.03 13.43 

1000.0 - 1258.9 260 1. 32 9.10 
1258.9 - 1584.9 117 0.59 G.49 
1584.9 - 1995.3 37 0.19 3.24 
1995.3 - 2511. 9 7 0.04 0.95 
2511. 9 - 3162.3 4 0.02 0.80 

···-····················································· ..................................... ·························· 
19688. 100.00 100.00 

AVERAGE SPATIAL DIAMETERS <MICRONS> 

i. CUM I. CLASS 
VOLUME VOLUME CHE Cf< 
. ..................... ...................... 

0.01 0.01 0.000 
0.02 0.03 0.000 
0.06 0.09 0.000 
0. 16 0.2G 0.000 
0.38 0.64 0.000 
l. 20 1. 84 0.001 
2.b5 4.49 0.003 
4.G4 9.13 0.005 
7.75 16.88 0.009 

11.55 28.43 0.013 
15.00 43.43 0.017 
16.48 59.91 0.019 
13.93 73.84 0.016 
12.52 86.36 0.014 
7.84 94.20 0.009 
2.86 97.06 0.003 
2.94 100.00 0.003 

'-•' 

...................... . ..................... 
100.00 100.00 

AR ITH MET IC MEAN 
SURFACE MEAN = 
VOLUME MEAN = 
SAUTER MEAN = 
WEIGHT MEAN = 
VOLUME MEDIAN 
SAMPLE SIZE CHECK 

347.88 
422.14 
506.45 
728.97 
9%.52 
878.63 

MAXIMUM DIAMETER = 2854.41 
MINIMUM DIAMETER = 75.46 
TOTAL DROPS IN SAMPLE = 19688. 
TOTAL OUT Of FOCUS = 939 
TOTAL FRAMES IN SAMPLE 7500 
AVE. DROPS PER FRAME 2.63 

0.01 DEVIATION = 0.60 

RELATIVE SPAN ( 1768.11 - 411.86)/ 878.63 1. 54 
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Table 5. Temporal dropsize data for 3 x 3 array. 

BETE DROPLET ANALYSIS SYSTEM 

COMPOSITE REPORT NOZZLE: TF40 XP (9) 
SIZE TESTS INCLUDED: 

6923 6925 6927 6929 
VEL TESTS INCLUDED: 

6905 6907 6909 6911 6913 6915 6917 6919 6921 
6931 6933 6935 6937 6939 

6924 6926 6928 6930 
TEST METHOD: PLANE 
SPRAY DIRE CT ION 
PRESSURE 

6906 6908 6910 6912 6914 6916 6918 6920 6922 
6932 6934 6936 6938 6940 

CENTERLINE COORDINATE 
RADIAL COORDINATE 
DISTANCE FROM NOZZLE 
AZIMUTHAL ANGLE 
CYLINDRICAL ANGLE 

3X3 ARRAY 9FT. SIN. x 

TEMPORAL RESULTS 
(#3) 

BIN UPPER DROPS AVE DROPS 
BOUNDARY P·ER FRAME 

79.4 396 0.05 
100.0 742 0.10 
125.9 1143 0.15 
158.5 1488 0.20 
199.5 1779 0.24 
251.2 26G6 0.36 
316.2 2892 0.39 
398.l 2590 0.35 
501.2 2224 0.30 
631.0 1652 0.22 
794.3 1094 0.15 

1000.0 597 0.08 
1258.9 260 0.03 
1584.9 117· 0.02 
1995.3 37 o.oo 
2511.9 7 o.oo 
3152.3 4 o.oo 

VERTICAL 
10.0 PSI 
84.00 INCHES 
14.00 - 79.00 INCHES 
85.15 - 115.31 INCHES 

9.4 - 43.2 DEG 
0 - 270 DEG 

l lFT. 

AVE VEL ANGLE 
<FT/SEC> <DEG) 

2.47 92 .1 
2.59 %.3 
3.34 95.4 
3.55 95.2 
4.11 95.5 
4.50 94.5 
5.28 95.2 
6.30 94.6 
7.12 95.1 
8.GO 95.7 

10.33 95.1 
12.75 98.8 
15.68 92.6 
17.89 93.4 
19.35 105.2 
20.63 80.4 
23.37 95.2 

FR A MEW IDTHS 
PER SECOND 

72.5 
75.4 
97.4 

103.7 
120.0 
131.6 
154.2 
183.9 
207.7 
250.9 
301.4 
369.0 
459.0 
523.l 
54G.9 
596.2 
681.9 

AVERAGE TEMPORAL D.IAMETERS <MICRONS> 

ARITHMETIC MEAN = 4G2.6 
SURFACE MEAN = 559.4 
VOLUME MEAN = G64.6 
SAUTER MEAN = 939.7 
VOLUME MEDIAN = 1109.2 

(#5) 

DROPS/SEC i fl 

probe vol.ume 
3.8 
7.5 

14.8 
20.6 
28.5 
46.8 
59.4 
63.5 
61. £, 
55.3 
44.0 
29.4 
15.9 
8.2 
2.7 
O.G 
0.4 

RELATIVE SPAN ( 2088.93 - 543.44)/ 1109.20 1.39 
DEVIATION = 0.01 
FLOW RATE IN PROBE VOLUME = 0.07 CC/SEC 
WIDTH OF FIELD OF VIEW = 1.32 CM 
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(#6) 

TEMP Or< AL 
I. l,!OLUME 

0.00 
0.00 
0.02 
0.04 
0.12 
0.40 
1.01 
2.15 
4 .17 
7.46 

11.85 
15.79 
17.07 
17.47 
11. 52 

4.74 
6. Hl 
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Table 6. Dropsize velocity data for 3 x 3 array. 

BETE DROPLET ANALYSIS SYSTEM 

NOZZLE: TF40 XP (9) COMPOSITE REPORT 
VEL TESTS INCLUDED: 

6924 6926 6928 6930 
TEST METHOD: PLANE 
SPRAY DIRECT ION 
PRESSURE 

6906 6908 6910 6912 6914 6916 6918 6920 6922 
6932 6934 6936 6938 6940 

CENTERLINE COORDINATE 
RADIAL COORDINATE 
DISTANCE FROM NOZZLE 
AZIMUTHAL ANGLE 
CYLINDRICAL ANGLE 

3X3 ARRAY 9FT. 8 IN. x 

VELOCITY RESULTS 

BIN PAIRS 

63.l - 79. 4 47 
79.4 - 100.0 235 

100.0 - 125.9 619 
125.9 - 158.5 952 
158.5 - 199.5 1022. 
199.5 - 251.2 1187 
251.2 - 316.2 1029 
316.2 - 398.1 966 
398 .1 - 501.2 890 
501.2 - 631.0 658 
631.0 - 794.3 491 
794.3 - 1000.0 272 

1000.0 - 1258.9 105 
1258.9 - 1584.9 50 
1584.9 - 1995.3 9 
1995.3 - 2511. 9 3 
2511. 9 - 3162.3 l 

INTERVAL<S> iMICROSEC>: 
RAT IO: 
VELOCITY FRAMES: 
PAIRS: 
SINGLES: 
VEL AVERAGE: 

VERTICAL 
10.0 PSI 
84. 00 INCHES 
14.00 - 79.00 INCHES 
85.15 - 115.31 INCHES 
9.4 - 43.2 DEG 

0 - 270 !IEG 

llFT. 

(#4) 
AVE VEL STD DEV 

<FT/SEC> <FT/SEC> 

2.47 l. 74 
2.59 l. 52 
3.34 2.03 
3.55 2 .14 
4 .11 2.47 
4.50 2.55 
5.28 2.99 
6.30 3.83 
7.12 3.34 
8.60 3.53 

10.33 3.57 
12.75 2.99 
15.58 3.34 
17.89 2.92 
19.35 3.00 
20.63 0.42 

23.37 0 

·MIN 
CFT/SEC> 

0.62 
0.62 
0.62 
0.62 
0.62 
1.24 
l. 86 
l. 81 
2.48 
3.75 
5.30 
G.87 

10.79 
13.42 
14.71 
20.06 
23.37 

300.0 500~0 300.0 500.0 300.0 500.0 
47.29 MICRONS/PIXEL 

7200 
8535. 
11153. 
5.92 FT/SEC 

180.55 CM/SEC 
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MAX 
(FT/SEC> 

6.90 
7.64 

10.39 
13.66 
18.54 
22. 9G 
29.84 
35.66 
36 .10 
36.51 
35 .17 
22.95 
25.19 
25.G7 
23.92 
20.92 
23.37 
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Any error unique to the transformation process would be due to inaccuracies 
in the velocity measurements. One difficulty occurs when attempting to pair two 
large drops in the probe volume. Rather than increase test duration, in some 
tests the largest one or two dropsize bins were assigned extrapolated velocities 
to complete the velocity distribution. This extrapolation was done for every 
dropsize bin in the spatial dropsize distribution that a velocity datapoint was 
not obtained during data collection. In this way all spatial dropsize data (and 
therefore all the spray volume analyzed) were transformed to be reported as a 
temporal distribution. 

IV. Error Analysis 

Dropsize Analyzer Depth-of-Field 

During the initial lens setup for single nozzle tests, a change in dropsize 
was noticed while checking lens depth-of-field with calibration ball bearings. 
The diameters of these ball bearings were chosen to trim the depth-of-field for 
accurate sizing of the high and low .end of expected dropsize diameters. 

The 3,175-micron size varied only 0.8% across the entire depth-of-field. 
This is the size ball bearing used for calibration of the lens throughout the test 
program. A 396.9-micron ball bearing showed a variation of 22% across.the 
depth-of-field. 

This prompted a closer trimming of the optical settings to reduce this 
variation in the low end of the dropsize range. The range of size variation was 
reduced to below 10% for the 398.9-micron diameter and 1.5% on the 3,175-micron 
diameter ball bearings. The analyzer was then set up for repeat tests to 
determine the effect of this optical change on composite average diameters 
(Table 2). 

Single Nozzle Data Reproducibility 

An attempt was made during the test program to determine overall experimental 
error by repeating some selected test conditions. A single TF40FC nozzle spraying 
unbuffered water at 10 psi was chosen as a repeat condition. This nozzle is 
similar to the TF40XP nozzle except the free passage between the continuous spiral 
opening is 1/4 in. 

Dropsize data were taken at a vertical plane of 3 ft below the nozzle. The 
spray is considered to be well formed at this distance. The tests required 
reinstalling the nozzle, positioning the analyzer at the same radial locations in 
the spray, resetting pressure and flow rate, and sampling the spray ii.s before. 
The results of these tests are shown in Table 2. 

The standard deviation was used as an indication of the experimental error 
band for reported values of composite average diameters. The values of D20 had 
the greatest standard deviation while the DV.5 and D32 had the least. One 
explanation for this is that D20 is least affected and DV.5 is most affected by 
inclusion of one drop of large diameter. Although D20, DV.5, and D32 each are 
computed differently, the reproducibility of this testing, as represented by the 
standard deviation, appears to be within 12 o for D20 and 2 o for DV.5 and D32. 
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Array Data Reproducibility 

The array data at 3 ft from the nozzle were analyzed to determine overall 
experimental error. This distance is chosen, as in single nozzle tests, because 
it was felt that the spray had fully developed in ·3 ft. For this reason the 
single nozzle data were included in the analysis. Also, in the case of array 
spacings tested, no interaction has occurred at 3 ft from the nozzle. This could 
be seen during operat.ion of the nozzles and from the patternation plots. 

The standard deviation was used as a measure of the experimental error or 
variability of the composite spatial average diameters, as shown in Table 3. 
Although the standard deviation was computed only at 3 ft, it may be used in 
assigning an error band to the data at 5 and 7 ft. It is felt that the differ
ences in spatial composite average diameters for various conditions at these 
distances are due to the effects previously discussed in this report. 

To determine the 
representative of the 
would need to be run. 
testing. 

validity of using the standard deviation for 3 ft data as 
error at other distances, repeat tests at various conditions 

This analysis was not inc 1 uded in the scope of this 

A previous attempt to determine the accuracy of a variety of dropsize 
analysis equipment has been documented by Dodge.(5) The data from a controlled 
experiment show a maximum spread of 39% between different equipment types when 
used to quantify the Sauter Mean Diameter for the same nozzles. 

V. Conclusions 

1. The decision to use spatial or temporal dropsize data depends on the particu
lar application. For the IRSS design calculations temporal dropsize data were 
used. There is no recommended standard practice in the atomization field for 
spatial versus temporal dropsize measurements. 

2. A representative test array is the preferable approach for obtaining dropsize 
data for a full-scale array. For a limited scope test a single nozzle test 
can be used to predict the performance of an array. The single nozzle drop
size data tend to be larger than the array dropsize data. 

3. Decreasing nozzle spacing in an array tends to decrease the dropsize data. A 
similar effect occurred with increasing pressure at the nozzle. 

4. It appears that the dropsize data will not change appreciably for heights 
greater than 7 ft. However, further tests will be needed to support this 
theory. 

5. The buffered D32 and DV.5 dropsize data for the test array show no significant 
difference from the unbuffered water dropsize data until 7 ft from the nozzle. 
At this distance the D32 and DV.5 show a difference that is no greater than 
the 2 a reproducibility. This difference may be attributed more to limita
tions in sampling than to buffering of the water. 

6. Methods for transforming dropsize data from spatial to temporal r~ference or 
vice ver.sa have been developed and are being used more frequently in the study 
of sprays. 
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7. The actual DSD is the preferred means of characterizing the spray from a 
nozzle(s). The second means is the use of other parameters, such as relative 
span, and equations for approximating DSD, such as the upper limit log normal 
curve by Goering and Smith.(6) The third and least desirable means is the 
use of a composite average diameter. 
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DISCUSSION 

LIEBERMAN: I note in your comparison of single versus 
multiple nozzle results that as you get to essentially zero distance 
from the nozzle the drop size distributions do not converge. I had 
assumed from your talk that droplet interaction in the spray rather 
than the effect of anything in the nozzles themselves made the dif
ference in the drop size distribution. Why are not zero distance data 
equivalent? 

HIGHTOWER: No data were taken at distances less than 
1 foot. For distances less than 1 foot, I would expect the single 
nozzle and nozzle array data to approach each other within experimen
tal error. 

LIEBERMAN: Then, why wouldn't the drop size dis-
tributions converge at zero distance below the nozzle where there 
should be no interaction? 

HIGHTOWER: I agree with you that the data should 
converge as you get closer to the nozzle but remember that droplet 
formation does not occur until the liquid sheet breaks up some dis
tance from the nozzle. 
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EXPERIMENTAL MEASUREMENTS OF AIR CLEANING WITH WATER SPRAYS 

M. L. Hyder 
E. I. du Pont de Nemours and Co. 

Savannah River Laboratory 
Aiken, SC 29808 

Summary 

The effectiveness of water sprays for removal of gaseous and particulate fission products from air 
was studied experimentally, to determine the value of existing and proposed spray systems at the 
Savannah River reactors for cleaning the reactor room air following a hypothetical severe accident. The 
interaction of spray droplets with iodine and with cesium aerosols formed by combustion were measured 
separately. In the case of iodine, the results were compared to the theoretical treatment of Albert, 
Wichner, and Baumgarten(l). Good agreement was found for the smaller drop sizes, and the effect of 
spray pH predicted by the theoretical model was confirmed. The aerosol studies demonstrated the 
effectiveness of sprays in removing aerosol particles larger than 1 micrometer. 

Introduction 

The Savannah River production reactors are heavy water cooled and moderated reactors, fueled with 
enriched uranium fuel clad in aluminum. A hypothetical accident in one of these reactors involving fuel 
damage could release the more easily volatilized fission products outside the reactor vessel. These would 
principally include noble gases, iodine, cesium, and perhaps tellurium. A substantial amount of iodine 
could be in the volatile elemental form. (2,3) An air cleaning system incorporating demisters, HEP A 
filters, and activated carbon beds is provided to prevent the release of biologically active radioisotopes to 
the environment. (4) Existing water sprays in the reactor process room above the reactor vessel could 
provide an added, independent way of controlling this radioactivity, and would also minimize any 
associated temperature and pressure increases. The addition of improved reactor process room water 
sprays specifically designed for accident mitigation has also been proposed. These would incorporate a 
carbonate-based buffer to maximize iodine retention and minimize subsequent iodine loss. Calculations 
based on the model of Albert et al.(1) substantiated the potential benefits of the spray systems. The 
studies reported here were undertaken to test these calculations, and to evaluate the effectiveness of either 
spray system for controlling volatile radioactivity. 

Iodine Scrubbing 

Water sprays can scrub iodine from air by dissolution in conjunction with chemical reactions in the 
resulting solutions. Elemental iodine disproportionates to iodide and iodate ions in water; this process is 
fast and nearly quantitative at pH values above 7. Additives such as thiosulfate have also been added to 
sprays to convert iodine to nonvolatile iodides. The effectiveness of water sprays for iodine scrubbing 
in simulated reactor containment systems was measured experimentally.(5-10) In addition, mathematical 
models of the process were developed and applied to the problem.(6, 11) Comparison of calculation and 
experiment was difficult, because the experimental data scattered considerably and the containment 
systems used were difficult to model exactly. Nonetheless, an adequate basis was developed for the 
design of spray systems for various power reactor designs. 

An improved theoretical model was developed by Albert and Wichner at ORNL.(11) It explicitly 
considers heat balances and detailed chemical effects. A computer code, I2W ASH, written in Fortran, 
was developed by these authors for calculating the application of the model to the SRP facilities. Results 
obtained for the existing SRP spray system were reported at the 1986 Nuclear Air Cleaning 
Confererice.(1) An important conclusion of this study was that spray solutions containing buffers that 
maintain the solution pH above 7 would be more effective in scrubbing gaseous iodine than would 
ordinary water spray. This is shown in Figure 1, which is taken from Reference 1. Prior authors had 
determined that alkaline solutions and thiosulfate solutions were effective for this purpose, but the 
concentrations used were typically O. lM. The ORNL work showed that lower concentrations of buffer 
at slightly alkaline pH could greatly improve scrubbing. 
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Figure l. Iodine removed by water spray as a function of pH 
(calculation by Albert, Wichner, and Baumgarten). 

Although the ORNL calculational model fit the experimental data from Reference 6 better than any 
prior model, twofold differences between experiment and calculation were still found.(l) Better 
experimental data were needed to evaluate the model, and in particular to confirm the benefits of buffered 
spray solutions. The studies reported here were undertaken for that purpose. 

Aerosol Scrubbing 

Particle scrubbing- by a water spray is a much more complex process than scrubbing a soluble gas. 
Parsly(S) has listed some of the complications, which include agglomeration, diffusion, nucleation, 
thermophoresis, and diffusiophoresis, in addition to the problems introduced by the motion of the 
potentially impacted particle in the viscous air stream. In addition, substances such as cesium hydroxide 
are hygroscopic, and their particles may grow by taking up water. Griffiths(l2) has attempted to simplify 
the problem and express solid removal in terms of efficiency of impaction of aerosol particles by water 
drops, as shown in Table 1. He points out, however, the difficulty of applying these data to reactor 
accident conditions, where the particle density and size are poorly known. He concludes that 
"Undoubtedly the greatest uncertainty in the use of sprays lies in the removal of submicron particles." 

The experiments undertaken here investigate the performance of a water spray in scrubbing cesium 
aerosols of varying size. These aerosols were generated by combustion, and should be chemically 
similar to those that might be encountered in an accident. The size distribution may also be similar to that 
from some accidents, but considerable variation in particle sizes would be expected among various 
accident scenarios. By mocking up the system on a large scale, realistic values of spray distribution and 
turbulence were obtained. 

Table 1. Efficiency of impaction of aerosol particles by water drops.(12) 

Water Drop 
Diameter, 
Micrometers 

100 
200 
500 

1000 

1-Micrometer 
Particles 

0.0003 
0.007 
0.03 
0.04 

Efficiency of Impaction 
2-Micrometer 5-Micrometer 

Particles Particles 

0.009 0.02 
0.06 0.12 
0.24 0.46 
0.37 0.70 
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Experimental Arrangements 

Iodine Scrubbing 

Iodine was contained in a chamber constructed from six-inch (15.2 cm) glass pipe, shown in the 
schematic drawing in Figure 2. In some experiments the upper 92 cm section of pipe was removed. The 
use of a glass container was required because of the reactivity of elemental iodine with many commonly 
used plastics and materials. The glass pipe and the Teflon® seals used to connect the sections were 
known to be unreactive with iodine. The spray was introduced through the 5.1 cm opening at the top of 
the column; during the iodine filling operation this opening was covered with a watch glass. 

T 
92cm 

46 cm appx 

122cm 

Reduction to 2 in.(5.1 cm) 

('--_ Heot Tope for Foster 
Iodine Sublimotion 

~Six Inch Flonged Gloss Pipe 

l r~~~~Heot Tope· to Speed Circulotion 

Figure 2. Spray chamber. 

To fill the pipe with iodine vapor, a small glass vial containing a weighed amount of iodine was 
placed in the side arm. The top of the vial was removed, so that the iodine was free to sublime into the 
column atmosphere. A heating tape wrapped around the side arm accelerated the sublimation; a second 
tape, wrapped about the bottom of the column, generated convection currents that provided rapid vertical 
mixing. Enough iodine color was present in the pipe to make it possible to judge the extent of mixing by 
eye. The amount of iodine used was typically 65 ± 5 mg in the full column, or 50 ± 5 mg in the 
shortened column; these amounts represent a significant fraction of the equilibrium vapor pressure of 
iodine at room temperature, but are low enough to avoid any condensation in the column. 
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Three types of experiments were performed. In the first a small spray nozzle was placed at the top 
of the column and aimed directly down the axis. In the second a funnel with a dropping tip was used to 
deliver a steady train of drops of known size down the center of the column. In the third the column was 
positioned in a spray chamber under a large nozzle, so that a small portion of the spray from the large 
nozzle entered the restricted opening at the top. 

Two different nozzles were used in the first type of experiment. The first was a #3001.4 nozzle 
manufactured by the Spraying Systems Co., designed to provide a 30° spray cone under normal spray 
pressures. However, the water pressure was restricted to only about 24 kPa at the nozzle by the 
experimental arrangement. The solution to be sprayed was placed in a 50-liter polyethylene bottle at 
groundlevel; this bottle was pressurized to 55 kPa with compressed air, corresponding to a pressure of 
about 24 kPa at the top of the column (Figure 3). The result was a narrower spray cone. The measured 
flow under these conditions was about 145 ml per minute. Even at the low pressure, the spray was wide 
enough to wet the column walls over virtually the entire length of the column. Drop size of the spray 
from this column was estimated to be about 0.8 mm by collecting and examining drops; subsequently, a 
precise measurement was made by the Bete Co., with the results shown in Figure 4. This result was in 
reasonable agreement with the original estimate. 

Droplet Size, 
µm 

Spniy 

Nozzle~ ---

-··~ 

::-. . 

. ---:·: 

.... 
---

_:: ... 

. : . 
Spr11y 
Ch11mber 

Figure 3. Experimental arrangement 

2 3 4 5 

Ft. below Nozzle Tip 
6 7 

.. _ Buffered Solution 

·O- Water 

Figure 4. Droplet surface mean diameter 30° nozzle. 
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The second nozzle used was a Spraying Systems nozzle #000019. This nozzle delivers a fine single 
stream which breaks up into drople~ as it falls. At the pressures used (which were the same as for the 
first nozzle) the total flow is only about 35 ml/min. The spread of the drops is small, but it covered most 
of the bottom of the column. The drop size at about ()() cm from the nozzle was estimated by catching 
and measuring droplets on a plastic slab; they were smaller than those from the first nozzle. The average 
drop size was estimated to be about 0.5 mm. 

In the tests of the second type the solution was placed in a 2-liter separatory funnel that had been 
fitted with a special tip to deliver individual droplets. The drop size was measured by counting the 
number of drops required to fill a given volume in a graduated cylinder. Two different tips were used; 
one emitted drops averaging 0.063 ml, while the other provided drops averaging 0.032 ml. The 
diameters of these drops were calculated to be about 5 mm and 4 mm, respectively. The outlet from the 
cylinder was inserted through a hole in a Teflon® disk that was placed over the top of the column. With 
this arrangement the column walls were not wetted at all, except for a few inches near the bottom where 
the splash struck the walls. 

The third type of test utilized a Bete TF40XP spray nozzle of the type intended for use in the 
proposed new spray system in the reactor rooms. The flow from these nozzles was as high as 2.2 
liters/sec, and the spray is directed outward from the axis in a spiral pattern that covers up to ()() degrees 
from the vertical. For tests with this type of nozzle, an enclosed spray chamber of wood and plastic 
sheet was built 2.4 meters square and 4.9 meters high. The nozzle was centered at the top of the 
enclosure, and the column (shortened by 92 cm to allow the spray more fall time before entering the 
column) was positioned at various points within the enclosure with its opening about 1.8 m below the 
nozzle (Figure 5). In these experiments the airflow within the chamber is extremely turbulent, and the 
results indicated that a large part of the iodine exited the top of the column during the experiment. Iodine 
recovery was typically only half that obtained in the first type of experiments, even though the drop size 
of the spray from the Bete nozzles was smaller. The loss of iodine from the column was evident from 
comparison of successive samples, and it exceeded the amount of material recovered in solution, 
especially in the unbuffered water sprays. Some improvement in iodine recovery was obtained by 
moving the column from a position of low flow nearly underneath the nozzle to higher flow locations 30 
to 50 cm to one side. It is clear that one result of spray operation is strong turbulent mixing of the air in 
the sprayed volume; this is desirable both for removing material from the air and for maintaining a fairly 
constant temperature in the reactor room. 
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. Figure 5. Spray tests with the Bete nozzle. 
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Both ordinary water and buffered sprays were studied. The untreated water was normal domestic 
well water at a pH near 7.0. The buffered sprays were adjusted to a pH of approximately 9.5 by adding 
sodium bicarbonate (approximately 0.005M) and sodium carbonate (approximately 0.003M). These 
concentrations both exceed the concentration of iodine observed to be taken up from the air by the 
sprays. 

In preliminary experiments, and in those experiments done with the dropping funnel, the spray 
solution was collected from the bottom of the column in plastic bottles, marked to hold 50 or 100 ml. In 
each bottle 1 ml of O.lM sodium thiosulfate was added before use. This reduced all oxidized forms of 
iodine to iodide, preventing loss by volatilization, and simplifying subsequent analysis. Analyses for 
iodide were done by ion chromatography, with additional checks made using an iodide-specific ion 
electrode. 

In experiments that used the Bete or conical spray nozzles, wetting of the walls by the spray 
significantly complicated interpretation of the results. The film of water. on the walls moves down the 
column relatively slowly and has a long contact time with the atmosphere. An attempt was made to 
evaluate this wall effect by spraying water on the walls so that none fell through the air space, but the 
results were unclear and difficult to interpret. Finally, a 12.7-cm-diameter glass beaker was centered in 
the middle of the 15.2-cm-diameter glass column, so that samples that had fallen the length of the column 
could be obtained and compared to the material trickling down the walls. With this it was possible to 
evaluate the wall and drop effects separately. The solutions recovered were reacted with thiosulfate and 
analyzed as previously described. 

Aerosol Scrubbing 

The aerosol tests were performed under the supervision of Dr. James Dunson at the Engineering 
Department's Engineering Test Center (ETC), using an existing aerosol generator of his design. Mr. 
Robert N. Willis of the ETC conducted the tests and collected data, with participation by Mr. Larry 
Butler and Mr. Don Schamber. Th~ general arrangement for the tests is shown in Figure 6. The desired 

Water 
Supply 

Multistage Sampler 

Spray Head 
Just Inside Top 
of Column 

f To Exhaust 

(lmpinger Added for 
Work with Iodine) 

Drain 

Figure 6. Experimental arrangement for aerosol spraJing experiment. 

655 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

aerosol is generated by burning a solution of an appropriate material in alcohol. In these experiments the 
fuel solution was nominally 50 g/liter cesium hydroxide, or else (in one experiment) 25 g/L cesium 
hydroxide plus 21 g/L iodine. (Cesium hydroxide is very hygroscopic, and the reagent used to make up 
these solutions contained an unknown amount of water; the actual cesium content was less than these 
numbers would indicate.) The aerosol is carried by an air stream through a heated pipe into the column, 
which is closed by gaskets and seals so that the air can exit only through the single vent at the top. A 
sample system, with its own pump for pulling air through an impactor train and impinger, is installed at 
the vent for the collection and analysis of aerosols and gases in the exhaust. A water seal at the bottom 
permits spray water to escape without entraining air. After the desired concentration of aerosol has been 
attained in the column, sampling is begun, and the spray may be activated. The effect of the spray on the 
aerosol concentration is measured by comparisons of samples taken with and without spray operation. 

Airflow through the burner system is about 3.7 L/sec; this can be augmented with additional air. 
Flows in these experiments ranged up to 7 .1 L/sec. Fuel is burned at 15 mVmin. Heat tracing of the 
connector pipe prevents condensation of vapors upstream of the column. The column is approximately 4 
ft (1.2 m) in diameter and 20 ft (6 m) high, and is constructed of thick-waxed cardboard. It is suspended 
from above, with its open base below the water line in the water seal, which is a rectangular watertight 
box with an overflow to maintain a constant water level. The water seal is filled before each experiment 
to maintain proper airflow; when the spray is operated the overflow maintains a nearly constant level in 
the seal. The top of the column is also sealed, except for penetrations for the spray nozzle, the column 
exhaust, and the sampler. The spray is generated by a Bete TF40XP spiral nozzle delivering 2.1 L/sec 
of water at 69 kPa. The spray from the nozzle covers a much larger diameter than that of the column; 
most of the water will impact the sides and run down. However, the nozzle delivers a significant amount 
of spray to the central area within the column, and it is this spray that is effective in removing aerosols. 
The spray droplets (surface mean diameter 0.4 mm) are emitted at a velocity that exceeds their terminal 
fall velocity (about 1.6 m/sec), but are slowed to their terminal velocity within a few feet. The volume of 
the column is about twelve cubic feet per linear foot; hence the average flow rate up the column at an 
airflow rate of 7.1 L/sec is about 1.2 linear feet per minute. About fifteen minutes is required to reach a 
steady state at this velocity. At the lower velocity, the time to steady state is nearly doubled. 

Sampling of cesium aerosols was done by a standard EPA-approved train of impactors and filters 
(University of Washington Mark 5). In the samples in which iodine was present, this train was backed 
by an impinger containing arsenite solution; this permits the separate measurement of volatile iodine as 
either HI or as elemental iodine. (This analysis is made by comparing the amount of arsenite oxidized 
by elemental iodine to the total iodine content of the sample.) 

To establish a base line, the test solution was burned long enough to approach steady-state 
conditions. At this point the sampler was turned on and operated long enough to collect a useful sample. 
The experiment was then repeated under the same conditions, but the spray was turned on before 
sampling started. Aerosol samples were collected with the spray running. Experiments of this type 
were done at two flow rates: 3.7 L/sec and 7.1 L/sec. The higher flow rate was achieved by injecting air 
into the stream between the burner and the column. 

One set of experiments burned a solution containing both iodine and cesium hydroxide. In this 
case, the impactor and the scrubber were both used in sampling. Iodine and HI were measured by the 
arsenite method. 

The collected samples were dried and their dried weights measured. It is likely that the actual size of 
aerosol samples was greater because of water taken up while in the column. Even without the sprays, 
the air in the column was always moist because of the water seal and water formed by combustion. 
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Results and Discussion 

Iodine Scrubbing 

Chemical Basis. The total amount of fission product iodine in a SRP reactor core at discharge is 
less than 4 kg. The greatest part of this is 129r, a long-lived isotope that is very weakly radioactive, and 
so accumulates throughout the life of the fuel. Even though the vapor pressure of iodine is fairly low, 
only 134 Pa at 38.7°C, in the large volume of the reactor room this amount of iodine is considerably 
below saturation pressure. Thus removing the iodine from air involves washing out a trace impurity; 
even though the solubility of iodine in water is not high, solubility is not limiting, for only a very small 
amount of water is required to dissolve the available iodine. 

When iodine dissolves in water, it undergoes a disproportionation reaction: 

(1) 

According to the principles of mass action, the resulting equilibrium is shifted to the right in alkaline 
solutions, and to the left in acidic solutions. In neutral water, pH 7, there is a considerable amount of I2 
present at equilibrium, and the hydrolysis of iodine makes the solution slightly acidic. The slow 
disproportionation of the HOI species has a similar dependence on the hydrogen ion concentration: 

(2) 

The effect of this additional reaction is to increase the effect of pH on the solubility of iodine and on 
the chemical form of the resulting dissolved species. The solution becomes still more acidic. 

In a falling water drop, circulation through the drop may be slow compared to the contact time 
between the drop and air, which is of the order of a few seconds or less. If enough iodine is present, the 
result can be the formation of a very thin iodine-saturated layer at the surface of the drop, in which the 
pH is decreased by the hydrolysis reaction. Once this layer is formed, the rate at which the drop takes up 
additional iodine is decreased. On the other hand, if the drop is maintained at a pH value above 7 by a 
suitable buffering agent, reaction 1 (which is very fast) will occur even as the drop is falling, and the 
amount of iodine that the drop can dissolve will not be limited by these chemical effects. 

The first Type 1 experiments, done either with the conical 30° spray nozzle or with the single stream 
nozzle, confirmed Albert's prediction that alkaline spray solutions would be considerably more effective 
than ordinary water. The observed difference is at least a factor of three; typical results are shown in 
Figure 7. (In this figure "Stream" refers to the fine stream or single stream nozzle.) In these 
experiments no attempt was made to separate out iodine uptake by the spray droplets and by solution 
running down the column walls, but most of the spray from the single stream column was observed to 
fall the length of the column without hitting the walls. The amount of iodine recovered in successive 
samples falls off as the iodine in the column is depleted; this effect is less marked in water sprays, which 
are less effective in removing iodine. Figure 7 is plotted on a logarithmic scale, so that the 
approximation of the curves to a straight line can be observed. A straight line would be obtained if only 
iodine depletion were a factor. The actual curves tend to deviate downwards from the straight line, 
indicating iodine losses by other mechanisms; probably the most important is loss through the opening at 
the top of the column during spraying. 

Repeating the experiments of Type 1witha12.7-cm-diameter beaker inserted into the column to 
collect droplets coming straight down the tube yielded the results summarized in Table 2 and Figure 8. 
Inasmuch as the inner diameter of the column is 15.2 cm, the beaker (which had its pouring spout 
removed so that it was round) intercepted about 70% of the drops falling free at that point. As shown in 
the table, the volumes sampled ranged from 100 to about 300 ml. Only one pair of samples could be 
recovered in each experiment, because there was no way to remove portions from the beaker during the 
experiment. 
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Figure 7. Type 1 experiments. 
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Table 2. Spray·data with a column insert. 

Spray S i!m12I~ frQm Ins~ 
Composition Vol. ml Iodide. M x 1 ()4 

30° Spray Nozzle: 
Water 55 3.0 
Water 31 4.3 
Buffer 79 6.1 
Buffer 135 5.7 

Single Stream Nozzle: 
Water 121 5.8 
Water 135 4.0 
Buffer 120 8.4 
Buffer 131 14.2 
Cone. Buffer 46 15.3 
Cone. Buffer .110 7.1 

Bete Nozzle: 
Water 47 4.0 
Buffer 22 15.2 
Buffer 53 11.3 

0.0020 
~ j I I x -

0.0015 fl. 

) 
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x x fl. 
x~ ... • • 0.0005 
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Figure 8. Composite graph central spray only. 
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Only a minor portion of the spray from the 30° nozzle entered the beaker, and the results indicated 
that most of the iodine was absorbed by the spray running down the column walls. The iodine absorbed 
by the buffered solution recovered from the beaker was quite low, because the bulk of the iodine had 
been adsorbed by the much larger volume of this solution on the walls. On the other hand, the spray 
from the single stream nozzle mostly reached the beaker, and when the results are corrected for the 
fraction falling outside the beaker without hitting the walls, the fraction of the solution that actually hit the 
walls was found to range from 0 to 20%. This variation probably results from the difficulty of aiming 
the stream straight down the column. 

Uptake of iodine by the fine spray droplets was quite good, and once again the improvement from 
the buffered solution amounted to a factor of two to three. Calculations from the 12W ASH code predict 
such an effect with buffer, but suggest that the uptake of iodine both by water and by buffer should be 
higher than is observed ( Figure 8). Much of this discrepancy is probably the result of the small fraction 
of the column covered by spray in the upper part of the column. It is also likely that the initial velocity of 
the spray is greater than the terminal velocity, so that the residence time for the falling droplets is less 
than the calculated value. (The terminal velocity for 0.5 mm droplets is only about 2 m/s.) With these 
considerations, the comparisons of calculation and experiment shown in Figure 8 become more 
reasonable. 

Dropping Funnel. Two different tips were used in the Type 2 experiments with the dropping 
funnel. The first, producing relatively large (0.063 ml) drops, was used with the full column; the second 
was drawn down to produce smaller (0.035 ml) drops and was used with the shortened column. (Drop 
sizes were determined by collecting a known number of drops in a graduated cylinder.) Results obtained 
are shown in Figures 9 and 10. The results clearly show the superior performance of the buffered 
solution. Recovery of iodine with the buffered solution was a factor of two to three better than with 
unbuffered water. 
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Figure 9. Scrubbing by 0.06 ml drops. 
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Figure 10. Scrubbing by 0.035 ml drops. 
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Calculations of the iodine uptake in this experimental arrangement were made using the I2W ASH 
code. Surprisingly, and in contradiction with experiment, the code predicted no significant difference 
between water and buffered solutions for these large drops. This discrepancy probably results from the 
assumption made in the code that the composition of the drop is uniform throughout at all times. For 
drops 4 to 5 mm in diameter, with fall times of about 1 second, this is a poor approximation. Iodine is 
taken up in a relatively small outer portion of the drop, and in this smaller volume, buffering assumes 
more importance. A second important factor requiring correction in fitting the observations to 
calculations is fall time. I2WASH assumes that all drops always fall at their terminal velocity, but these 
drops start with near-zero velocity and never reach terminal velocities in their fall. The fall times can be 
calculated, and the uptake of iodine corrected by assuming that it is linear with fall time. The results of 
this calculation is compared with experiment in Table 3. Calculations made made by I2WASH (with fall 
time corrections) have been included in Figures 9 and 10. A fairly satisfying fit is obtained between the 
calculated values and the uptake of iodine by water. 

Table 3. Comparison of drop data with calculations. 

Parameters: column 3 min length; 100 ml of solution at 50 ml/min; drop size 0.5 cm diameter. 

% Iodine Dissolved 

Calculated, I2W ASH 

Calculation Corrected for Fall Time 

Experimentally Observed 

2.8 

8.5 

5.3 

2.8 

8.5 

15.0 

Studies with the Bete Spray Nozzle. The Bete nozzle, which has the particle size distribution shown 
in Figure 11, gave results using the beaker insert that are shown in Table 4. While only a small portion 
of the solution was recovered in the beaker (typically 20% ), this solution was found to contain a higher 
concentration of the iodine than the solution that ran down the walls. As the table shows, this contrast is 
emphasized even more strongly when a correction is made for that fraction that fell between the beaker 
and the walls. The fine spray produced by this nozzle is very effective in removing iodine from air, as 
I2W ASH calculations predict. It has a higher surface-to-volume ratio than the spray from the single 
stream nozzle, and the terminal velocity of the droplets is only about 1.5 m/sec. The limited data shown 
in Figure 12 again indicate that the recovery of iodine with the buffered solution is a factor of two to 
three better than that with water. This result was also confirmed in experiments in which all the solution 
was collected from the bottom of the column without an inserted beaker. 
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Figure 11. Droplet surface mean diameter Bete nozzle TF40XP. 
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Table 4. Bete nozzle spray data. 

Buffer#l Buffer#2 

47.0 22.0 53.0 
4.0 15.2 11.3 

200.0 200.0 200.0 
3.4 2.8 8.1 

179.0 190.0 177.0 
2.0 2.2 7.7 

*Corrected by subtracting that portion of the solution that falls the length of the column but does not 
enter the insert. It is presumed to have the same composition as that which is recovered from the insert, 
and to have a volume of 44% of the volume recovered from the insert. 

0.0020 

0.0015 "' 

0 • Water 
Iodine, M 0.001 O 
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0.0005 • 
0.0000 

0 50 100 150 200 250 300 

Total Volume, ml 

Figure 12. Bete spray nozzle central spray only. 

Calculated Effectiveness of an Improved Spray System. The droplet data in Figure 11 were used 
with the I2W ASH code to predict the performance of the proposed improved spray system for the reactor 
process rooms. Calculations were made for the low airflow case proposed for the improved conf'mement 
system. Results are shown in Figure 13. Removal of iodine from the air is very rapid; after less than 
seven minutes more than 96% of the iodine has been dissolved by the spray. Comparison with a similar 
calculation made for an ordinary water spray with the same characteristics shows that the buffering has a 
very large effect in this calculation. With the high reactor room air flows now used, the amount of iodine 
washed from the air by the spray would be less. However, the half time for iodine removal with the air 
is of the order of ten minutes; the corresponding value for the sprays is about a minute and a half. Thus 
the spray should recover more than 80% of the iodine even in this case. 

Aerosol Scrubbin~ 

Experimental Findings. Detailed results from the aerosol spray experiments are given in Tables 5 
and 6, and a summary plot of particle size measurements for the experiments with cesium hydroxide 
alone is shown in Figure 14. Comparisons of particle size data taken with and without sprays at 3.7 and 
at 7.1 liters per second are shown in Figures 15 and 16, respectively. The aerosol particles generated by 
burning the cesium hydroxide solution were quite small, as shown in the data for Run 10, Figures 14 
and 17. In this experiment sampling was done near the point at which the aerosol enters the column. All 
the particles are less than three micrometers in diameter, and about 50% of the mass is in particles smaller 
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than one micrometer. The particle size observed at the top of the column is a little larger, with the 
distribution depending on the air flow; this is probably the result of agglomeration of the particles (Runs 
2 and 7). Operation of the sprays removes most of the particles larger than one micrometer (Runs 3 and 
8, Figures 15 and 16). 
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Figure 13. Calculated iodine scrubbing for new sprays. 
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In the experiment at 7.8 cfm the largest particles were observed, presumably because the time for 
agglomeration was greater. Because of the large particle size and the long residence time of the particles 
in the column at this flow rate, the spray was very effective in aerosol removal under these conditions. 
More than 90% removal was observed, both in Runs 7 and 8 and in a duplicate pair of experiments. The 
average removal was 93%. This corresponds to a half-time for aerosol removal of about seven minutes. 

At the higher flow rate (7.1 L/sec) the sprays were less effective. Larger particles were still 
removed preferentially, but there were fewer of them. Comparisons of data from Runs 2 and 7 (Table 5) 
show that less material reaches the top of the column at the higher flow rate. The reason for this is not 
understood; one speculation is that a greater fraction of the air contacts the water in the water seal. (The 
pipe bringing the aerosol into the column points downward to keep spray water out, and at the higher 
flow rate of 40 cm per second in the pipe, momentum may carry more air to the bottom of the column.) 
The calculated half-time for aerosol removal by sprays at the higher flow rate is slightly less than thirteen 
minutes. 

Table 5. Particulate recovery from CsOH runs. 

Run Airflow Spray CsOHBurned Particulate 
Number Lisee _QnL mg/L Recovered. mg/L % Recov~red 

1 7.1 No 1.8 0.185 10 
2 7.1 No 1.8 0.207 12 
3 7.1 Yes 1.8 0.089 5 
4 7.1 Yes 1.8 0.084 5 

5 3.7 No 3.4 0.965 28 
6 3.7 Yes 3.4 0.090 3 
7 3.7 No 3.4 0.872 26 
8 3.7 Yes 3.4 0.037 1 

10* 3.7 No 3.4 0.197 6 

*Sampled near Inlet to Column 

Interesting results were obtained in the experiments in which both iodine and cesium hydroxide 
were present in the solution fed to the burner. The concentration of cesium hydroxide, 25 g/L, was half 
that used in the other experiments; an approximately equimolar (21 g/L) amount of iodine was present. 
Results are shown in Table 6. The particulate recovered in the absence of sprays was not analyzed, but 
corresponded to about 30% of the amount of cesium hydroxide fed to the burner, in good agreement 
with Run 7. The amount of iodine recovered in the impinger was also about 30% of the feed 
concentration. As in the other experiment at this low flow rate, the spray was effective in removing 
aerosols. The amount of particulate recovered with the sprays on was less than 20% of that with the 
sprays off. The sprays also removed more than 80% of the gaseous iodine from the air stream. This is 
somewhat less than was anticipated from prior work, but still is quite good .. 

Particulate: 
Airflow 

Lisee 

7.8 
7.8 

Iodine: 
Spray On? 

No 
Yes 

Table 6. Recovery with iodine present. 

Spray 
_Qn1_ 

No 
Yes 

Iodide. mg/L 

0.0066 
0.0010 

CsOHBurned 
mg/L 

1.7 
1.7 

Particulate 
Recovered. mg/L 

0.480 
0.068 

Iodine. mg/L 

0.42 
0.078 (18% of value w/o Spray) 
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Implications for Accident Conditions. It is difficult to predict the particle size and concentration of 
cesium-loaded aerosols that may be injected into the reactor process room following an accident. The 
agglomerating processes are complex, and depend on the (unknown) initial particle size distribution of 
the aerosols as generated.(13) These experiments were designed to approximate the aerosol weight per 
unit volume in the hopes that natural agglomerating processes might also approximate the particle size. 
Cesium loadings in the air immediately downstream of the burner were in the range of 1.5 to 3 mg per 
liter. Loadings from a very severe accident can exceed this; for example, if 1 kg of cesium were released 
in the reactor vessel, volume about 8 x 104 liters, a concentration of 12.5 mg/L would be generated. 
Agglomerating processes should be more efficient at the higher loadings. 

At the higher airflow studied, the residence time for the particles in the spray column is about the 
same as the residence time for particles in the reactor room under current airflow conditions. The data 
suggest that under these conditions sprays of the design tested would not be able to remove as much as 
half of the aerosol particles released into the room. However, if the airflow were decreased, as 
proposed, the effectiveness of the sprays for aerosol removal should increase markedly. The reduction 
of the particle and radioactivity load on the HEP A filters by a factor of two to four appears possible and 
would be very desirable. 

Conclusions 

The following conclusions appear justified, based on the experimental data and calculations given : 

1. The model incorporated into the I2WASH code appears reasonably valid for fine sprays ( <lmm 
diameter). It also gives a good fit for water with larger droplets, but the effect of buffering in these 
droplets is underpredicted. This may be the result of assumptions in the model about internal mixing 
in the drop. If the fall time is very different from that calculated on the basis of terminal drop 
velocities, corrections must also be made for this parameter. 

2. Solutions buffered at pH 9.5 are more than twice as effective at scrubbing iodine from air than is 
neutral water. The typical difference is a factor of three. This is true for all drop sizes and 
experimental arrange~ents tested. 

3. The small (400µm) drop sizes obtained with the Bete spray nozzles are effective for iodine scrubbing. 
The proposed buffered spray system would be a significant improvement on the current system, and 
should remove a large majority of the iodine from the process room air. 

4. Retention of cesium particulate by sprays is estimated to be less than 50% at current airflow rates, but 
could be considerably greater if the airflow in the reactor room were decreased. 
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D:ISCUSS:ION 

BONKA: For a correct comparison of the calculated 
iodine washout with experimental values, you need the iodine con
centration in the column. The iodine concentration in the column is 
not constant in your experiment. How did you measure iodine con
centration in the column? Did you take into account the dry deposited 
iodine at the surface of the column and the sample point at the bottom 
of the column? 

HYDER: The iodine concentration in the column was 
determined by measuring the iodine added gravimetrically. It was 
about 60~70% of the saturation pressure. Under these conditions, dry 
deposition should be negligible. We recovered a large fraction of the 
iodine (60-80%) in our samples. A film of water does form at the 
bottom; we assume that iodine absorption in this film is relatively 
small in this long column. 

BONKA: I have another comment related to your 
aerosol experiment. At the end of your report you only distinguished 
between the washout of aerosol materials smaller and larger than 1 µm. 
The collection efficiency of aerosol particles on water drops in
creases for particle diameters lower than 0.1 µm. Therefore, it is 
better to distinguish more than two diameter ranges. 

HYDER: I agree that several ranges should be 
identified. We have the data to do so. The distinction was made in 
the oral presentation purely for convenience. 

SOFFER: You referred to the fact that there has 
been some discussion about changes in standards with regard to sprays 
and removal of caustic additives. Since I have had some association 
with that topic let me speak to it briefly and make a comment. There 

The information contained in this article was developed during the course of work under Contract No. 
DE-AC-09-76SR00001 with the U.S. Department of Energy. · 
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has been some conflicting evidence as to whether elemental iodine is 
removed equally well by neutral as by basic solution. In particular, 
there have been Italian and Japanese data which tended to show that 
neutral solutions are adequate. I would be most interested in discus
sing your data with you. In addition to that fact, there has been in 
the back of our minds a recognition that elemental iodine may no 
longer be quite the challenge it was once thought to be. I wonder if 
you have that in mind as you prepare to go forward with your spray 
designs. 

HYDER: Yes, it is a topic of some concern to us. 
As you may know, the Savannah River Reactor uses a metal fuel instead 
of an oxide fuel. We have had Hanford Engineering Development Labora
tory conduct tests for us. These tests seemed to indicate, and were 
so interpreted by the people performing them, that iodine released 
from the melted fuel is released in elemental form. For a given set 
of conditions, more modeling is needed, since cesium is released at 
the same time. Whether in any given accident the kinetics of the 
situation would allow significant amounts of iodine to disperse before 
it reacted with cesium is a question requiring detailed calculation. 
I am not prepared to generalize. I merely suggest that we have at 
least a concern about generating elemental iodine from our fuel. It 
is different from the LWR cases. 

LIEBERMAN: - - -I assume your experiments_ were don_e with 
inert materials. If you were to model wash out phenomena using 
radioactive materials, what would be the effect of the changed elec
trical charge environment? 

HYDER: I do not know, we have not attempted to 
estimate it. It could affect aerosol particle size through the 
agglomeration mechanism. However, I do not think it should have much 
effect on the gaseous iodine system. I do not think charge would be a 
factor for water drops dissolving gaseous iodine. 
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THE FLOV RESISTANCE OF HEPA FILTERS 

IN SUPERSATURATED AIRSTREAM:S* 

C. I. Ricketts, V. Ruedinger, J. G. 'Wilhelm 
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Laboratorium fuer Aerosolphysik und Filtertechnik 

Postf ach 3640, D-7500 Karlsruhe 1 
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Abstract 

A loss of coolant accident or fire suppression with water sprays 
would release free moisture into the air within the containment building 
of a nuclear reactor. The resulting high air humidity could be expected to 
unfavorably affect the behavior of the HEPA filters in the facility air 
cleaning systems. Still to be found in the literature are instances of 
moisture related deterioration inf ilter performance during less serious 
incidents, and even during normal operations. One phenomenon which con
tributes to filter failure, and which also causes air-cleaning system 
malfunction characterized by drastically reduced flow rates, is the in
crease in filter differential pressure resulting from supersaturated 
airflow. 

In order to better evaluate the performance and the reliability of 
filters exposed to fog, a study of the factors which influence filter 
pressure drop was carried out in tests of clean and dust loaded full scale 
HEPA-filter units. Investigated were the effects of several airstream pa
rameters and such filter characteristics as manufacturer, design, pack 
geometry, extent and type of dust loading, as well as pleat orientation to 
the airflow. A discontinuous gravimetric method employing full-size fil
ter units as sampling filters was successfully implemented to determine 
the a,verage liquid moisture content of the airstream with an uncertainty 
of~10%. 

The dust loading in filters removed from service and the liquid mois
ture content of the air proved to most adve:rsely affect the rate and ex
tent of the pressure drop increase. Reductions in the susceptibility of 
clean filters to pressure drop increases can be obtained by changes in 
filter geometry, design or orientation to the airflow that enhance the 
drainage of water from the filter medium. However, the predominance of 
the adverse influence of dust loading appears to be able to counteract the 
effectiveness of the improvements studied. 

*Vork performed under the auspices of the Federal Ministry for the Envi
ronment, Nature Conservation and Nuclear Safety under Contract No. SR 
290/1. 
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I. Introduction 

Maintaining effective particulate filtration in airstreams under 
abnormal conditions involving high humidity is one important challenge 
posed in providing for the reliability of air cleaning processes within 
nuclear facilities during accident situations. The relatively fragile 
High Efficiency Particulate Air (HEPA) filter units in air cleaning sys
tems play a crucial role in preventing the release of airborne radioacti
vity from contaminated zones. Filter behavior under adverse operating 
conditions which might be expected to follow an accident continues to be 
investigated: particularly with regard to improving and qualifying fil
ter performance, as reported here. The empirical data needed to model the 
flow dynamics within air cleaning systems under accident conditions are 
also being pursued. · 

Supersaturated Airstreams in Air Cleaning Systems 

Some thirty years of development have resulted in filter units cha
racterized by advanced levels of performance and reasonable costs /1-4/. 
However, as evident-by persistent reports in the literature /5, litera
ture survey in 6/, one remaining weak point inf ilter design is a sucepti
bility to deterioration or failure in humid airflows. This is a serious 
drawback with respect to the possible introduction of significant 
amounts of sensible moisture into the air within containment areas resul
ting from f 1re - extinguishing measures or -a los-s-of-eoolant accident 
(LOCA) . 

Even in operations considered to be otherwise normal, air may enter 
an air cleaning system with an inocuous relative humidity and yet arrive 
at the filter units with a potentially harmful, higher relative humidity 
or in a more threatening, saturated state. The di version of airstreams to 
parallel or to standby systems which initially have a temperature less 
than the air dew-point temperature can produce a liquid water content 
(LVC) in the form off ine droplets, i. e., a supersaturated state. 

Comparatively small temperature decreases in an airstream of mode
rate relative humidity can lead to high relative humidities or states of 
slight supersaturation. This is illustrated in Fig. 1 where the tempera
ture decreases capable of producing humid air conditions with a potential 
threat to filter performance are plotted against air dry-bulb tempera
tures between approx. 10 and 100 oc. The curves are valid for standard at
mospheric pressure and a given initial 70 % relative humidity (rh), a re
commended maximum /7 ,8/ due to the occurence of capillary condensation 
/6/ in dust loaded filter media at higher humidities. Values used for the 
plots were calculated using humidity tables for moist air /9/ based upon 
the Mollier psychrometric chart /10/. · 

It can be seen for 20 oc that a decrease of 2 oc in the dry-bulb tem
perature is enough to raise the re la ti ve humidity up to 80 % , a condition 
sufficient to cause damage to the filter medium in aged, dust loaded f il
ter uni ts at design flow /6/. Should the same airflow be cooled by 6 oc, a 
slightly supersaturated state would exist at the resultant 14 oc. As a 
point of general reference, the LVC of this state corresponds to 0 .1 g/m3 
(g H20 per m3 saturated air), the order of magnitude typical for a natural 
fog /11/. . _ 
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Fig. 1: Temperature Decreases Necessary to Produce Various States of Hu
midity for Air Initially at 70 % rh. 

Airstreams with liquid water contents in the range above 1 g/m3 could 
most likely be expected to be caused by a major accident in a nuclear f aci
li ty. Fog formation by water vapor condensation upstream of filters du
ring a LOCA or a fire extinguishing proceedure would tend to be greatest 
at the time when the largest difference in temperature between the 
air-cleaning system components and the airstream exists. Which values of 
LWC might be involved or how they would vary with time is not yet esta
blished. With respect to a maximum possible LWC limited only by aerosol 
physics, a value as high as 40 g/m3 has been generated in a laboratory 
apparatus /12/. 

Discounting containment spray system operation, the upper limit for 
the liquid water content in the air of a reactor containment building a 
short time after a LOCA would probably be restricted to several g/m3 due 
to agglomeration and the relatively rapid fallout of larger droplets 
/13/. Since the settling velocity is a function of the droplet diameter 
squ;;i.red /14/, the droplet size dis"tribution becomes an important factor 
in estimating the lifetime and behavior of a water aerosol. 

Filter Failure in Humid Airflows 

When the filter medium of a filter unit in an airstream suffers me
chanical damage, with a resulting irreversible decrease in filtration ef
ficiency to a value below specification requirements, filter failure can 
be said to have taken place. The quasi-static forces of the airstream 
apply so-called "mechanical" loads on the filter as a structure. The dif
ferential pressure (pressure drop) at which the folded filter medium will 
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first tear and lose its integrity is referred to as the structural limit 
or the burst strength of the filter. 

This characteristic offers one means for judging the ability of the 
filter medium to withstand the internal stresses from the mechanical loa
ding on the filter pack and frame created by the airflow. In dry air the 
structural limit is determined by increasing the flow through the filter, 
significantly above the manufacturer's rated value, until the filter me
dium tears. Tests in humid air can be carried out at design flow with an 
air moisture content high enough to bring about failure within a rea
sonable exposure time. The structural limit can be defined to be the value 
of differential pressure below which the filter medium will remain intact 
and continue to function properly. 

Similarly, the mechanical load acting on a filter at any given time 
can be represented by filter differential pressure, to which it is gene
rally directly proportional. Vhen in addition to the structural limit, 
the expected mechanical loads on a filter in an air cleaning system have 
been established, safety margins for the structural integrity of the fil
ter medium can be calculated for filters under the expected conditions of 
operation. 

The capability of filters to remain intact or to function correctly 
in humid airflows is limited principally by the effects of free moisture 
on the integrity and the flow resistance of the filter medium. In supersa
turated airflows the primary process behind the incorporation of water 
into the filter medium is droplet interception by the fibers /15, 16/. The 
presence of liquid water in a filter medium has been established to have a 
number of adverse effects on filter performance characteristics /17, li
terature surveys in 6, 15 k 16/. 

Variation in the mechanical loading at constant flow rate and in the 
structural strength of filters during exposure to humid airflows is de
picted conceptually in Figure 2, for example. Both characteristics are 
represented here by filter differential pressure. Assumed is a constant 
high air humidity of > 80% rh for dust loaded filters or a LVC > 0. 5 g/m3 
for new clean filters. These two minimum values of air humidity have been 
observed to be sufficient to bring typical nuclear grade commercial HEPA 
filters to the course of failure shown in Figure 2. Evident is a decrease 
in structural strength and a simultaneous increase in mechanical loading 
for filters in humid airflow. 

Explanations for the decline in the structural limit include a sig
nificant reduction in filter medium tensile strength, and for deep-pleat 
filters, a loss of tightness in the filter pack. Contact and mechanical 
interaction between the edges of the aluminium separators and the ends of 
the pleats in the loosened pack also contribute to the decrease in struc
tural strength /6, 18/. 

In general the mechanical loading increases proportionally with the 
differential pressure, as a result of the increase in flow resistance due 
to the blockage of the air passageways in the filter medium by liquid wa
ter. Filter design, the degree of air humidity, and previously captured 
dust particles in the fiber matrix of the filter medium are factors known 
to most significantly influence the increase in flow resistance /19/. 
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Fig. 2: The Variation of HEPA-Filter Mechanical Loading ar..d Structural 
Limit During Exposure to High Humidity Airflows. 

If the increase in mechanical loading and the decrease in structural 
strength become large enough that the two curves intersect, then structu
ral failure will occur: possibly within a few minutes for aged dust loaded 
filters; after several hours with new clean ones. This worst-:-case conse
quence of filter exposure to high humidity airflow can be prevented by mi
nimizing either the loss in strength or the increase in differential pres
sure; so as to keep the mechanical loading from nearing the structural li
mit. Various countermeasures exist which can partially accomplish one or 
both of these goals. 

One important development was that of filte·r media with a high water 
repellency value. This reduced both the loss in tensile strength and the 
increase in flow resistance during moisture exposure. Another measure, 
the use of demisters and downstream heaters located upstream of HEPA-f il
ter units, as in Standby Gas Treatment Systems (SGTS) /20/, serve to lower 
the humidity of the incoming airstream to a safe level. Significant 
though these countermeasures have proven to be, they are not without weak 
points and have not yet totally succeeded in eliminating reports of mois
ture related filter failure. Radiation exposure, aging, and dust loading 
for instance, can severely reduce the effectiveness of water repellency 
treatments. Heaters are often apparently designed to deal with a maximum 
air humidity of only 100% rh /20/ and have been known to malfunction /21/. 

In a more recent, first reported application of a glass-fiber filter 
medium reinforced on one side with a closely woven scrim of coarser glass 
fibers (LYDALL Grade 3255 LW1) improved filter strength at elevated tem
peratures was attained /22/. The same filter medium, augment~d with spe
cially corrugated separators, has since been shown to also increase the 
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structural limits of deep-pleat filters in dry and supersaturated air
flows /23, 24/. The flow resistance increase of clean high strength f il
ters in airstreams with a LWC of 5 g/m3 was found to be less than typical 
commercial units /19/. On the basis of strength alone, the new filter de
sign shows promise of notable progress toward the elimination of structu
ral failure caused by moisture. But even should this prove to be reali
zable, the problem of air-cleaning system failure resulting from filters 
becoming clogged with water would still remain to be solved. 

Malfunction of Air Cleaning Systems in Humid Airflows 

In this case, though the filter medium remains physically intact, 
the filter causes malfunction of the air cleaning system by restricting 
the airflow to a value less than that necessary to fulfill design specif i
cations. Particularly in supersaturated airstreams, water can block the 
upstream surface or fill the pores of the glass fiber matrix to the point 
that filter flow resistance increases beyond the capability of the blo
wers to maintain the minimum required flow through the system. 

This is illustrated schematically in Figure 3 by use of the characte
ristic curve of the blowers and that of the system flow resistance. Under 
normal conditions the intersection of these two curves, point 1, lies 
within the normal range of operation. If as a result of humid airflows, 
the pressure drop of the dust loaded HEPA filters increases by the amount 
~PF such that the system resistance characteristic shifts from 0-1 to 

0-2, point 2 will become the new system operating point. If ~s indicated 
here, the flow at point 2 lies in the range below that of the specified mi
nimum value, Qmin, insufficient airflow is available for air cleaning pur
poses. The resulting improper distribution of the subatmospheric pres
sures within the system poses the risk of a loss of confinement. 
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Fig. 3: Decrease in Air-Cleaning System Flow With Increase in Flow Resis
tance of Dust Loaded Filters Due to High Humidity. 
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The Significance of the Increase inFlow Resistance of HEPA Filters in 
Supersaturated Airflows 

Airstreams with between 80 and 100% rh primarily threaten only dust 
loaded filters. At conditions above saturation, new clean filters also 
become subject to rapid deteriorations in performance. Due to the 
possibility that condensing water vapor could appear upstream of filter 
units during severe accident conditions, the subsequent effects on 
filter behavior need to be taken into consideration. The increase in flow 
resistance associated with supersaturated airstreams can lead to filter 
structural failure and air-cleaning system malfunction. 

In this context there are a number of reasons for investigating the 
increase in filter flow resistance with respect to exposure time. The 
rate of increase can be used as an additional criterion in the evaluation 
and th.e specification of filter performance. Aspects of filter design or 
geometry which could be used to minimize the increase need to be identi
fied and optimized. Moreover, changes in filter flow resistance as a func
tion of time and airstream parameters are required as empirical input for 
computer modeling of flow and pressure transients in air cleaning sys
tems. 

II. Experimental \Tork 

Objectives, Test Filters, Test Facility, Instrumentation, and Proce
dures 

The influence of various filter and airstream parameters on filter 
flow resistance in supersaturated airstreams was investigated by tes'ting 
some 120 nuclear-grade commercial HEPA filters of six different sizes 
from ten European manufacturers. The behavior of an additional thirty 
high-strength prototype filters from five manufacturers was also stu-
died. · 

Test filters included some with metal frames for temperatures up to 
250 oc and several mini-pleat types. However, principal interest cen
tered on deep-pleat wooden frame units for service up to 130 oc, due to 
their inherently better structural stability. All filters tested had a 
water repellent filter medium of glass fiber: the clean and artificially 
loaded new filters as well as the dust loaded ones removed from routine 
service in the air cleaning system of a laboratory at Karlsruhe Nuclear 
Research Center (KfK) /6/. 

The standard conditions for the majority of tests were 5 g/m3, 
1700 m3/h, and 20 oc. Some tests also included liquid water contents of 
0.6, 1.0, 2.5, and 10 g/m3, the maximum possible in the test facility. A 
number were also performed at other flow rates and temperatures. A few 
were also run with the filter pleats oriented horizontally instead of ver
tically. Filter behavior in vertical airstreams, for flow in the upward 
and in the downward direction, could also be investigated to some extent. 

Tests were conducted in the test facility TAIFUN /25, 26/ located at 
KfK. As indicated schematically in Figure 4, the test filter was mounted 
in the 4th test position of the 1-m diameter test section. A metal fiber 
HEPA filter /27 / in test station 6 served as a guard to protect the blower 
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from water droplets and debris released by test filters at failure. The 
airflow in the duct between the test section outlet and the inlet to the 
two-stage blower was kept at ambient atmospheric pressure as a reference 
for the flow measurement. 

In the high pressure side of the system, the airflow can be directed 
from the blower discharge through a number of components for conditioning 
to the required temperature and relative humidity, before it enters the 
test section. A photo of the 10-m long test section, looking upstream from 
the test section outlet, is shown in Figure 5. To generate supersaturated 
conditions, up to 18 pneumatic atomizing nozzles spray a water aerosol in
to the airstream in the flow direction, 4. 8 m upstream of the test filter. 
Condensate, fallout from the water aerosol, and runoff water from filters 
and droplet separators drain from outlets at the bottom of the test sec-
tion. · 

During testing, steam was unfortunately not available and the air 
entered the test section at relative humidities as low as· 66%, correspon
ding to a dry-bulb temperature 4 oc higher than the 20 oc at the test f il
ter, for example. The water spray had to be depended upon to cool the air 
down to saturation at the test temperature as well as to supersaturate the 
airflow. Hence, obtaining reliably constant liquid water contents in the 
range between 0. 6 and 2. 5 g/m3 was best accomplished by employing no less 
than 12 of the 18 nozzles and removing moisture in excess of the test value 
with the help of a wave-plate droplet separator 'in position 1. For LWCs 
above 2. 5 up to 10 g/m3 the droplet separator was removed .. 
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Fig. 4: Schematic of the Test Facility TAIFUN. 
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Airstream parameters measured just ahead of the test filter inclu
ded: dry- and wet-bulb temperatures to an accuracy of ± 0 .1 oc with cali
brated 4-wire platinum resistance thermometers in an aspirated psychro-
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meter (ADOLF THIES GmbH & Co., Mod. 1.1112 .10), and pressures with vari
able reluctance transducers to an accuracy of ± 100 Pa. For higher accura
cies of ± 10 Pa, a U-tube water manometer was also employed when necessa
ry. The temperatures and filter pressure drop were registered with chart 
recorders. A mercury column barometer served for reading ambient atmos
pheric pressure. 

After leaving the test section, the test air flowed to the flow mea
suring station via a bypass and finally back to the blower inlet. The air
flow was measured with a vortex flow meter (YOKOGAWA Electrofact, Mod. 
YF100) to an accuracy of ± 20 m3/h and regulated by way of electronic speed 
control of the blower motor. For tests in vertical airstreams a commer
cial filter housing /7 / (H. KRANTZ GmbH & Co., Nuclear Karlsruhe, Mod. VS) 
connected to the nozzle inspection port.upstream of test station 1, 
served as a bypass to the test section which had been blocked off to air
flow by a plate in test position 3. 

Spray System Operation. The spray nozzles (SPRAYING SYSTEMS CO., 
Mod. No. 1/4 JSS) were consistently operated at a manifold pressure of 100 
kPa with water flows of between 0. 5 and 2. 5 l/h per nozzle, depending upon 
air stream flow and LWC. The feed water was heated to 30 oc and maintained 
at a pressure of 200 kPa in the storage tank upstream of the manual flow 
control valve. Rotameters were used to measure the air and water flows to 
the nozzles. A photo of three of the nozzles taken during service is shown 
in Figure 6. Nozzle operation could be monitored visually through a plexi
glass flange 0. 5 m in diameter mounted on the side of the test section be
side the ring shaped manifolds supporting the nozzles. 

Despite water treatment and filtration, a partial and sometimes to
tal clogging of several nozzles would frequently occur after some hours 
of operation. To prevent this from reducing the airstream LWC during 
tests, not all nozzles initially had access to feed water. From 4 to 6 
nozzles at the top of the gr a vi ty-f ed supply line were left in reserve and 
available to automatically take over for any that clogged. When a nozzle 
ceased spraying, the water level in the manifold would rise up to the le
vel of the lowest reserve nozzle which would then begin op~ration. Only to 
attain 10 g/m3 did it prove necessary to use all 18 nozzles simultaneously 
in tests which lasted less than 0. 5 h. The nozzles had to be cleaned rather 
frequently, often on a daily basis. 
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Fig. 5: View Along the Side of 
the Test Section. 

Fig. 6: Photo of Spray Nozzles 
During Operation. 

Measurement of the Liquid Water Content of the Airstream. A discon
tinuous integral gravimetric method was selected as the simplest and most 
reliable means to measure the average liquid water content of the air
stream. Commercial deep-pleat nuclear grade HEPA filters in the 
610x610x292-mm size served as the sampling filters for this method. One 
important requirement for such filters is a high water holding capacity 
prior to incipient runoff from the droplet collecting upstream surf ace. 
Also desirable is a residual stability under wet conditions after repea
ted use involving up to some 50 wetting and drying cycles. Filters were 
dried by a reverse flow of air at 30 oc after measurements, in order to be 
used several times during the course of a testing day. 

The best filters for this application turned out to be high strength 
units with a woven glass-fiber scrim bonded to one side of the filter medi
um. To delay surface runoff for as long as possible, the filters were in
stalled so that the scrim was on the upstream side, i. e. , in an orienta
tion to the airflow opposite that in normal service. 

The measuring procedure was begun by running the test rig up to stea
dy-state conditions of temperature, flow, and humidity with out a filter 
in the test position. The desired liquid water content had been initially 
set to an approximate value by adjusting the water flow through the 
nozzles to a level determined in previous tests. By shutting off the com
pressed air supply to the spray nozzles for approximately tw.o minutes, 
the flow of water droplets could be stopped for long enough to quickly in
stall a measuring filter in the test position. The airstream itself con
tinued to flow uninterrupted through the test section. The nozzle air 
supply was then turned on again for a predetermined, measured time during 
which the water droplets of the airstream were collected by the filter. 
Filters, used only in an initially dry state, were carefully weighed be-
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fore and after each measurement with an uncertainty of± 0.5 g. 

It was assumed that the entire liquid water content of the airstream 
was intercepted by the high efficiency filter medium during the measure
ment and that no water escaped as runoff from the filter. No fog was ob
served leaving the downstream side of measuring filters which were dis
posed of the first time any moisture was visually detected on the down
stream side. Vhen water was found to have run off from the filter medium 
upstream surf ace, the measurement was also considered to be invalid. 

Through measurement of the flow, Q, the exposure time, t, and the 
mass of the water captured by the sampling filter, Mw, the average liquid 
water content of the airstream, LVC, can be calculated by 

LVC = Mw n (1) 

Based on the experience gained during testing, the maximum amount of 
water a measuring filter could be expected to reliably and repeatedly 
collect without the risk of runoff was about 2. 5 kg. Depending upon air
flow and liquid water content, this limited measuring times to as little 
as 10 minutes in some cases. Times of 15 or 20 minutes were most common 
with 60 minutes considered to be a practical upper limit. 

It normally required an iterative process of several measurements 
and adjustments in the LVC of the air prior to an actual test before the 
value sought could be attained. During both measurements and tests the wa
ter and air flow to the spray nozzles as well as the airstream temperature 
and flow rate were held constant. In general, tests were run until filter 
structural failure occurred or a time of 20 h had elapsed. 

At the end of each test the LVC was measured again. The average of 
this value and the one obtained just prior to the test, was considered the 
most representative one. In almost no case did the two measurements 
differ from each other by more than 10%. The uncertainties /28, 29/ of the 
measurements were calculated to be no greater than 10% of the measured 
value in the range of LCVs between 0. 5 and 10 g/m3. 

In order to at least qualitatively record the LVC during tests, an 
aspirated psychrometer outfitted with a heating element at the inlet /30/ 
sat in the bottom of the test section 0. 5 m upstream of the test filter du
ring testing. The humidity of the air entering the instrument could thus 
be reduced to a measurable value below 100% rh by heating the air and vapo
rizing the droplets. Though in principal this method could be used to 
quantitatively determine the LVC of the airstream, practical experience 
indicated that more development and calibration time than was available 
would have been required to achieve this. 

III. Test Results 

Characteristics of the Vater Aerosol 

Early in the test program the size distribution of the airstream wa-
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ter droplets was determined at the midpoint of the duct cross section in 
test position 4. Measurements under isokinetic conditions were made at an 
airflow of 1700 m3/h and a LVC of 1 g/m3 using a scattered-light particle 
size counting analyzer /31/ capable of detecting droplets with diameters 
in the range from about 2 to 100 µm. Sampling times lasted for 120 s. The 
results are shown in Fi~ure 7 where the number and mass cumulative-less
than fractions /14, 32/ of the water droplets are plotted. The number 
fraction varies from some 2 to 20 µm with a number median diameter of 5 µm • 

. Ninety-five percent of the droplets were found to have diameters < 10 µm. 
The mass median diameter is seen to be slightly greater than 7 µm. A value 
of 9. 5x109 droplets/ma was established for the fog concentration. 

Vi th the given test conditions and assuming minimal agglomeration, 
it can be shown that due to settling no droplets with diameters > 50 µm 
could have reached the measuring probe. Other authors using cascade im
pactors have measured droplet sizes up to about 100 µm for the same nozzle 
type /33, 34/. The absence here of appreciable numbers of droplets in the 
range between 20 and 50 µm may be due to differences in the operating con
ditions of the test facilities or of the nozzles. 

Due to settling and visible fluctuations in the fog concentration 
along the test section height and width, the droplets could not be con
sidered to be uniformly distributed in time or space. This was a maj oi;: rea
son for selecting an integral method to measure the LVC. 
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Fig. 7: Number and Mass Cumulative Frequencies of Water Droplets Mea
sured at Test Station 4 in the Test Facility TAIFUN. 
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Increases in Filter Flow Resistance in Tests Vith Supersaturated Air
streams. 

Filter Behavior During Tests. As with the sampling filters, the 
downstream face of test filters was visually monitored during tests. One 
characteristic observed with all filters, regardless of design, manufac
turer or condition of loading, was the appearance of liquid water on the 
downstream side after some period of time. Depending primarily upon the 
water repellency of the filter medium and the state of supersaturation, 
small puddles or slow moving rivulets would generally appear on the hori
zontal surface of the adhesive at the bottom of the pleats between 10 and 
60 min after the start of tests, at pressure drops between 0. 3 and 1. 5 kPa. 
In a few cases water drops were first observed falling from the edges of 
the separators up to 100 mm above the bottom of the pleats, presumably the 
result of pinholes or small local damages in the filter medium. 

In the next phase of behavior for clean deep-pleat filters, runoff 
water appeared on the ends of the pleats followed by sprays of droplets 
emenating from the pleat ends and the triangular channels farmed by fil
ter medium and separators. This process usually began within some 100 mm 
from the bottom of the filter and spread upward to the top of the pleats in 
some 10 to 60 min. Based on visual observations, the diameters of these 
filter generated droplets were estimated to lie in the range of several 
hundred to several thousand µm. Droplets produced by the atomizing 
nozzles were visible on the downstream side of filters only after severe 
damage or in tests of low efficiency filters. Foam consisting of several 
layers of bubbles some 2 - 5 mm in diameter formed on the downstream side 
of filters from a few manufacturers for up to several hours. 

One characteristic of the second phase in most tests was a transi
tion from a uniform to a nonuniform velocity distribution in the air lea
ving the filter. In traverses made from the bottom to the top of the f il
ter, the velocity tended to increase. The distribution across the filter 
width also exhibited random local fluctuation but with no clear trend. 
These observations also revealed some areas where no airflow at all was 
evident. The changes in velocity distribution correlated in most cases 
with an initial linear increase in filter pressure drop up to between 
roughly 0.5 to 1.0 kPa. The clogging of the filter medium from bottom to 
top is assumed to be the result of the drainage of water from top to bot
tom. Random localized areas with little or no airflow are probably rela
ted to the loosening of the filter pack which is typical for operation un
der high humidities /6/. 

Following the transition phase, the steepest increase in the pres
sure drop coincided in time with the resulting velocity distributions in 
which most of the flow exited the filter within some 100 mm of the top of 
the pleats. The air velocity in the area below was approx. an order of mag
nitude smaller. This is considered the third and final stage in the course 
of the increase in filter differential pressure in clean deep-pleat f il
ters. Dust loaded filters generally did not exhibit nonuniform distribu
tions in the exit air velocity during tests. The pressure drop usually in
creased up to the point of structural failure so quickly that no signif i
cant drainage could occur. 

The Effects of Various Parameters on Filter Flow Resistance. The 
effect of filter design on the increase inf ilter flow resistance is illu-
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strated in Figure 8. The results from twenty standard deep-pleat filters 
from five manufacturers are summarized. These included four filters with 
metal frames for use at elevated temperature, each from a different manu
facturer. Results for two of three hi~h capacity deep~pleat types with 
wooden frame and design flow of 2500 m3/h fall within the range of 0. 75 to 
4. 8 h. The pressure drop of the third rose to 7 kPa in 11 h. The standard mi
ni-pleat type is represented by tests of two filters from separate sour
ces. Differential pressures of high capacity mini-pleat filters of 
3000-m3/h design flow from three other manufacturers increased to 2. 5 kPa 
in1.1, 2.5, and4.2h, respectively. · 

Based on earlier tests with similar filter units, the rather wide 
variation in the results within design groups can primarily be attributed 
to differences in the water repellency of the filter media involved. Ya
ter repellency measurements are planned for the filters tested. The elon
gation and stiffness properties of the filter medium may also play a role 
in the case of deep-pleat filters where deformation of the pleats along 
the peaks of the separator corrugations can decrease the surf ace area 
available for air flow. The rather poor performance of the mini-pleat 
units is explained by the weak panels of filter medium which deform and 
close off to airflow at re la ti vely low pressure drops, especially at high 
humidity. 

8 
Filters : clean 

kPa Deep pleat 610 x 610 x 292 mm 

6 
0.. 
0 
L.. 

Deep pleat 
"O for elev. temp. 
Cl.I 

4 L.. 
::::::J 
(/) 
(/) 
Cl.I 
L.. a.. 

2 

~ = 20°c 

LWC = 5 g/m3 

Q-+---~~~~~+-~~~~~+--~~~~~+--~~~~~1--~~~~---1 

0 1 2 3 4 h 5 
Exposure time 

Fig. 8: Ranges of Increase in Flow Resistance of Three Filter Designs at 
Rated Flow, 20 oc, and 5 g/m3. 

The influence of the airstream average liquid water content on the 
increase in flow resistance of clean filters from two manufacturers can 
be seen in Figures 9 and 10. The curves of the CN type in the range of 1 to 
5 g/m3 show initially linear, moderate slopes fallowed by steep increases 
in ~pat the end of the test. The extreme slopes indicate a widespread 
blockage of the pores in the filter medium with water. An additional fac-
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tor in this case was the relatively pliable filter medium which deformed 
over the peaks of the separator corrugations with increasing Llp. The re
sults of most clean filters tested showed this general curve shape, usual
ly with a less extreme steepness at the end prior to structural failure. 
Test results for the CN filters formed the boundary of 4. 8 h in Figure 8. 

The curves of the VP type filters from a second manufacturer exhibit 
more of an S shape than those of the CN type. The steepest part is followed 
by a gradual decay in slope toward the end of the test. The curves leave 
the impression that were it not for structural failure, an equilibrium 
state might have been reached. The S shaped curves were typical for clean 
deep-pleat filters with wooden frames from only two of the five manufactu
rers tested. They helped establish the left boundary of the range for 
deep-pleat filters in Figure 8 indicating that a low water repellency 
value may be responsible. Pending proof via actual measurements, further 
support for this hypothesis is provided by the results for dust loaded 
filters as illustrated in Figures 11 and 12. Decreases of 20 to 80% due to 
dust loading in service have been established for similar filters tested 
earlier /6/. 
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-3 = 20 °C 

LWC = 1 - 5 g/m3 

0 
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Fig. 9: Influence of the Air LWC on the Increase in Flow Resistance of 
Clean CN Type Filter Units at Rated Flow and 20 oc. 
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10.0 g/m3 S.Og/m3 

Filters : clean. deep pleat 

610 x 610 x 292 mm 

type VP 

a = 1700 m3 /h 
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LWC = 1.2 - 10 g/m3 

Q-t-~~~~~~--r~~~~~~~+-~~~~~~-+-~~~~~~--1 

0 3.75 7.5 

Exposure ti me 

11.25 h 15.0 

Fig. 10: Influence of the Air LVC on the Increase in Flow Resistance of 
Clean VP Type Filter Uni ts at Rated Flow and 20 oc. 

The curves for the slightly loaded CN type filters have shapes some
what different from those of Figure 9. The extreme steepness at the end of 
the test is not evident as for clean CN type filters. More significant is 
the net result of the dust loading, namely the decrease in exposure times 
at which 6.ps large enough to cause filter failure or air-cleaning system 
malfunction.are attained. Depending on the air LVC, the time elapsed in 
reaching a 6.p of 3 kPa was reduced by factors of 15 to 30 due to only slight 
loadings of dust. The pressure drops of the three filters of Figure 11 af
ter actual service lay between 270 and 370 Pa before testing. 

The filters represented in Figure 12 were loaded in service with 
dust up to pressure drops between 850 and 1100 Pa. The decrease in the 
slope of the curves after the initial steep rise in 6.p is more evident 
here than for the slightly loaded filters. The rate of increase up to 3 kPa 
at the LVC of 5 g/m3 is four times greater than that for the slightly loa
ded filter of Figure 11. The Llp for the filter tested at less than 100% rh 
almost reached an equilibrium condition before structural failure 
occurred. This provides an idea as to how the flow resistance of dust loa
ded filters with higher structural limits might increase with longer ex
posure to supersaturated airflows. 
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Fig. 11: Influence of Air LVC on the Increase in Flow Resistance ·of 
Lightly Loaded CN Type Filters at Rated Flow and 20 oc. 
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Fig. 12: Influence of Air Humidity on the Increase in Flow Resistance of 
Heavily Loaded CN Type Filters at Rated Flow and 20 oc. 
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Another factor found to influence the flow resistance of clean f il
ters in supersaturated airstreams is the direction of airflow. An example 
is illustrated by the three curves to the right in Figure 13 ~ The dashed 
line for a clean filter with vertically oriented pleats in a horizontal 
airflow was liberally extrapolated from test results for 5 g/m3 such that 
there is no question that the time to maximum Llp could not be greater than 
the 4 h indicated. The two curves to the, right of the dashed one represent 
results for clean filters in vertical airstreams, one with the flow direc
tion upward (1), the other downward (r). 

Both filters in the vertical airstream at rated flow and 2.5 g/m3 
show at least some advantage over the one in the horizontal airflow. Re
sults (not shown) from similar filter tests confirm the relative rela
tionship of the three plots. The Llp increase of the filter in the downward 
flow airstream.was limited to 1 kPa after 12 h. This was attributed to the 
improved drainage of water from the filter medium in this configuration. 
Unfortunately however, the runoff water drains only from the downstream 
side of the filter. The differences among the results for clean filters 
under the various flow conditions were on the order of hours. Those sepa
rating filters slightly loaded with dust were only on the order of mi
nutes, as seen from the three curves at the left of Figure 13. 

The orientation of the filter pleats in horizontal airflows also 
proved to affect the increase in filter differential pressure (not 
shown). In clean standard commercial units, the rate of Llp increase for 
pleats oriented horizontally was almost always greater than for vertical
ly oriented ones. Just the opposite was true for clean high strength fil
ter units, for reasons that are not yet understood. It is to be expected 
that the influence of dust loading would also counteract the advantage to 
be gained by this improvement. 

Shown in Figure 14 is a comparison of the Llp increase for clean stan
dard commercial filters and high strength units, both types with deep 
pleats vertically oriented in horizontal airstreams at rated flow and 
5 g/m3 /19/. Represented are the results for nine high strength filters 
from three manufacturers and the filters as described for Figure 8. After 
20 h of exposure the pressure drop of the high strength filters had in
creased to between 4.4 and 6 .8 kPa without failure or having reached an 
equilibrium value. The Llps of the standard filters had increased to 
values between roughly 3.5 and 9 kPa at structural failure within 4.8 h. 
The smaller Llp increase of the high strength filters is due to improved 
stability which prevents loosening of the filter pack, an increased 
stiffness in the filter medium which limits deformations, and better 
drainage of captured water via the inclined corrugations of the separa
tors. The nonuniform distributions in the velocity of air exiting the 
high strength filters were not so pronounced as in the standard filter 
units. 

Results of some preliminary tests (not shown) indicated that f il
ters loaded with particles of soot or activated charcoal fines f·rom io
dine adsorption filters, behaved more like clean filters than uni ts loa
ded with fine particle dusts in service. This indicates that not all types . 
of particulate loadings will necessarily reduce the water repellency of 
HEPA-filter media equally. 
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Influence of Flow Direction on Increase in Flow Resistance of 
CN Type Filter Units at Rated Flow, 20 oc, and 2. 5 g/m3. 

Large differences in the rate of Lip increases with the dates of fil
ter production were noted for clean filters from most manufacturers. Suc
cess in parametric studies of the behavior of clean filters is judged to 
depend heavily upon having a sufficient quantity of filter units from the 
same production lot. The scatter in results for dust loaded filters va
ried correspondingly very little, once more emphasizing the dominant in
fluence of dust loading on the Lip increase. 

Tests at temperatures up to 50 oc indicated in most cases that increa
sing temperature accelerated the rate of pressure drop increase only 
slightly for both clean and loaded filters. That water droplets may not 
necessarily be intercepted.uniformly along the pleat depth was one impli
cation of results from preliminary tests (not shown) with clean filters 
of several depths at various superficial velocities up to values corres
ponding to two times design flow. 
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Fig. 14: Ranges of Increase in Flow Resistance of Standard and High 
Strength Filter Units at Rated Flow, 20 oc, and 5 g/m3 /19/. 

IV. Conclusions 

The test results show tha1., -c.ne rate and the extent of pressure drop 
increase for typical clean commercial filters at rated flow in supersatu
rated airstreams can vary appreciably with the filter design and manufac
turer as well as with the air humidity. The susceptibility of clean f il
ters to such increases can be reduced by changes inf ilter design or pleat 
orientation to the airflow that enhance the drainage of water from the 
filter medium. However, the effectiveness of the improvements studied so 
far appears to be counteracted by even small loadings of fine dust in the 
filter medium. Any success in reducing the sensitivity of dust loaded fil
ters to fog related increases in pressure drop will have to result from an 
increase in the surf ace water repellency of the dust loaded filter me
d:lum. 

The rather rapid penetration of water through filters by seepage in
dicates that in applications where water soluble radioactive salts are 
involved, a loss of containment could occur under fog conditions without 
any structural damage to the filter units. And despite their high removal 
efficiencies, intact HEPA filters can be depended upon for only short pe
riods to prevent the partial reentrainment of captured water; in the form 
of secondary droplets generated on the downstream surf ace of the filter 
medium. 

The implementation of a method to quantitatively measure the ave
rage liquid water content of airstreams helped make it possible to .evalu
ate filter performance and to establish the existence of reductions in 
the flow resistance of clean filters in supersaturated airflows. A con-
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tribution toward obtaining the quantitative empirical data required for 
computer modeling of flow dynamics in air cleaning systems was also 
achieved. 
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DISCUSSION 

service: 

KOVACH, J. L.: For practical purposes, very few air 
cleaning systems have fan static pressures capable of putting filters 
under the stress that you are showing here. Unfortunately, in some 
cases we can barely get clean air through at lower pressures, not to 
talk about having the ability to go to this high pressure drop. Maybe 
some of the bad calculations made by some of our architect-engineering 
firms in sizing fans were beneficial to prevent failure of the HEPA 
filters. 

RICKETTS: I would not entirely agree. We ran 
the tests at constant air flow up to rather high differential pres
sures; admittedly higher than one would normally be able to attain in 
an air cleaning system. However, we did that in order to have a 
standard basis upon which to evaluate and compare filter performance. 
There would be a problem in an air cleaning system should the filters 
become clogged with water. This would reduce the air flow to such an 
extent that the air cleaning process would no longer meet system 
design specifications despite the filters remaining intact. 

WILHELM: In a power reactor station with a 
water cooled reactor, one can imagine that a tube breaks and you get 
steam in a room which is directly connected to an air cleaning system. 
If pressure in the room increases you will develop pressure in the 
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connected air cleaning system. At the same time, you challenge the 
filter with water. That is, exactly, one of the situations we are 
looking at. Other situations come from operations other than at the 
reactor, such as reprocessing. We found high pressure differentials 
on filters, especially when the filters got wet by just dropping the 
temperature to below the dew point, as may happen in power stations. 
one example is a power station in the far north of Europe where the 
ducts run through the cool outside air with a temperature of more than 
30 degrees below zero. This is an extreme example but it is not too 
extreme to mention with a major break in a water cooled reactor. 
This is one of the reasons the work was done. 

KOVACH, J. L.: Do you think that this work will now 
convince our European colleagues to follow the good American example 
and put moisture separators into their air cleaning systems? 

WILHELM: If you believe that the HEPA filters 
will be challenged by extreme conditions, the procedure now is to 
protect the HEPA filters from the atmosphere to be cleaned. There
fore, we dry the atmosphere, we condense the water, we heat up the 
atmosphere again, we have a pressure wall for when we have to expect a 
higher pressure differential, and so on. Most of the measures require 
energy and it is not inconceivable to think about developing filters 
that can withstand those challenges in the first place. 

HYDER: 
soot on the filters in g/m2? 

What was the mass loading of dust and 

RICKETTS: For filters loaded with dust in 
normal service to pressure drops of between 300 and 1000 Pa at 1700 
m3/h and less than 70% RH, the mass loadings were established to lie 
in the range of 5 to 20 g/m2

• Correspondingly, the values for soot
loaded filters, as measured at an air relative humidity of about 60%, 
were 5 to 30 g/m2 for pressure drops of 750 to 1400 Pa. These figures 
don't account for the higher water content of the soot, present during 
the artificial loading of the filters with the combustion products of 
oil or electrical cable insulation fires. Values reflecting the 
additional adsorbed moisture at the higher air relative humidities 
during loading could have been higher by as much as 50% for the mass 
loadings and 10% for the pressure drops. 

BERGMAN: Do you agree with the proposition 
that structural failure in HEPA filters is primarily due to water 
clogging? Three examples support this proposition: (1) dust deposits 
cause earlier HEPA failure than soot deposits because dust absorbs 
more water than soot; (2) aged HEPA filters are destroyed easier than 
new HEPA filters primarily due to the lack of chemicals that prevent 
water absorption and (3) increased water challenge causes earlier HEPA 
failure. 

RICKETTS: We would agree that the clogging of 
filters with water is one of two phenomena which contribute to filter 
structural failure in high humidity airflows. The blockage of the 
filter medium pores with water leads to an increase in pressure drop 
which results in higher mechanical loads on the filter pack at a given 
airflow. Additionally however, the presence of liquid water in the 
filter medium, even in quantities much less than that required to 
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produce a clogged condition, will severely reduce the structural 
strength of the filter pack. Thus the structural load on the pack 
increases at the same time that the pack strength decreases. As 
measured by the filter pressure drop, the decrease in strength gener
ally seems to be a factor of two to four times greater than the 
increase in mechanical loading at failure. Decreases in filter medium 
water repellency due to aging and dust loading, as you point out, 
accelerate the incorporation of water from supersaturated airstreams 
into the fiber matrix and consequently increase the moisture's adverse 
effects. And as you suggest, there appears to be a correlation 
between higher air humidities and shorter exposure times prior to 
failure. It is also evident that the pressure drop at which failure 
will occur tends to decrease with longer durations of exposure to 
humid airflow. 

KOVACH, J. L.: Most U.S. air cleaning systems would 
not be able to raise the pressure drop through the HEPA bank to reach 
a failure; they would stop airflow. A typical rise is from 1" to 2 11 

w.g. Will this type of data convince European colleagues to use 
demisters? 

RICKETTS: Your question raises several impor-
tant points. We agree that the test results presented here involve 
filter pressure drops greater than those which could be generated by 
the blowers in a typical nuclear air cleaning system. According to 
the Nuclear Air Cleaning Handbook, however, filters in U.S. facilities 
are routinely loaded with dust up to 4-5 in.w.g. (1000 - 1250 Pa), 
somewhat higher than figures of 1-2 in.w.g. As a result of humidity 
effects, the filters could become the air cleaning system components 
with the greatest flow resistance. Should the pressure drop across 
them increase enough to cause a decrease in flow, an additional 
increase of several inches water gauge must be allowed for, despite 
the reduced airflow. This would result not only because of the 
blower's characteristic curve but also from the fact that the sum of 
the decreases in pressure drop of other components, due to the lower 
flow, would become available to appear as an increase at the filters. 
It was also taken into consideration that higher than fan-generated 
pressure drops could result from expanding steam released during a 
LOCA. Although filter failure due to high humidity airflow was not the 
objective of the tests reported on here, in our opinion it still 
remains a serious problem, even in so-called normal operations that 
involve exposure to high air humidity. The report from Mr. Carbaugh 
of Pacific Northwest Laboratories in 1981 on field experiences with 
HEPA filters, or the series of articles by Dr. Moeller in Nuclear 
Safety between 1975 and 1983 on problems in air cleaning systems, 
provide cause for concern. Unfortunately, similar instances in Europe 
have not been so well documented or publicized. Although not verifi
able as having been moisture related, random and repeated unexplained 
failure of mini-pleat filters in normal service led KfK almost ten 
years ago to discontinue purchases of filters of this design altoget
her. 

Previous full-scale tests at KfK with high humidity airflows have 
confirmed the potentiality of the failures to be found in the litera
ture for filters in actual service. At design flows, instances of 
failure have been observed at pressure drops as low as 400 Pa. Even 
when the need for adequate safety margins is not regarded, this is 
-well below the 1000 Pa that filters should be able to sustain for dust 
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loading purposes alone. Filter units of the mini-pleat design, aged 
deep-pleat filters, and those with previous exposure to high air 
humidity appeared to be the most susceptible to the lower failure 
pressures. Failures for dust-loaded deep-pleat units have been 
recorded for air humidities as low as 50% RH. This is below the lower 
limit of demister effectiveness, i.e., 100% RH. With regard to 
European enthusiasm for the American concept of demisters with down
stream heaters located upstream of HEPA and iodine filters, we can 
only speak for the situation in Germany. The containment buildings of 
all German pressurized water reactors completed within the past ten 
years or so are equipped with emergency recirculating air cleaning 
systems essentially equivalent to the Standby Gas Treatment Systems of 
the u.s. NRC Regulatory Guide 1.52. 

As this leaves some relevant questions yet unanswered, why, despit~ 
the development of water repellant filer media and the concept of 
demisters with downstream air heaters, do reports of filter failures 
attributed to moisture continue to appear in the literature? Given 
that most of these occurred during otherwise "normal" operations, one 
could also ask what these incidents portend for a LOCA that results in 
the sudden release of large volumes of steam within a containment 
building. 
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FILTERED CONTAINMENT VENTING IN SWEDEN 

L Lindau 
Flakt IP AB 
Vaxjo, SWEDEN 

Abstract 

K Elisson 
ABB ATOM AB 
Vasteras, SWEDEN 

After the TMI accident, Swedish authorities decided that all 
Swedish nuclear power plants should be upgraded with respect to 
mi~igation of the consequences of severe accidents. One contribution 
to meet these ends is filtered containment venting, i.e. means to 
relieve containment overpressure and to clean the relief gas from 
radioactive components. 

The first system in operation was built at the Barseback site 
(2 BWR's) where a gravel bed filter was installed. For the remaining 
Swedish units (7 BWR's and 3 PWR's) a passive, self-controlling wet 
scrubber system, FILTRA-MVSS, is now under installation. This later 
system, the main topic of the present paper, was developed by Flakt 
AB and ABB ATOM, two companies in the ABB group. 

The principle of the FILTRA-MVSS is a self-controlling, 
self-pumping venturi collector submerged in a pool, and it is used 
to filter out emissions of solid and gaseous radioactive components. 

I. Introduction 

After the TMI accident, Swedis~ authorities decided in 1981 
that all Swedish nuclear plants should be equipped with filtered 
containment venting to mitigatG the environmental effects of severe 
accidents. The schedule called for installation by 1985 for the 
Bdrseback plant located most closely to densely populated areas, and 
by 1988 for the remaining units (seven BWR's and three PWR's). For 
the Barseback si1e, the technical solution was a sizeable gravel bed 
filter (10 000 m ) where dust is collected by inertia and gravita
tion and iodine by chemisorbtion, and where the collection 
mechanisms are enhanced by condensation effects, (Ref.1.). 

For the remaining units, a new and innovative system, the 
FILTRA-MVSS (Multi Venturi Scrubber System) was developed by 
Flakt IP AB and ABB ATOM, two companies in the ABB group. 

Some of the requirements of a system compatible with the 
Swedish operators' system philosophy were: 

(1) fail-safe, passive activation 
(2) manual activation possible 
(3) passive opeiation for extended time 
(4) high collection efficiency for aerosols 
(5) high collection efficiency for gaseous iodine 
(6) full performance during a wide range of severe 

accidents sequences 
(7) full performance after a potential hydrogen 

def lagration 
(8) installed and licensed one and a half year after order. 
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The different hypothetical sequences lead to that the demand 
for venting is defined by the following design data ranges: 

Gas mass flow rate: 
Gas components: 
Gas temperature: 
Activation containment 
pressure: 
Aerosol distribution: 

mass median 
amount 
amount radioactive 

Gaseous iodine: 
Design decontamination: 
Total decay power: 
Earth quake acc.: 

0.1 - 13 kg/s 
H20, N2 , H2 , o2 (PWR) 
70 - 1so 0 c 

0.5 - 0.6 MPa 
log - normal, ag = 2 
1. 5 µrn 
90 kg (BWR) 180 kg(PWR) 
20 kg 
0.1 kg 
500 (BWR) 1500 (PWR) 
400 kW 
0.15 g 

II. The FILTRA-MVSS system 

The FILTRA-MVSS system, Fig 1, comprises the following main 
process units: 

- a system for automatic or manual pressure relief 
- a venturi scrubber system 
- a pool 
- a moisture separator 
- a pressure vessel 

The pressure release system consists of manual valves 
parallell to a rupture disc, allowing for manual activation at safe 

/ containment pressures and selfactivation whenever the mechanical 
integrity of the containment is jeopardized, Fig 1. 

The relief gas is led to the submerged rnultiventuri 
arrangement via a central down-corner, and is then fanned out into 
sloping distribution pipes, Fig 2. On the distribution pipes, 
equally spaced vertical venturi pipes are arranged. By virtue of 
the sloping distribution pipe arrangement, only an appropriate 
amount of venturi pipes operate, so that each single venturi pipe 
operates with a near optimum gas flow. 

The venturi pipes per se are followed by a rise pipe, from 
which the gas is discharged out into the pool. The gas bubbles 
through the pool, and after the pool, it is lead to a gravel bed 
moisture separator where entrained droplets are collected. 
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FIGURE 1 

PRESSURE RELXEF 
SYSTDI 

FILTRA-MVSS filtered containment 
venting system. 
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The venturi is a fine particle and contaminant gas collector 
since long well established as a pollution control device within 
the process industry. Conventional venturi collectors are however 
not passive devices, but require that washing liqu~d is pumped into 
a point somewhere upstream the high velocity section. The 
FILTRA-MVSS venturi is however designed in such a way, that the 
underpressure gained in gas acceleration is used to pump scrubbing 
liquid into the high velocity zone, Fig 3, where it is atomized 
into a fine mist, Fig 4. 

Two phase flow 

p 

x 

FIGURE 3 

Flow and pressure in a venturi 
nozzle 

e~--+--t-+'..=i--M+t----t---+-+--+-+-~t----t---+-t-..--!-t+t----

1 18 188 1998 
Pil'ticle size CUil). 

FIGURE 4 

Droplet size (mass) spectrum in a MVSS venturi. Measured via the 
light diffraction pattern ("Malvern Easy Sizer"). 
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The droplet cloud is, by comparison to the gas, accelerated 
only slowly by the gas stream, and the gas then overtakes the 
droplet cloud, which acts as a slowly moving filter. After the high 
velocity zone, the gas and the droplets are decelerated, and some 
pressure is recovered. The gas then passes the rise pipe, where 
droplets are drained to the wall film, and is discharged into the 
pool. During the pool bubbling, the ~ajority of the remaining 
suspended drops are collected, but also some new ones are created 
due to bubble bursting. These remaining droplets are then collected 
in the gravel bed moisture separator, which is drained back to the 
pool. The clean gases are then discharged through a stack. 

The final design, and ultimately, final licensing is supported 
by theoretical and experimental work carefully scaled with respect 
to process parameter in i.a. the following areas: 

- system heat and mass balances 
- flow model calculations and experiments 
- particle collection 
- iodine gas absorbtion 
- droplet separation 

III. Particle collection 

Venturi scrubbers are widely used in the process industry as a 
reliable device to collect fine particles and gas contaminants. One 
application , where venturi scrubbers are extensively used, and 
which is of some general relevance to the present problem is on 
electric arc furnace for smelting operations. Here, the primary 
aerosol production mechanism also consists of evaporation and 
condensation of volatile species from a high temperature metallic 
melt. 

The properties of venturi scrubbers as particulate control 
devices have been the subject of a multitude of investigations 
reported in the technical literature, both from the practical 
engineering approach (e.g. Refs.2,3), and from the more fundamental 
approach (e.g. Refs.4,5.). 

Since the most important particle collection mechanism is 
inertial impaction, Fig 5, it is obvious that performance is affec
ted by at least liquid flow (giving the density of the droplet 
Cloud) and the gas velocity. The general results of investigations 
using the practical engineering approach have the general result 
that: (a) it is essential that the mode of water injection ensure 
that the entire crossection is covered by atomized droplets (Ref.3), 
and (b) when that is achieved, the performance under given 
conditions is governed by the pressure drop. The first criterion is 
of course self-evident - even a small fraction of dirty gas by
passing a highly efficient filter has a disastrous effect on total 
performance. This consideration is of crucial importance for a 
selfpumping system as the present one: only the moderate under
pressure given by the gas acceleration is available for liquid 
pumping, and the liquid should be distributed uniformly before it 
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is accelerated across the cross-scetion of a gas stream having a 
velocity of the order of 100 m/s, Ref .6. It is then evident that 
this can only be achieved if the linear dimension of the high 
velocity cross-section is limited in size scale. As a corollary of 
the requirement that each venturi pipe be relatively small, we also 
get an excellent capability to follow the gas load using the 
FILTRA-MVSS water seal arrangement. 

-----Fluid streamline 

---------Particle path 
Inertial Impaction 

FIGURE 5 

Flow patterna around 
a water droplet 
illustrating 
particle inertial 
impaction 

The second engineering criterion, that constant dust collection 
performacne is met by operation at a constant venturi pressure drop 
is inherently met by the FILTRA-MVSS desgin - the pressure drop 
corresponds to the difference in water head between displaced water 
level and rise pipe outlets which is largely the same for all 
operating venturis. 

In the pool above the rise pipe, the gas passes a column of 
water, the height of which changes during operation due to condensa
tion and evaporation. During this passage in a complex two-phase 
bubble flow additional dust collection takes place. Such bubble 
columns have not been subject to the same extensive analysis as e.g. 
the venturi collector by workers in the field, one reason being 
that as a dust collector, the bubble column is hardly a cost 
effective device for conventional applic~tion. 

IV.Iodine absorbtion 

The liquid in the FILTRA-MVSS is a dilute sodium thiosulf ate 
solution stabilized to pH = 10 by soda addition. When iodine is 
absorbed into the liquid phase, the following reactions take place: 
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-
I2 + 28203 2 -> 

I + I2 -> r3 
r3 + 2S2o32 

- -> 3I + s4062 

The rate constant of the first reaction is 71sg m3/mol, s 
(Ref.7), and that of the second one is 4.1 x 10 m /mol, s (Ref.8). 
Since the reactions are rapid, one can safely consider the absorb
tion problem as one where iodine is infinitely soluble in the 
absorbing liquid, and as being perfectly analogous to other more 
technically well-known absorbtion problems, e.g. the absorbtion of 
sulfur dioxide in soluble alcali solutions. 

Absorbtion of iodine takes place in the venturi collector, in 
the rise pipe (a wetted wall column and a bubble column in the 
language of chemical engineering), and in the pool. 

The absorbtion e.g. in a venturi collector of a soluble contami
nant having concentration c follows an exponential relation (Ref .9) 

where 

k
8 

is the mass transfer coefficient 
A, a gas-liquid interfacial area 
R, the gas constant 
T, temperature 
Q

8
, the gas volumetric flow 

Nt' the "number of transfer units" 

The mass transfer coefficient scales with physical parameters 
like gas density (g), gas viscosity(µ), and gas diffusivity (D) as: 

1/6 2/3 
kG oo ( J /µ) D 

The mass transfer coefficient in general then increases with 
temperature, but decreases signifi~antly with absolute pressure (due 
to the decrease in diffusivity). ~ 

Total iodine decontamination factor is the product of the 
contributions from the venturi, the bubble column, and the rise 
pipe. 

V. Experiments 

The objective of the laboratory tests was to confirm the 
aerosol collection efficiency of the total FILTRA-MVSS units as 
calculated within the theoretical verification and give additional 
support to the notion that FILTRA-MVSS fulf illes the required 
decontamination factor. The strategy for the test program was to use 
semiempiric hydraulic flowmodels on a complete MVSS-unit to 
calculate operating conditions, mainly gas and liquid flow rates, 
for the different unique venturi geometries and different design 
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conditions. These operating conditions are then used as input for 
testing of the collection efficiency for the relevant venturi 
geometries in a single venturi test facility. The single venturi 
test rig (Fig 6) is built in prototypical full scale to avoid any 
distortion of the results due to scaling effects. The measured 
efficiencies for single venturies can then be used to evaluate the 
efficiency of a total MVSS unit. This strategy implies that there 
are no unforeseen significant multiventuri effects. To verify this 
statement additional tests were also performed in a multi venturi 
(having four nozzles) test facility (Fig 7). For all tests the 
aerosol used was a silica dust having a size distribution very close 
to the one specified, Fig 8. 

Total height. 
approx7m 

Venturi 
nozzle --"""'-...;;;:: 

Connection 
(exchangeable) 

FIGURE 6 

Absolute 
filter 

:S:Z: Pool level, PWR 

S:Z Pool level, BWR 

Riser 
~(exchangeable) 

Air supply 

Aerosol generator 
RGB 1000 
PalasGmbH 

Principle of single venturi nozzle aerosol collection 
test rig. 
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FIGURE 7 

Principle of multi (4) 
venturi nozzle aerosol 
collection test rig. 

FIGURE 8 

Suspended aerosol 
distribution as measured 
by two inpactor types 
(Andersen and QCM) . 
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The single venturi test program was designed to cover all 
foreseen significant effects on the efficiency and it consisted 
i. a. of: 

Verification of the inlet particle size distribution 

- Verification of the semiempiric hydraulic modell 

- Verification of aerosol collection efficiency for 
different geometric and hydraulic conditions 

- Verification of the effects of evaporation on/aerosol 
collection efficiency 

- Verification of the effects of entrainment and evaporation 
of scrubber liquid on overall performance 

The semiempirical flow model shows an excellent agreement 
between the measured and calculated values as shown in Fig 9. 

4 

Liquid to 
gas mass 3 
ratio In 
venturi 
nozzle 

2 

FIGURE 9 

2.5 2.7 2.9 3.1 

a Measured values 
+ Calculated values 

3.3 3.5 3.7 

Water dlaplacement below nozzle outlet (m) 

Verification of the semiempirical flow model. 
Calculated values compared to measured values in single 
venturi nozzle test rig. 
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The measured decontamination factor generally agree with the 
expected values. Examples of measured values are given in Figures 
10 and 11. Considering the total amount of data available including 
different geometries and hydraulic conditions one can conclude that 
the data on decontamination factors fall in the following ranges: 

BWR PWR 
DF 500 - 10.000 DF = 1.500 - 30.000 

The low figures correspond to worst cases involving high 
volumetic gas flow and minimal pool level, so the actual performance 
in a given case is largely a factor of actual design. 

Decontamination factor 

2 3 4 

Liquid to gas mass ratio in venturi nozzle 

FIGURE 10 

Examples of single venturi 
nozzle aerosol collection 
tests, BWR. 

Decontamination factor 

2 3 4 

Liquid to gas mass ratio in venturi nozzle 

FIGURE 11 

Examples of single venturi 
nozzle aerosol collection 
tests, PWR. 

No significant effects of evaporation on particle collection 
efficiency could be detected in experiments under conditions of 
same evaporative mass transfer as is calculated for the operational 
cases. 

The performance of the droplet separator was studied by 
measuring the emission in the form of entrained and emitted water 
droplets under evaporative conditions. This was achieved by 
measuring the emission of a tracer salt in the pool (corresponding 
to prototypical salt concentration). The results show that this 
emission may contribute to a total of 1 ppm of the scrubber invento
ry during a 10 days full load operation episode. 
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The multi venturi test rig was designed basically in the same 
way as the single venturi rig. Also in this case .prototypical full 
scale was used but the geometry was fixed to simulate part of a BWR 
MVSS-unit with four venturies. The multi venturi test program had 
the following content: 

- Verification of the absence of negative multi venturi 
effects on aerosol collection efficiency in steady state 
conditions 

- Verification of the absence of negative effects of 
transient operation on average aerosol collection 
efficiency. 

The results of the test was that no significant negative 
effects were found neither for steady state nor for transient 
conditions. 

Iodine absorbtion was measured by injecting non-radioactive 
iodine gas (evaporated from an ethanol solution) into a single 
nozzle test rig, and sampling the outlet gas by absorbtion in a 
sodium carbonate solution. The results of these experiments, e.g. 
Fig.12, are very well in line with the data previously published 
for other similar systems with infinite solubility, e.g. Refs.10, 
11. 

Iodine absorbtion in the pool has been investigated previously 
(Refs.13, 14) and this contribution considerably enhances overall 
iodine absorbtion efficiency. 

DECONT, 
FACTOR 

103 

0 

FIGURE 12 

1 
VENTURI LIQUID TO GAS MASS RATIO, 

Results of venturi iodine absorbtion experiments (ambient 
conditions ) . 
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VI. Conclusions 

Some of the features of the FILTRA-MVSS system for passive 
filtered containment venting have been described, and the experimen
tal program to verify its behaviour under different operating 
conditions has been out-lined. The result of this shows, that the 
system, properly designed for the actual operating cases, can meet 
stringent limits on emission. 
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DISCUSSION 

VANDEWALLE: What about testing and maintenance of 
these types of filters? Is it to be controlled on a regular basis? 

LINDAU: The only maintenance required is general 
instrument maintenance and surveillance of water quality. During the 
first year, water samples are taken once a week to monitor changes in 
water chemistry. After the first year's experience, it is expected 
that the interval can be considerably prolonged. 

BONKA: For venting, an estimation of the emission 
of the different radionuclides is a very important problem. Do you 
have instrumentation and a standard to influence the emitted activity 
by bad weather conditions? What kind of measuring instruments do you 
have for the aerosol-bound activity, the noble 9as activity, the 
gaseous iodine, and the flow rate passing an opened value? At which 
point of the containment do you measure the activity? 

LINDAU: A set of instruments is instaJled in the 
exhaust duct. A small gas flow is lead to a filter (for particu
lates), to a zeolite trap (for radioactive iodine), and to a gamma 
detector (for the noble gases). 

SGALAMBRO: Could you please tell me what transient 
has been considered for dimensioning your c.v. device? 

LINDAU: As an envelope case, the total black-out 
"TB" transient is used throughout. 
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OFF-GAS CLEANING DEVICES FOR CONTAINMENT VENTING SYSTEM 

H.-G Dillmann, H. Pasler, J.G. Wilhelm 
Kernforschungszentrum Karlsruhe GmbH 

Laboratorium fiir Aerosolphysik und Filtertechnik 
Postfach 3640, D-7500 Karlsruhe 1 

Federal Republic of Germany 

Abstract 

Failure of the containment of a presstrrized water reactor as a 
consequence of a major reactor accident can be prevented by filtered 
containment venting into the stack through an accident filter system. 
This greatly reduces the environmental contamination by fission pro
ducts which, otherwise, would have been released. Possible filter 
concepts and their embodiment in stainless steel fiber filters are 
described. 

I. Introduction 

The containment of a LWR is a pressure vessel without a safety 
valve. No such safety valve is required for design basis accidents. 
However, the situation is different in hypothetical accidents. After 
a core meltdown accident in a LWR there may __ be a9di t ionally a reac
tion between the molten core and concrete. As a function of the 
concrete composition and the accident sequence, there may be a rise 
in containment pressure which could lead to containment failure after 
a couple of days /1/. This may cause airborne activity from the con
tainment to be released close to the ground at the time of failure. 
Such release could be enhanced by resuspension of activity from the 
sump boiling as a result of depressurization. 

II. Other Solutions Offering Containment Protection 

Studies have been carried out also in other countries to pro
tect the containment against failure, for instance at the Hanford En
gineering Development Laboratory /2/ and the Sandia National Labora
tory in the USA /3/. A similar concept called the FILTRA Project was 
implemented in Sweden /4/. In the light of the experience accumulated 
with the first steam condensation system another solution was devel
oped in Sweden, which is called Multi-Venturi Scrubber (Fig. 1). That 
design uses an appropriate number of Venturi nozzles in a scrubber 
and combines them with a demister. The steam cleaned in this way is 
then discharged through the stack. 

The condensation systems, such as Filtra or the Canadian Candu 
Vacuum Tank, are based on the principle of precipitating in a conden
sation chamber the steam mixed with airborne elemental radioiodine 
and aerosols and, in this way, transforming also an important part of 
the airborne activity into the liquid phase. Some of the technical 
solutions in addition contain filter systems serving to increase the 
decontamination factors. The costs of those systems are between DM 20 
and 40 million. 
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A less expensive solution is at present under study in France, 
where sand bed filters are being planned of approx. 80 cm layer 
thickness around 100 to total weight /5/ (Fig. 2). In our opinion, 
that solution will be associated with the following problems: Iodine 
cannot be removed at all, or only to a very slight ex~ent. During the 
start-up phase, a sand bed filter has low removal efficiencies for 
fine particles in the submicron range; the efficiencies will increase 
to sufficient levels only after a filter cake has been constituted. 
If the filter is not preheated to more than 100 oc, some 2-3 tonnes 
of steam condensate will arise in the early period of operation, un
til the filter has been heated to > 100 oc by the heat of condensa
tion. 

Sand bed filters do not attain the high removal 
achieved by fiber filter systems. In France, the risk of 
ent overpressure failure is reduced to a risk of 
scenario, which is a factor of 10 lower. 

III. Filter Concepts already Implemented or 
in the Planning Stage in Germany 

efficiencies 
late transi
a different 

German pressurized water reactors are designed to a maximum 
containment pressure of approx. 6 bar. The burst pressure is estima
ted to amount to 8 or 9 bar. This would put the level of operation of 
an accident filter in the range between 6 and 8 bar. The gas flow 
rate in a core meltdown accident, conservative assumptions included, 
is between 3 and approx. 12 kg/s, depending on the type of reactor 
(PWR BWR, containment volume, post-decay heat at the time of de-
pressurization, and the heat sinks available). A variety of solutions 
can be adopted to arrange an accident filter with stainless steel 
fiber fleeces as the removal medium. Earlier publications refer to 
the arrangement of the filter downstream of the expansion system. Be
cause of the nearly isenthalpic expansion upstream of the filter, 
this solution offers the "best," i.e. practically dry, conditions 
(Fig. 3). That mode of operation has been used in a number of cases 
so far, but would take up much space in SWR plants, as the relatively 
small containment (of the 69 reactor line) would give rise to rela
tively early startup times, which would be associated with high aero
sol loads and gas flows. For this reason the Kraftwerk Union AG (KWU) 
has developed a combination of a scrubber and metal fiber filters. 

The filtered venting system shown here consists of a wet scrub
ber with venturi nozzles f9llowed by a combined droplet separator and 
stainless-steel-fiber deep.bed housed in a pressure vessel. 

To activate the system, the isolation valves are opend by re
mote control from the control room. The venturi scrubber is operated 
at pressures close to the prevailing containment pressure levels due 
to the provision of a throttling orifice in the filter discharge 
line. The venting flow entering the scrubber is injected into a pool 
of water via a large number of submerged, short venturi nozzles. The 
scrubbing liquid is mainly kept at saturated water conditions. 

As the vent gas passes through the throat of the venturi noz
zle, the incoming flow develops a suction which causes scrubbing wa
ter to be entrained with it and, on account of the large difference 
between the velocity of the scrubbing water particles and that of the 
incoming vent flow, a large proportion of the aerosols are removed. 
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At the same time, the particles of the entrained scrubbing wa
ter provide large mass transfer surfaces inside the throat of the 
nozzle which permit effective sorption of iodine. The retention of 
iodine in the pool of water inside the scrubber is attained by condi
tioning the water with caustic soda and other additives. In view of 
the mechanisms occurring inside the venturi, most of the iodine and 
aerosol particles are in fact separated inside the throats of these 
nozzles. 

The pool of water surrounding 
droplet separation section and also 
retention of aerosols and iodine. 

the nozzles acts as the primary 
serves as a secondary stage for 

The gas exiting from the pool of water still contains small 
amounts of hard-to-retain aerosols as well as scrubbing water drop
lets. In order to ensure high retention efficiencies even over 
prolonged periods of time - for example, 24 hours - a high - eff ici
ency droplet separator and micro-aerosol filter is provided as a se
cond retention stage. 

The first stage of this filter unit serves to remove most of 
the water droplets. The second stage, a metal-fiber fine filter, is 
designed to retain the aerosols of par.ticle sizes so small that they 
are difficult to retain under pressure conditions at and especially 
above atmospheric. A throttling orifice installed downstream of the 
scrubber unit provides for critical expansion of the cleaned gas 
which is subsequently released to the environment through a separate 
stack. 

The entire filter train with venturi scrubber and metal fiber 
filter unit provides a retention efficiency of ~ 99.99 %. This reten
~ion capability also applies to micro-aerosols of less than 0.5 µm 
so that, for example, variations in the particle size distribution of 
the aerosols cannot diminish the removal efficiency. The retenion ef
ficiency for elemental iodine under overpressure was high under the 
conditions tested including overpressure (Fig. 4 and 5). 

Through the selection of this process, superheating of the vent 
gas flow upstream of the scrubber when steam has been entrained from 
the containment is largely avoided so that - as can be seen in Fig. 6 
- the pool is operated under saturated water conditions and only an 
insignificant amount of water is lost from the pool, obviating the 
need for scrubbing water makeup. 

Furthermore, the venturi scrubber pool is designed such that 
evaporation of the pool water caused by the decay heat generated by 
the aerosols in the water will likewise not lead to an unacceptable 
drop in the pool water level, even when a high decay heat generation 
rate, e.g. 700 kW, is assumed (Fig. 7) which is higher than interna
tional requirements. 

A third variant may be used when the aerosol masses to be re
moved and the decay heat are not too high. The filters, too, can be 
operated in a pressurized mode, but without an upstream scrubber 
(Fig. 8). 
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That arrangement would have the following advantages: Installa
tion in the containment obviates the need for a pressure vessel and 
the activity and the water removed will automatically be retained in 
the containment. The filter will be at the temperature of the con
tainment and there are no special shielding problems. 

Except for the short startup period of a few seconds, in which, 
e.g., only a maximum of about 200 1 of condensate arise in the filter 
system until this has been heated from environmental temperature to 
more than 100 oc, filter components downstream of the expansion sys
tem will be exposed exclusively to superheated steam-air mixtures. 
After the onset of an accident it takes about 2 to 5 days in a PWR 
until an accident filter is started up. In that period of time, the 
filters and the inlet and exhaust air lines can be inerted, if neces
sary, in order to prevent H2 deflagration when the filter system is 
started up. 

IV. Design and Use of the Stainless Steel Filter 

The first filter stage for solid particles consists of a pre
f il ter equipped with several layers of stainless steel fibers 
decreasing in fiber diameter. This removes the bulk of the coarse 
aerosols upstream of the filter stage for fine particles, thus 
extending the latter's service life (for the measured data, see be
low). The second stage consists of 2 µm stainless steel fibers with 
removal efficiencies equivalent to those of HEPA filters. This is 
where particles of < 1 µm are removed (Fig. 9). 

Downstream of the 2 µm fiber filter an iodine filter may be in
stalled, which .is equipped with a high-temperature resistant Ag
exchanged molecular sieve. 

The filter components are stable up to approx. 500 °c (no or
ganic sealing compounds and seals or gaskets are used). At these tem
peratures, the decay heat can be dissipated by thermal radiation and 
convection. 

It should be noted that this concept will mitigate the environ
mental burden of the FK 6 case of the German Risk Study (containment 
failure after a number of days). The question of the manageability of 
the FK 2 case, which is the rapid failure of the containment, needs 
to be discussed in greater detail. The most probable version of the 
FK 2 case, which is failure of the containment integrity due to the 
failure of both of the quick-closing dampers, can have two conse
quences: 

(1) The duct penetrating the annulus and leading to the exventing 
filter system fails within the annulus. In that case, a pressure 
rise will occur in the annulus. This will be followed by a fail
ure (possibly at 1.2 bar) of the connecting door leading to the 
auxiliary building, and the containment atmosphere will pass 
through the annulus into the primary auxiliary building. Conden
sation on structural materials reduces the volume flows and the 
activity released. Detailed studies of specific cases would have 
to show whether the filter system to be connected to the primary 
auxiliary building will withstand the conditions prevailing there 
(humidity, pressure surge, volume flow). 
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(2) The duct penetrating ihrough the annulus does not fail (at least 
in new plants it is designed as a pressure resistant part); in 
that case, no load will be exerted on the annulus. However, the 
components (ducts and filter components as well as blowers) of 
the subatmospheric pressure system fail as a result of the 
strong pressure buildup, to which the plant has not been de
signed; the auxiliary building will be under much higher load 
because there is no condensation in the annulus. 

Both cases could be managed by inherently safe pressure shock 
valves installed directly downstream of the quick-closing dampers; 
they would close within a few ms, without a reactor protection 
signal, merely after a 20 % increase in volume flow. This would prac
tically change this FK 2 sequence into an FK 6 case, which can be 
managed by the above described filter concept. Corresponding pressure 
shock valves have been described in /6/ and are now being installed 
in PWRs to protect the subatmospheric pressure system. In addition, 
it would be necessary to install such pressure shock valves, in the 
reverse position, also in the intake air duct in order to protect 
that pathway. 

V. Design of the Deep Bed Metal Fiber Filter 

Each filter module consists of two filter stages; in the 
direction of flow, the prefilter stage begins with coarse fibers of 
30 µm, and the fiber diameter decreases down to 8 µm as the depth of 
bed increases. Depending on the droplet load calculated, another 
catching groove demister may be connected downstream. 

This is followed by a free gas space between the pref ilter and 
the fine filter, which is to prevent drainage water from reaching the 
fine filter. The design ensures that drainage water flows through the 
pref ilter to the upstream side against the gas flow. As a result of 
the 6p of approx. 50 mbar of the fine filter, there is an additional 
throttling effect resulting in another margin of approx. 1.5 oc from 
the dew point. The fine filter therefore will be run in the dry mode 
in any case. 

In concepts of pressurized filters, differential pressure 
stabilities of 1 bar have so far been achieved. It should be noted in 
this connection that the resistance to differential pressures is 
merely of mechanical interest. Extreme differential pressures are as
sociated with high flow rates. In that case, aerosols will be blown 
of the fibers and will not be removed, respectively. 

It should also be borne in mind that excessive filter 
stabilities may be unwanted, for potential aerosol pluggirig by unex
pected extremely high aerosol loadings of the exventing filters 
should not give rise to pressure stabilities greater than those of 
the containment (the venting function is at least as important as the 
filter function). 

Fine filters with six fleece layers of 750 g/m2 of weight per 
unit area each, and composed of 2 µm fibers, resulted in decontamina
tion factors of > 10~ at face velocities of up to 40 cm/s. In /7/ and 
/8/ the results of a lot of studied parameters are given. 
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VI. Requirements Resulting from the Irradiation Dose, 
and Some First Test Results 

Accident filters could be exposed to more than 107 rad/h and 
the corresponding integral doses of radiation. For this reason, acci
dent filter components should contain neither organic sealing com
pounds nor gaskets or seals between the raw air and the clean air 
sides. It is for this reason that the usual cellular design was aban
doned in favor of a deep bed configuration similar to that used in 
sorption filters, which meets those requirements. The flow face area 
per module is about 1.5 to 2m 2 • Depending on the DF required, this 
allows volume flows of 1500 to 2000 m3 /h to be filtered. The only 
gasket (metal) is situated between the filter modules and the envi
ronment. This makes the HEPA filter stage practically main
tenance-free. 

After the first few parameter studies of laboratory scale test 
rigs, full scale prototypes were investigated. The studies were run 
up to 2000 m3 /h. The results are given in Table I. 

VII. Iodine Filtration with a Solid Sorbent 

Airborne iodine may occur as particle or vapour of elemental 
iodine, HI or organic iodide. Methyl iodide is well known as a major 
constituent of the airborne iodine in the containment atmosphere and 
off-gas. During extensive experiments high amounts were measured in 
reactor containments by different research workers. Iodine may be 
trapped in wet scrubbers, for example with an alkaline solution, and 
by dry adsorption processes. For adsorption impregnated charcoal is 
normally used; but considering the possibly high temperature in the 
charcoal layer at stagnant air flow, charcoal cannot be used for fil
tering during containment venting. This is not only due to the 
flammability of the charcoal. The temperature of operation is limited 
by the desorption of iodine from the charcoal trap, starting below 
the maximum temperature of the exventing gas. An inorganic sorbent 
which will trap airborne iodine and organic iodide compounds at tem
peratures up to around 600 °c is a silver containing zeolite of the 
faujasite type. Commercial sorbents on the basis of a zeolite are al
so named as molsieves (Table II). 

Previous experiments showed very high decontamination factors 
also for organic iodine and a loss of efficiency with increasing hu
midity of the gas to be cleaned. The zeolite and the binder used to 
produce the commercial sorbent may be sensitive to the exventing con
ditions to be expected during an accident. Therefore, for an exven
ting iodine filter located directly behind the SS-fiber filter, the 
influence of water and steam was tested on a zeolite specially pro
duced for the containment venting filter. 

Some results of the experiments, including tests of the sudden 
wetting of the sorbent by condensate, are reported, i.e. the function 
of the zeolite after evaporation of the water and the integral remov
al efficiency during a whole filter cycle with wetting of the sorbent 
by condensate, drying by a superheated steam-air mixture, and heating 
up to the temperature which is expected to occur as the maximum tem
perature of the vent gas. Table III shows the removal efficiencies 
and decontamination factors which were reached. To include a test on 
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the stability of the sorbent in hot steam, the test medium CH3I-131 
was introduced after a 48 h sorbent conditioning period with 
steam-air at 154 °c. The loading time was 7 h, which was followed by 
a sweeping period with steam-air at the same temperature of another 
48 h duration. Under these conditions, a removal efficiency of 99.8 % 
has been reached with a layer of the sorbent of only 7.5 cm. To 
evaluate the effect of steam condensation in the dry sorbent, another 
experiment was performed with steam condensation in the sorbent, fol
lowed by heating up to 152 °c and loading with methyl iodide, again 
followed by a sweeping period of 48 h. Also an experiment was per
formed where methyl iodide was loaded on the unheated sorbent togeth
er with the steam-air mixture at 25 oc. The filter and the mixture 
of test medium, steam and air was slowly heated up above the dew 
point. The dew point was reached after 45 min; the temperature was 
then increased to 162 °c, and loading was continued up to 6.5 h. 
After an additional sweeping period of 64 h, an integral removal ef
ficiency of 91.2 % was measured. 

Previous experiments on the effects of irradiation, iodine con
centration and total loadings on faujasite type zeolites of different 
origin are reported in the literature by different research workers 
/9,10,11/. 

Summarizing it can be said that the silver zeolite tested 
proved to be an excellent sorbent ·under simulated accident condi
tions. The filter module will have the same surface area as the 
SS-fiber filter; the layer of the sorbent will have a bed depth of 
7.5 cm. To obtain maximum efficiency, preheating of the sorbent above 
the dew point is recommended. This can be finished with the start of 
the vent gas flow, but preheating is not an absolute must. 

VIII. The Corrosion Problem 

The fiber material was investigated in test frames under vari
ous conditions and over various periods of service. 

In the TAIFUN test rig, a test filter in the final filter posi
tion was exposed to all test conditions arising over a period of 
nearly two years; the temperature ranged between approx. room tempe
rature and 200 °c, and the humidity varied between dry and humid air 
conditions up to saturated and superheated steam conditions. No vis
ible corrrosion could be ascertained after this treatment. 

In addition, a filter was loaded with artificial, non-radioac
tive corium and exposed to a steam-air mixture of 100 to 200 oc for 
five weeks. Again, no visible corrosion effect was seen. 

IX. Results Obtained Filters Produced in Series 

So far, six nuclear power plants have been equipped with deep bed 
stainless fiber filters. Depending on the production lot, between 
25 % and 100 % of the modules were examined after fabrication (a to
tal of 80 modules). The measured results showed decontamination fac
tors between 10.000 and 20.000 which corresponds to a removal effici
ency of > 99.99 %. 
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All investigations were performed with uranine as the test 
aerosol /12/. The mean particle diameter was approx. 0.17 µm. 

When the system is loaded beyond the rated volume flow there 
may be only a slight drop in the decontamination factor. Only at 
approx. 200 % of the rated volume flow, the HEPA limit of DF of 3333 
was underrun. The spray tests with fine droplets (2 - 5 µm) at a 
s~raying rate of 800- 1200 ml/h and a nominal volume flow rate of 900 
m /h showed the following results: 

At the given spraying rates, the increase in pressure loss was 
only about 3 mbar and then stabilized (Fig. 10). At the end of the 
spraying process, the differential pressure very quickly returned to 
its initial level. On the clean air side, the filter was dry in all 
spray tests. This indicates that the water is removed in the 
prefilter and is drained reliably. In this way, it is ensured that a 
liquid phase is not able to carry water soluble fission products, 
such as some Cs compounds, to the clean air side, where they could be 
released. 

X. Summary 

The experimental findings show that an exventing filter can be 
designed and built in such a way as to allow the late transient 
overpressure failure scenario of the containment in LWRs to be 
controlled by filter technology. In this case, the environmental 
contamination by aerosols can be reduced by a factor of approx. 
10,000. 

A filter system to which an iodine filter stage has been added 
moreover allows elemental iodine isotopes and chemical iodine 
compounds to be reduced by a factor of approx. 100. 

This practically limits the residual risk to the plant and 
reduces to a low level all environmental impacts. 
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Table I TESTS OF EXVEHTIHG FILTER HllOULES 

TESTS OF HllDULES FOR Tl/O BWR's DEEP-BED SS-FIBER 
FILTERS, EFFECTIVE FACE AREA : 2.0 m2 

Identification OF Tl ( % ) 

B 1 16331 99.9938 

B 2 13205 i5F 99.9925 

B 3 14946 15667 
B 4 14698 99.993 

B 5 15183 99.9934 

B 6 19641 99.9949 

K 1 15844 99.9936 

n 
99.9933 

K 2 17267 OF 99.9942 ii' 

K 3 14998 18688 99.9933 

K 4 19982 99.9949 

K 5 23282 99.9957 

K 6 20756 99.9951 

v 1 12088 nr 99.9924 n-
v 2 14246 13164 99.9929 

OF = Decontamination Factor 

Tl = Removal Efficiency ( \) 

B l - 6 = Filtermodules for BWR 1 

K l - 6 = Filtermodules for BWR 2 

v l - 2 = Testf ilter 

99.993 

99.994 

99.992 

Table II I-131 REHllVAL EFFICIENCY OF HllLECUIJ\R SIEVE 
13X,A9 IN DRY AIR AT 200, 300 AHO 650 oc 

EXP. 
HO. 

1 

2 

3 

4 

5 

HllLSIEVE 13X,A9 IN SPHERICAL FORM, DIAM. 1.5 - 3 mn 
v AT EXP. 1: 36 an/s, EXP. 2: 43.5 an/s, 
EXP. 3: 31.7 an/s, BED DEPTH: 5 an, 
CONDITIONED IN HOT AIR: 24 h 
CH3131I LOADED FOR 1 h 
SWEEPING WITH HOT AIR FOR ADDITIONAL 20 - 24 h 

CH3- TEMPERATURE RESIDENCE rt(i) 

LOAD I HG TIME 
(119/g) (OC) (s) 

130 zoo 0.14 99.9978 

150 300 0.116 99.9982 

540 650 0.20 99.9979 

in Helium 

80 200 0.20 (99.9980) 

160 300 0.20 (99.9995) 
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Table II I 
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REMOVAL EFFICIENCY OF Ag-MOLSIEVE FOR 
1-131 IN A STEAM-AIR MIXTURE 

Ag-MOLSIEVE IN SPHERICAL FORM, DIAM. 1.5 - 3 rrm 
STEAM-AIR 2.7 : l, 1 bar, v: 31.2 cm/s 
1-131 LOADED IN FORM OF CH31-131 (METHYL IODIDE) 
MIXED WITH CH31-127 

Filter Effi- Test Conditions Removal Efficiency n and DF 
ciency tested for a Sorbent Layer of 

7.5 cm 10 cm 
n(%) DF n(%) DF 

in hot steam- T: 154 oc, 
air mixture conditioning.: 48 h, 99.8 500 99.97 3330 

loading: 7 h, 
sweeping: 48 h 

after loading T:at 100-1050(: 19 h 
with conden- T:increased to 152oc 
sate and within 35 min, loa- 99.95 2000 99.995 20000 
drying ding at 152-158 oc: 

7 h, sweeping: 48 h 

during com- lading started at 
bined conden- 25oc, T: increased 
sation and to 1620C within 2.75h 
heat-up phases loading continued 91.20 11.4 93.06 14.4 

up to 6.5 h at 1620C, 
sweeping at 162 oc 
for 64 h 
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DISCUSSION 

KOVACH, J. L.: Have you tested the separate in-
dividual DF of the a} demister - filter, b} venturi - scrubber sec
tion? 

DILLMANN: B. Eckhardt, Siemens, Germany has 
measured the venturi part under atmospheric pressure conditions. The 
aerosol used had a MMD of about 0.6 - 0.7 µm and was insoluble. The 
measured retention factors were from 96% to more than 99% depending on 
the air velocity in the venturi. A part of the complete scrubber 
unit, including the metal fiber filter section, was measured in a 
scale-up of 1:1 at different pressures and temperatures. The demon
strated retention efficiency was always above 99.99% under all operat
ing conditions. Additional partial retention efficiencies will be 
measured until the end of 1988. 
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THE DEVELOPMENT OF ALL METAL FILTERS FOR USE IN THE NUCLEAR INDUSTRY 

Horst Randhahn, Dr. Ing. 
Scientific & Laboratory Services Dept. 

Pall Deutschland GmbH, 6072 Drieich, Germany 

Barry Gotlinsky, Ph.D., Saied Tousi, Ph.D. 
Scientific & Laboratory Services Dept. 
Pall Corporation, Glen Cove, New York 

1. Introduction 

This paper summarizes the experiments performed by Pall 
Corporation Laboratories in Germany for qualification of a 
filtration system for venting of P.W.R. The complete 
qualification procedure can be found in "Pall Bulletin FG6Bl, 
Pall Deutschland GmbH" ( 1) . The basis for the parameters 
examined were different model calculations for a possible venting 
in P.W.R. The calculations gave process specifications for a 
filter venting system. Aside from principal demands on· 
mechanical and thermal strength of the system, efficiency 
examinations under differing process conditions were necessary. 
Here the simulation of these possible process conditions by the 
test parameters used were essential. From the model calculations 
(2-4) for examination of filter performance the following fluid 
conditions were chosen - dry to wet gas at temperatures up to 
160°c and absolute pressures of 5.5 bar. Aerosols that are not 
affected in size, shape or other physical properties by those 
fluid parameters had to be used and under these conditions 
aerosol generating and measuring systems had to be evaluated. 
The important size range for this was below 1 micrometer, since 
these have been shown to be the hardest to remove. 

2. Evaluation of an aerosol generating and measuring system 

After the test parameters were chosen, it becomes clear that the 
traditional aerosol analysis methods such as DOP, sodium flame or 
uranium could not be used. Additionally .all those methods are 
based on mass concentration measurements. Experience has shown 
that for filter efficiency studies, mass concentration 
measurements are only val id with monodisperse or nearly 
monodisperse aerosols. 

Therefore single pass test apparatus which were capable of 
handling pressures to 6 bars and temperatures to 16o0 c for air 
and steam were set up and validated. Aerosol generating system 
for different types of aerosol to feed into pressurized gas lines 
had to be developed and evaluated. Sampling methods for 
commercially available particle measuring equipment for the 
described system parameters had to be evaluated. 

After extensively studying the available equipment, two test 
systems were assembled. One system to study air and another 
system to study steam. Figure i shows the test setup for air. 
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The following equipment were used in the test stand 

1. Atomizer modified for pressures up to 8 bar {TSI Model 
3075/6, TSI, MN, USA) 

2. Diffusion dryer modified for pressures up to 8 bar. 
{modified TSI Model 3062, TSI, MN, USA) 

3. Evaporation/condensationaerosol conditioner modified 
for pressure up to 8 bar. {modified TSI Model 3072, 
TSI, MN, USA) 

4. Cooling system 

5. Flowmeter 

6. Isokinetic sampler {designed at Pall) 

7. Neutralizer based on Kr85 emission, modified for use 
under pressure 

8. Electrostatic classifier {TSI Model 3071 without 
internal neutralizer, TSI, MN, USA) 

9.& 10. Condensation Nucleus counter with interface/DMPS. 
{TSI model 3020, TSI, MN, USA) 

11. Dry powder g~nerator as an alternative aerosol 
generating system. 

Piping consisted of 316 stainless steel with specially polished 
surface. All connections were swagelok. The main air supply was 
filtered by a Pall FR element (part number ECS3000G65BH4)rated at 
O.Olum. Heating of the inlet air was accomplished via electrical 
coils. 

2.1 Description of the test system 

Aerosols were generated through the atomizer and then passed 
through the condensate chamber and diffusion dryer. Downstream 
of the diffusion dryer an air supply filtered down to O.Olum was 
supplied for flushing. After passing through the additional 
conditioner the aerosols were injected into the main circuit. 
This air was conditioned according to the individual test 
parameters. The control and regulation of the temperature was 
accomplished via thermocouples in the main air supply and the 
test filter housing. Flow rate, temperature, and pressure were 
carefully controlled. · 

Pressure was regulated by adjusting the valve downstream of the: 
test filter. Pressure transducers were used to monitor system 
pressure and4 P. Up- and downstream sampling lines were equipped 
with cooling jackets to reduce temperature before analysis. 
Additional regulating valves were installed in the sampling lines 
for flow rate and pressure. For both sampling lines identical 
parallel systems were used. Only the CNC counter itself had to 
be physically connected or disconnected·from the sampling lines. 

728 



20th DOE/NRC NUCLEAR AIR CLEANING. CONFERENCE 

2.2 Characterization of the test aerosols 

The known model calculations for venting of a P.W.R. gave no 
clear definition of the size distribution of the contamination 
found in such systems. Therefore the following assumptions were 
made for the aerosols which were used: 

a. size distribution below lum 

b. geometric mean in the range 0.1 to 0.3um. 

c. non-hygroscopic for testing under wet conditions 

d. comparable to aerosols generally used for these tests. 

NaCl was therefore chosen as the control contaminant and Tio2 
was selected as a non-hygroscopic contaminant. Generation and 
characterization of NaCl aerosols under standard conditions have 
been previously studied (5,6). However, for Tio2 aerosols test 
parameters had to be evaluated. For comparison both aerosols 
were generated with the same equipment. Additionally Tio2 was 
generated from the dry powder. The Tio2 was a modified version 
from Sachtleben-CL with size distribution maxima around 0.2um and 
0.4um. 

Due to the different properties of the materials, i.e. NaCl is a 
solution in water while Tio2 is a dispersion in water, the 
necessary system pressure and flow rates for each contaminant 
differed. The following figures exhibit measured characteristics 
of the aerosols: 

Figure ~ the geometric mean for NaCl particles vs. solution 
concentration 

Figure ~ the particle concentration for NaCl particles vs. 
flow rates 

Figure 
pressure 

~ the geometric mean for NaCl particles vs. system 

Figure 5 a typical size distribution of NaCl particles 

Figure Q generated aerosol concentration vs. concentration of 
the Tio2 in the liquid dispersion 

Figure 7 the measured aerosol concentration vs. flow rates 

Figures ~ & 9 measured geometric mean of Tio2 particles vs. 
parameters exami~ed 
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The above data were measured at the two, sampling points without 
the filters. For one test series the· Tio 2 aerosols were 
generated from dry powder. With this system higher aerosol 
concentrations could be generated. The size range and 
distribution of the particles was identical to the 1 iquid 
atomizer system within the measuring accuracy of the apparatus. 

3. Description of the the filters tested 

For this venting application a special filter was developed. The 
filter module consists of 2 layers of bonded 316 stainless steel 
metal fibers with tapered pore construction (PMFFH050) followed 
by one layer of a 316 stainless steel metal membrane (PMM020). 
This media-pack is pleated to form a filter cartridge with a 
diameter of 60mm. For these examination·s elements w~th a length 
of 80mm were used, having an effective area of 400 cm . It should 
be emphasized that this filter is constructed solely of 316 
stainless steel. 

4. Results on efficiency in dry gases 

Figure 10 exhibits a typical set of measured particle counts up
and downstream of the filter and demonstrates the procedure for 
calculation of filter efficiency. Additionally, the well known 
difficulties of secondary contamination leading to erroneous 
particle counts with this type of testing are shown. The 
counting equipment had to be physically switched with each test 
since the number and size distribution up- and downstream of the 
filters were measured. Therefore in going from up- to downstream 
counting, several hours of flushing were necessary to achieve 
stable counts. Figure 10 represents the downstream particle 
counts after flushing the sampling line for 30 and 180 minutes, 
respectively. Background counts are therefore significant, and 
should be taken into account when performing e~f iciency 
calculations. 

The following figures summarize results of the downstream counts 
measured 30 minutes after changing the counter from up- to 
downstream sampling. The efficiency ( ) for a given size range 
is defined as the ratio of the up- to downstream particie counts. 
For example, a filter with an efficiency of 99% has a ratio of 
100. 

Figure 11 

Figure 12 

Figure 13 

Figure 14 

Figure 15 

Efficiency vs. face velocity for NaCl 

Efficiency vs. face velocity as a 
ture for NaCl 

Efficiency vs. face velocity for 

Efficiency vs. face velocity as 
tu re for Ti02 

Efficiency vs. system pressure 
face velocity v = 3.1 cms-1 
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The results clearly yield identical filter efficiencies for both 
aerosols within the measuring accuracy of the CNC. The known 
influence of pressure, temperature and face velocity on aerosol 
removal efficiency is reproducibly measured. The described 
filter had an efficiency greater than 5000 for aerosols larger 
·than 0.1 micron in size. 

5. Additional measured filter performance data simulating the 
process conditions 

5.1 Efficiency in steam was examined with Tio2 as the artificial 
contaminant. Up- and downstream concentration were determined by 
condensation of steam and chemical analysis for Ti. This is 
illustrated in Figure 16, which shows the efficiency of the 
filter in steam vs. steam pressure as a function face velocity. 

5.2 Efficiency during pressure pulsation 

The the performance of the described filter was tested in dry air 
under pulsed conditions. 

The element was loaded with 10 g Tio2 prior to the testing, after 
which, under standard aerosol challenge conditions, 1800 pressure 
pulses of 0.5 bar were performed. Continuous downstream counts 
were measured at a face velocity of 3. 85 cms-1 . Under those 
conditions no increase in particle counts compared to stable flow 
conditions were measured. 

5. 3 Efficiency during heating up of the filter containing 
condensate 

With the steam test set-up, starting conditions of a possible 
venting with steam were simulated. The test steam supply was 
then stopped and the system allowed to cool down to 50°c. 
Afterwards the steam supply was opened again and the temperature 
increase at the filter was measured. Condensate samples for Tio2 
analysis were only taken during this 2 minute phase. The 
procedure was repeated 20 times. Figure 17 shows this procedure 
schematically. 

Under those unstable process conditions a filter efficiency for 
Ti02 in steam of greater than 4000 was measured. 

6. Summary 

The described test system simulated several physical process 
parameters, defined by model calculations on a possible venting 
of a P.W.R. The efficiency of this specially developed metal 
filter element was examined to 0.1um aerosol particle size. 
Under all process conditions - even differential pressure pulses 
and heating of the system - the efficiency was greater than 
4000. The complete proposed system includes an additional 
demister type prefil ter for removal of coarse water droplets. 
This prefilter will be designed based on individual 
specifications. 
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7. Additional Stainless Steel Filter Developments 

studies in the Pall Corporation laboratories in the US on a 10 
layer 316L stainless steel gas filter for use in extremely 
critical processes have shown this filter to have equivalent 
downstream counts to the background when challenged with a 
randomly polydisperse aerosol down to O.Olum. 

Using a Condensation Nucleus counter (TSI model 3020, TSI, MN, 
USA) in the test stand shown in Figure 18, downstream particle 
counts greater than 0.01 micron were measured. When the filter 
is challenged with a polydisperse aerosol contained in a -4o°F 
dewpoint air stream (approximately 108 particles per cubic foot 
greater than o. 01 micron), less than 1 particle per cubic foot 
greater than 0.01 micron in size was detected downstream of the 
filter. This is equivalent to background levels of the counter. 

Such extremely high efficiency would be needed in critical 
applications. The filter described at the beginnlilg of this 
paper allows for high efficiency with a lower differential 
pressure (due to having two layers as opposed to ten) . The 
proper choice of filter would. therefore depend on the specific 
application, with all factors needing to be taken into ac~ount 

AEROSOL TEST STAND 

Ory Air In 

Pressure 
Regulator 

( - 40° f Dew Point) 
flow 
Meter 

Bypass Line 

Pal Ga&kleen 
Clean-up Fiilers 

Figure 18 

748 

Exhaust 

I 
Particle 

r--a...-----4--. Counler 

Test 
Filler 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

THEORETICAL AND EXPERIMENTAL INVESTIGATION ON ADAPTABILITY 
OF CHARCOAL BEDS TO CONTAINMENT FILTER VENTING 

IN ITALIAN NUCLEAR POWER PLANT 

G. Caropreso *, A. Leonardi **, W. Perna *, G. Sgalambro ** 
E.N.E.A. - Comitato Nazionale per la Ricerca e per lo Sviluppo 

dell'Energia Nucleare e delle Energie Alternative 
Rome, Italy 

I. Introduction 

The work has been divided into three parts. The first one 
gives a description of the facilities under investigation during 
some selected accidental conditions, also described. The second 
part, which consists of an experimental work, tryes to identify the 
behaviour of charcoal beds in terms of pressure drop vs the aerosol 
mass loading and of aerosol retention efficiency. On the basis of 
the experimental findings, the prediction of the behaviour of the 
real beds is carried out in the third part, as regards the pressure 
drop through the beds, related to the selected accident scenarios. 
In addition in this last part the results of a preliminary 
evaluation of the maximum decay power picked up by the beds without 
reaching the carbon self-ignition temperature have been reported. 

Part 1 - Plant Features and Accidental Sequences 

1.1 Introduction 

The ALTO LAZIO and CAORSO plants are equipped with a MARK III 
and a MARK II containment respectively. See table 1 for containment 
technical specifications. 

Table 1 - Primary Containment Technical Specifications 

Drywell volume m 
3 

Containment and/or drywell volume 
Drywell design pressure MPa 

3 
m 

Containment design pressure MPa 
Containment expected failure press. MPa 
Design leak rate 

3 
Suppression pool water volume m 

* ENEA PAS-ISP CRE CASACCIA 
** ENEA DISP 

749 

ALTO LAZIO 
7,000 

40,000 
0.2 
0.1 
0.5 
0.5%/D 

3,600 

CAORSO 
5,246 
3,070 
0.35 
0.35 

1 
0.5%/D 
2,870 
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A broader investigation of accidental sequences for these plants has 
been effected in previous works ( 1) ( 2). In this paper only the 
off-gas system capability against some selected accidental sequences 
is considered. While the off~gas system exhibits a good resistance 
to pressure loading, its capability to accomodate large gas 
flow-rates looks poor. From this consideration, it comes out that 
the system could well resist in relieving the containment pressure 
only for those sequences involving a late containment failure (i.e. 
more then 10 hours from the start of the accident), with low leak 
rates. 

1.2 Selected accident sequences 

a - Transient followed by loss of suppression pool cooling (MARK III 
TW) 

This is a sequence in which the primary containment is pressurized 
by delivering nuclear steam into the suppression pool. The cooling 
system of the pool water (R.H.R.) is supposed inoperable so, over 
the time, the suppression pool water heats up, reaching the 
containment failure pressure in about 23 hours. If a venting with an 
equivalent flow area of 6" is actuated at 0. 3 MPa, opening pressure_ 
is reached after 14 hours (fig. 1) from the starting of accident. 
Venting reclosing is assumed at 0.29 MPa, to minimize the flow rate 
and the aerosol mass impact on filter venting devices. 

3 
The required flow rate for containment integrity is of 3 m /sec at 
400°K and 0.3 MPa. 
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The containment leak is mainly composed by steam ( 75%). 
components are listed in table 2. 

Table 2 - Physical and Chemical conditions prevailing 
in the containment at the time of venting 

Other 

MARK III 
TW sequence 

MARK III 
TB sequence 

MARK II 
TQUV sequence 

Opening pressure MPA 

Temperature °K 

Volumetric leak rate 
3 

m /sec 

Composition by volume 

3 
aerosol mg/m 

0.3 

400 

3 

0.75 

0.20 

0.05 

0.3 

400 

3 

0.30 

0.50 

0.05 

0.15 

10+100 

0.3 

450 

3 

0.50 

0.20 

0.05 

0.25 

100+200 

It is interesting to note that in the flow outgoing the containment, 
H2 and fission product aerosol are absent. 
The effect of the venting is the one to avoid core melting, which in 
the TW sequence is associated to the containment failure. In 
addition the metal-water reaction is strongly reduced .. 

b - Transient followed by loss of A.C. power (MARK III TB) 
Different T.B. sequences have been studied, but they can be divided 
into two categories. 
The one with early containment failure due to hydrogen explosion, 
the other with late containment failure due to incondensable gases 
building-up. This second category is considered representative of 
containment in which ignitors are used, fed by direct current from 
batteries. Due to the failure of the emergency core refrigerating 
systems, core melting is assumed to be reached in a time span of 1+2 
hours. The hydrogen generated by metal-water reaction is recombined 
into the primary containment and deflagrates, causing a pressure 
peak of 0.46 MPa. Venting of the containment (6 11 ) is initiated after 
11 hours, opening at 0.3 MPa and reclosing at 0.25 MPa (fig. 2). 
From the table 2 it can be seen that the main components of the 
effluent stream are the non-condensable gases. Also fission product 
aerosol are present, these latter being estimated from GRAND GULF 
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FIGURE 2 
PRESSURE INSIDE THE CONTAINMENT DURING TB SEQUENCE 
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study ( 3). From this re.1·erence a release of about 1 kg of fission 
product aerosol mass is estimated, lasting for several hours. The 
corresponding aer:f sol concentration in the gas stream is in the 
range 10+100 mg/m . 
The reported granulometric distribution, has a maximum of 
concentration around 3 pm in the first hour of the release, then 
going to 0.4 pm after 4 hours. 

c - Transient followed by loss of emergency core cooling ( TQUV 
sequence in MARK II) 

This sequence has been studied in several modifications for the 
CAORSO plant in a way to give a general overview of the impact on 
containment of different accident scenarios (1). The one here 
selected as reference case for the off-gas syst~m, is a sequence 
which could lead to containment failure in 25 hours, without 
venting. 
A 6" venting has been assumed to open at the design pressure of 0. 3 
MPa after 13 hours from the start of the accident (fig. 3). Hydrogen 
combustion is not assumed in the containment, anticipating the need 
for N2 inertization, like ·in the other MARK II containments. 
For aerosol characterization and quantification, reference has been 
made to the Limerick plant study (4). It is necessary to note that 
in this study core-concrete interaction is included, while it is 
neglected in the CAORSO case, due to the assumption of complete 
mixing of core debris with the suppression pool water. However for a 
preliminary assessment of the system capability the same aerosol 
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FIGURE 3 
PRESSURE INSIDE THE CONTAINMENT DURING TQUV SEQUENCE 

mass has been anticipated. 
Details of effluent streams from the containment are given in 
table 2. 

1.3 Off-gas system description 

The off-gas system · is designed and operated to collect the 
non-condensable gases from the main condenser, keeping it under 
negative pressure, and remove the radioactive contamination from the 
effluent streams before discharging into the environment. To do that 
carbon beds for noble gases dynamic adsorption are used. Important 
unit operations, necessary for gas stream conditioning, are the 
steam condensation and the radyoli tic hydrogen recombination. The 
main reason why the off-gas system is considered suitable for the 
containment venting, follows from the high pressure rating of the 
whole system, because it is designed to withstand hydrogen 
explosions. As a matter of fact the off-gas pressure rating is 
tenfold the containment design pressure. 

a - CAORSO off-gas system (fig. 4) 
All the system is designed to a presgure of 2.5 MPa. The flow rate 
for normal operation is of 62 Nm /h of non cond:_!3sable, with a 
corresponding flow velocity through the bed of 5x10 m/ sec. The 
main characteristics of the system are collected in table 3. 
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cooler 

condensers preadsorber 

dehumidifiers 

FIGURE 4 
adsorbers 

CAORSO OFF~GAS SYSTEM SCHEME 

Table 3 - Off-gas System Technical Specifications 

Design pressure MPa 
3 

Normal non-condensable flow rate m /h 

N° of preadsorbers 

N° of adsorber beds 

Mass of charcoal per bed T 

Mass of charcoal in preadsorber T 

Bed dimensions 
Height m 
Diameter m 

Normal adsorption temperature °C 

Gas Dew point °C 

CAORSO 

2.5 

62 

1 

4 

26 

0.6 

15 
2.2 

20 

-20 

ALTO LAZIO 

2.4 

100 

2 

6 

5 

5 

7 
1. 64 

-20 

-68 

The bed operate~ at ambient temperature (with a gas stream dew point 
of -20°C). On the whole more then 100 tons of charcoal are employed. 
The system is also equipped with a cooler condenser after the 
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recombination stage which is capable to condense 4000 kg/h of steam, 
on each line. This capability can be used in the assumed sequence 
(TQUV) to reduce the quantity of steam reaching the beds. 

b - ALTO LAZIO off-gas system (fig. 5) 

cooler 

condensers 

re combiners 

dchumidiliers 

und dryers 

preadsorl>ers 

FIGURE 5 

iHlsorli~[S 

ALTO LAZIO OFF-GAS SYSTEM SCHEME 

The system is designed to a pressure of 2.4 MPa. 
The charcoal adsorber beds are filled with 40 tons of charcoal 9n 
the whole. This smaller quantity (in respect to the former case) is 
allowed by the lower operational temperature of the bed (-17° C). 
This is the temperature· of the vault in which th3 beds are 
contained. Flow rate of non-condensable is of 100 m /h in both 
lines. The gas stream is firstly refrigerated by a glycol solution 
system, then dried by a dessiccant system to a -68°C dew point. The 
hydrogen recombining capacity is of 10+20 kg/h at an inlet 
concentration of maximum 4% by volume. In a sequence in which the 
great mass of the hydrogen generated has been recombined in the 
containment, this component could be useful to eliminate the 
residual H2 mass. For the condensing section, 5000 kg/h of steam for 
each line, the same considerations like in CAORSO apply. 
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Part 2 - Experimental work 

2.l Purpose 

The aims of this experimental work are basically two: the 
first one is to verify, for a granular packed be<;i of carbon, the 
relationships between pressure drop and air velocity through the 
granular bed in relation to the size of particles of the carbon. In 
particular the Leva correlation has been verified. The second aim is 
to make an evaluation of the operability time of a granular bed 
exposed, during accidental situation, . to a known aerosol loading. 
These evaluations have been made also.for a bed constituted of mixed 
carbon and for the ·carbon used in the CAORSO plant.. Finally the 
carbon bed ef·ficie:ncy has been investigated as function of aerosol 
loading. 

2. 2 Description of.· experimental apparatus and characteristics of 
carbons used in the test 

Main equipment of experimental apparatus, shown on fig. 6, is 
the packed column; dimensions of carbon bed are: diameter 140 mm, 
height 380 mm. Connections for pressure drop measurements through 

l~.Ct 
c:t-O::W:: ER 

\.!.u .S.:>..J-'T• o.J 
fV;;~n..:..71.: 1--Jt'.P 

FIGURE 6 
FLOW-SHEET OF THE TEST RIG 
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granular bed and for isokinetic samp.le nozzles for aerosol 
concentration measurements are positioned upstream and downstream 
the carbon bed. 
Sodium chloride aerosol is used for bed loading and for bed 
efficiency measurements. Mass median diameter of aerosol is 0.6 um. 
During the test, for the measureme~ts of pressure drop versus air 
velocity in ·the column, the aerosol generation system_ has been 
bypassed. The velocity measurements of the air has been carried out 
measuring velocity into the pipe before entering the column. During 
the whole period of the test the relative humidity and the 
temperature of the air have been recorded. Seven different size of 
carbon have been used during the test. Five of these with a sharp 
granulometric band as follows: 6-8, 8-10, 10-12, 12-16, 16-20 mesh. 
The sixth with a broad band as in table 4. 

Table 4 
Charcoal granulometric distribution 

6-8 mesh 
8-10 mesh 
10-12 mesh 
12-16 _mesh 
16-20 mesh" 

17.2% 
26.7% 
16.3% 
25.1% 
14. 6% -

The seventh is the carbon utilized in the CAORSO plant (see table 6 
for granulometric distribution). 

2.3 Presentation of data 

The pressure drop changes versus superficial air velocity in 
the column for different size of carbon particles are sh_own on 
figure 7. On figure 8 the evolution of the same parameter for the 
6-20 and CAORSO carbons, is shown. During these tests the relative 
humidity of the air was 5% and the temperature 25°C. On figures 9 
and 10 the change of pressure drop versus modified Reynolds. number 
is shown; for this calculation an average particle diameter of 1.86 
and 1. 95 mm has been used respectively for the 6-20 mesh and the 
CAORSO carbon. On figure 11 the pressure drop change versus aerosol 
loading time is shown for five different size of the carbon: during 
this test an air superficial velocity o~ 0.5 m/sec in the column and 
an aerosol concentration of 250 mg/m have been maintained. On 
figure 12 the same type of test has been carried out for the 6-20 
mesh mixed carbon and for CAORSO _ carbon; for the latter, twg 
different va~ues of aerosol concentration have been used: 250 mg/m 
and 90 mg/m • Note that relative humidity and temperature were 
respectively 45-55% and 20+25°C. 
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FIGURE 13 
RETENTION EFFICIENCY OF 'CHARCOAL BED WITH AEROSOL LOADING 

Finally on figure 13 the retention efficiency change versus aerosol 
loading time is reported for an air superficial velocity of 0. 5 
rn/sec~ 

2.4 Treatment of data 

The pressure drop data on the flow of fluids through beds of 
granular solids is predicted from the correlation given by Leva (5) 
~6r single compressible fluid: 

.6 p 
{

4fm (1 - € J
3
-n) J 

P </J~3-nJ £" • Dp 2 g 

L V
2 

(see reference for an explanation of terms). The modified Reynolds 
number is defined as: 

For what concerns 
carbon particles, 

Dp· G 
Re-= ---

the initial pressure drop of different size of 
referring to the experimental results above 
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described, it has been found that the experimental results are 
better represented by the use of a void fraction of 0.3 and a solid 
shape factor of 0.65, as shown on the following table 5: 

Particles 
size mesh 

6-8 
8-10 

10-12 
12-16 
16-20 

Table 5 

Dp mm Average 
particles diameter 

2.8 
2.18 
1.85 
1.4 
1.0 

,APo Pa 
experimental 

1100 
1420 
1960 
2950 
4500 

.6.Po Pa 
calculated 

870 
1278 
1672 
2678 
4850 

Hence these values are assumed for the estimation of pressure drop 
through a bed respectively of CAORSO and ALTO LAZIO plants. 

Part 3 - Hydraulic and thermal behaviour of the beds 

3.1 Hydraulic behaviour and venting scheme 

The three sequences selected entail a different involvement 
of the off-gas system capability. In the order of an increasing 
severity they are the TW, TQUV and TB sequences. Due to the plant 
analogies, the discussion is referred to CAORSO plant but the 
conclusions do apply to both plants. Refer to figure · 14 in the 
following considerations. In the first sequence the off-gas 
operability should not be limited by the assumptions taken in the 
plant accident scenario. However the steam flow rate reaching the 
two cooler-condensers, in the off-gas system, amounts to 13. 000 
kg/h, against a nominal condenser capab_ili ty of 10.000 kg/h. Even if 
this difference can be covered by the system flexibility, a water 
pool, to quench the gas leaked from the containment, can be 
requested. However this sequence should not be the dimensioning case 
for the water pool. The outlet temperature of the gas from the 
condenser is of about 60°C, and the effluent stream is composed of 
non-condensable gases by 90%, the remaining part being the entrained 
water vapor. In addition, prior to enter the adsorption section, the 
gas can be dehumidified by the glycol or freon sy~tem to a dew point 
near to 0°C. At a flow rate of the order of 1 m /sec per bed, the 
initial pressure drop is relatively small, varying from 0.01 to 0.02 
MPa per bed. For the pressure drop calculation the Leva formula has 
been used, -as reported in the part 2. A void fraction coefficient of 
0.3 and a spherical factor of 0.65 have been adopted. The charcoal 
mean particle diameters calculated were 2.15 mm for the ALTO LAZIO 
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water pool sand bed 

FIGURE 14 
CONTAINMENT VENTING SCHEME 

charcoal and 1.95 for the CAORSO one (see table 6). 

Table 6 - Granulometric distribution assumed for the charcoal 

Mesh· size CAORSO * ALTO LAZIO ** 
% % 

4 5 
4-6 

1 30 
6-8 21.3 
8-10 29.5 

1 30 
10-12 16.9 
12-16 21. 5 ) 30 
16-20 9.8 5 

20 0.5 

* measured 

** taken from design specification 

As regards the aerosol mass loading it is . estimat~d that aerosol 
concentration could be of the order of 10 mg/m with aerosol 
diameters in the submicron region. So, keeping the results of the 
part 2, the bed operability should not be endangered by aerosol 
plugging for the time requested to reach the end of the accident. 
Passing now to discuss the TQUV sequence, its challenge to the 
off-gas system derives from the high H2 and aerosol mass content. 
The former is largely dependent from the strategy adopted to protect 
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the containment. The main policies, up to now, are to use ignitors 
in MARK III and N2 inertization in MARK II containments. So in the 
igni tors solution great part of the H

2 
produced is burnt in the 

containment. However the residual H2 amounts to a flow of some 
hundreds , of kg/ sec, . so exceeding by an order of magni tudo the 
recombiner capability. In the case of N2 inertization all o2 should 
be removed but loc~l- problems could arise in pocket volumes or also 
with oxygen adsorbed on beds. A supplemental N2 reservoir, dedicated 
to the off-gas system could be requested. Incidentally this is a 
measure welcomed also for the normal operation. As regards the 
aerosol mass co.ntent let assume, in acc'?3rdance with table 2, an 
incoming aerosol concentration of 200 mg/m . It can be anticipated, 
from previous experience, that the condensation through the water 
basin and the deposition on equipment surfaces could reduce by a 
factor of·lO this concentration figure. And again the charcoal bed 
operability should not be limited by the aerosol mass. Lastly the 
station blackout sequence, by its intrinsic assumption invalidates 
the performance of all the active· equipment (i.e. of those 
components whose operation requires electrical power). Here the 
water basin is mandatory. Assuming a -loss of a. c. power -for 24 
h~urs, and a steam flow rate of 1 kg/sec a pool of more than 1.000 
m of water· wou],d be requested restirig only on the thermal- capacity 
of the pool. In addition the dehumidification section cannot be 
credited for vapor elimination. Here the passive capability of 
charcoal bed should be improved by eliminating charcoal from the 
sacrificial bed and filling it with gravel or sand (or both). This 
modification could also ameliorate the water draining capability. A 
modification like this has been already used in off-gas system for 
the normal operation ( 6) ( 7). It is interesting to observe that 
allowing the off-gas system, by this modification, to control the 
release of TB sequence, a decontamination factor of more than 1000 
would be allowed for the 99% of accidental sequences in MARK III 
( 8) • 

3.2 Thermal effect of decay power on beds 

The charcoal has potentially ·a very strong iimi tation being 
burnable and because of the decay power accumulated on the bed which 
contributes to increase the bed temperature·. To this respect the 
self ignition temperature of the carbon is taken as reference. The 
effect of decay power has been investigated in two.conditions i.e. 
one during the ·gas venting flow and the other after the gas flow has 
been stopped. 

-The radioactive decay power· associated to the aerosol effluent from 
the containment has been derived for TQUV and TB sequences, with the 
aid of the ORIGEN code-(9). The figure 15 gives the estimated decay 
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power vs time, associated with the aerosol at the time of the 
containment venting available for the release. 
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1 0 0 

THERMAL POWER ASSOCIATED TO RELEASES 

From the figure it can be seen that a power of 20 KW could be 
associated to the aerosol at the time of containment venting in a 
sequence like TQUV, while a power of 2 KW can be associated to the 
assumed TB. Taking as reference the charcoal bed of CAORSO plant a 
parametric study of the bed temperatures in equilibrium with the 
flowing stream has been carried out. The calculation points out a 
greater dependance from the gas flow rate than from the decay power. 
Results represented in fig. 16, refer to decay power from 10 to 100 
kW associated to gas flow rates of 1 kg/sec, splitted equally on the 
two bed lines. The gas inlet temperature has been assumed of 120°C. 
A maximum equilibrium temperature of 180-200°C is estimated· (note 
that the decay power is assumed at the rated level from the 
beginning of the calculation, instead of being assumed linearly 
increasing in the bed). When the gas flow is stopped the decay power 
turns to be the only parameter governing the temperature increase. 
In fig. 17 the temperature profiles for different decay power 
ratings are referred vs the radius of the bed. Due to the poor 
thermal conductivity of the carbon it is seen that a power of 10 kW 
collected on the bed could induce a 6.T increase, at the centerline 
of the bed, of the order of 250°C. Stopping the investigation at 
this stage, this figure of accumulated decay power per bed could 
appear the limiting value for accidental operation. 
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FIGURE 16 
TEMPERATURE IN THE BED DURING VENTING FLOW 

The findings of this work show that for accidental sequences in 
which a late containment failure is anticipated and when the 
electrical power is available the off-gas system could be aligned 
with the primary containment to avoid its failure and to reduce the 
environmental impact of the plant accident, •by filtration. In this 
case an automatic venting actuation would not be requested because 
enough time is available for the operator's action. 
However if, as reference accident is taken a statioI'l black-out 
sequence, some modification is requested, with which to enhance the 
steam condensing capability. Technical solutions for this 
modifications already exist, and also in Italy an experimental 
program on the quenching capability of a water pool is being carried 
out (SPARTA program). It is therefore of great importance to 
complement the future work on this subject with the quoted 
experimental program. 
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' * RADIOACTIVE NOBLE GAS ADSORPTION AND IRRADIATION STUDIES 

Paul R. Monson, Jr. 
E. I. du Pont de Nemours & Co. 

Savannah River Laboratory 
Aiken, South Carolina 29808 

Abstract 

In the event of a fuel melting accident at a nuclear reactor a si~nificant inventory of 
radioactive material could be released into the reactor room or contamment vessel. This 
radioactive material would consist of particulate matter, iodine, tritium and the noble gases 
(krypton and xenon). In the case of reactors with containment domes, these gases would be 
contained for subsequent clean-up or treatment through a vented containment system. For 
reactors without containment domes the particulate matter and iodine can be effectively 
removed through conventional filtration; however, the noble gases would escape to the 
environment. In either case, it would be highly desirable to have a system that could be 
brought online to effectively remove the noble gases thereby minimizing the risk to offsite 
population. 

Savannah River Laboratory has been working on development of a Low Temperature 
Adsorption System (LTAS) for treating radioactive noble gases released from a hypothetical 
reactor accident. This paper will discuss recent result that indicate enhanced adsorption of 
radioactive xenon on silver mordenite and carbon versus non-radioactive xenon adsorption. 
Enhancement factors of up to 20 times were observed in tests carried out using the radioactive 
noble gases in the helium blanket gas of an operating reactor. Results of follow-up tests on the 
adsorption of non-radioactive noble gases under cobalt irradiation will also be given. 

I. Introduction 

This paper is a continuation of work begun several years ago, at the Savannah River 
Laboratory, aimed at .eroviding an effective means of removing radioactive noble gases from 
the reactor room ventilation in the event of a fuel melting accident. An earlier paper presented 
at the 18th DOE Nuclear Airborne Waste Management and Air Cleaning Conference 
discussed various methods of noble gas retention, scouting studies on candidate adsorbents and 
a conceptual design for an integrated confinement system.(1) From this and earlier scouting 
studies we identified the most promising candidate noble gas adsorbents as silver mordenite 
and activated carbon.(1,2) Pence in the USA, Ruthven in Canada and Ringel in Germany have 
been developing methods of treating nuclear fuel reprocessing off-gas using adsorption on 
solids.(3,4,5) This paper discusses subsequent work on these materials including the adsorption 
of radioactive noble gases from the blanket gas of an operating reactor and non:.. radioactive 
noble gas adsorption in an intense cobalt-60 radiation field. If successful, such an adsorption 
system could be used to improve the safety of reactors without containment as well as treating 
. the contained gases or as a vented containment clean-up system for reactors with containment. 

* The information contained in this article was developed during the course of work under 
Contract No. DE-AC09-76SR00001 with the U.S. Department of Energy. 
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Blanket Gas Study 

. The ~lanket $as studies ~~~e~ ~.~ti~4:9ii't psin~ .t~7 ~'-arpc~,t gas fro.m one of th.e Sa~annah 
~~v~r Plan! s operatmg production ~~-a~.tprs. :· ~~ bhu:1;ket .ga:s,. s,ystem, which uses helium, is the 
1111;tial barrier .to the releas~ of radiq8;c.t1v~ g~s~~ frq:µi 't}ie .r~ador. This system has three 
primary functions: (1) to dilute deuterium and oxygen evolved from the heavy water moderator 
(due to radiolysis) to a nonflammable concentration, (2) to recombine the deuterium and 
oxygen constituents of the gases evolved to heavy water, and (3) to maintain the pressure in the 
moderator (pressurize the gas plenum of the teactdrto about 34,000 pascals gauge and thus 
in~reas.~ ~~,e. ~~~vy ~~ter ~~t1:1rati<:>.n. .tC:::111P.e!at11re ): . H~l~u1ll ,is. vs~d ~ tp~ b l~nlf~t. ~as. l?~~~use it 
ne1~her r.eapts ~t~ mo~.erat,or .~e~.omp~s,.~ti.C>I"f pi:o_~l1~~S,1 n9(~psor;~s 11~utrops t.o prqquc~., ... , .. , , , "' 
rad10ac~1v~. g~s,~s. ·· P.lfm~.g:op~rat10p.; li~s1.o~ ,p~oduct,g~se.s. ev9l~e:Jr~m ,th.~· ~eact.9(41}9. -xJ?,t¢r, .·:; · . ' 
the gas'pl~?urw,th~~e. a~_eit~~. ~~es used. 1Il t~1s ·s~~y; · .As~.h~J11at~c pt JP~ .exper:nIJ:e,nyi:~. ·,: . · .·, : • ,.· ~: ; 
apparat~s is: sho~· m Figure: l,; ·.A Jee' ~n,dv~lv~ was pl3;ce.d m the. l)ypass ~tr.~arrr(>f blank:¢.tg3:s. 
normally s:tiP.P~ying't]}e Fue,lf:aHut~ G:~~ ',9pr0.w~togtciph (:fFg'y),..: · Thi~'$i4~,stfeap:i .Pf, n:~U~Ii(<:. 
blanket g~s, 'Y~1c~.:~.~~ p:ass~g. throvg11:·:~ ~ili~~;g~l: ~!Y~r ups~r~~of.t~e·F:f:vG wa,s u~e~ -~s .t~~ , ., 
s!imple of .r.ad~oact1ve, po91e, ~a~ ~9~ ~~.e e1W~r,iment'.. :T?e s~~IIJJ>,le' P3:Ss~q. th,r:qpg~ .. a. ·part1~uJC,1-t~ '-· .· ·• :, 
filter and-another dryer .. oefore·entermg the·adsorpt10n1columnunder·mv.est1gat10n._ The·.·. · · · · : 
radioacfive·noble ·gases'passedthrough'a'4d cc·stainiess 1 steervess~1 ailcl wer~ mohitorydbYW.,. ... 
Ge(Li) detector mounted 33 centimeters from the vessel and surrounded by 5 centime'for'thick·'·' 
lea.~ .~~i~~s. ·. TJ:l~ output 9f t~e G~(~9, 9e!~~~C?~ ( ()rtt'.~ _QE~~o~.~8Q~~. in~~nsi~p.~,. 13 .. ~ · ... 
eff1ci~?:o/ for :the ~<>.-60: p?ot,o· pe~lc):.was. s~nt to ~. Dayi.d~oil ·¥9~el 20~.674K :piul~ic.~a~e~.. . . . .• , . 
analyz.~~,(~J:~A) ~hl~h ~as.:.c.p~~ck~d ·!o·.~tie~l~tt~:[>~c~~~9 ¥ode1:8S·de_s~_t.~p con;p~~~~~ .·~e ., :. 
adsorption' cohµmrwas kept at a sub~mbie~! 'temperature. of :-40 ± 10°C by Inunersmg it m a '.. ·· ·. 
refri~e!a,t~~ -~onfrone~ IJ.at~pr ,li~~id: ~iiph1or<?flripro~~~a!1e: Vr9~~!~~th;gWe ~~<L,i):~¥.t~etqr\ 
the ,sample passed through a' calibrated flowmeter through a'ch~ck valye mto the, blariket gas, · · · .. 
verifline:· 'A ·tzyi~a1:,~xperi~ent ·~a~ :!Uri ili'tpe,'fo!J6M.ifg· n\(l~~t" \f aly¢s'}~'.·'4, 5;~nd. 7\ve!,~ .. '.·: ' ) : 
opened (valves 2;-:3'and 6closed)to'allowthe blanket gas ta-bypass the adsorption·columnm · 
order to establish an initial concentration(C()) ~or_ya~h radioactive noble gas of interest. Once 
a stable initial concentration was reached; valves"4'and 5 were closed and valves 3 and 6 were 
opened and the run timer started. Data were taken on the multichannel analyzer until the 
noble gases 6hce :agaiii'reache'd theffihitfaLf:;Oiice:ritfatiCfo': Nobld'gas}cbncentratfons irithe ... 
eluting streani\veie '<;Ofrededfor.:fadioaC'tive 'decay\vhil~·they were! in th~· c6lum& Wh¢Ii the'.·,: 
illitia:l'coilcertfr'atiOn was reached v~lve Twill;' Closed \vhile Opeilirig valve 2 ta· pµrge:.the folulrµi':' 
o~ the F~<l,i9~¢~~~e" nC?p~e· g~ses~fo(~ey~fa-~:~~uts··'i~'_p~ep~r.~~i9~Jb~ !H:e'.'ne.~t.~~peri~d~ta~ :~11;· '. :. ·' ;. 
Each column was eqmpped with a. thermocouple·a:t1ts exit to proVIde the column gas·· · : · ' · ' · 
tempef a~~i"e._ J ~e .·c:9l~inn 1Pr,.essut~ 'a~.~ 1>r~s.~~i:e': ~f oP. '\Vere '1?;~¢t~r~4 PY pf~s.s~~ ·~~~ges l\ :_·'' ' .'. 
and P : A photograph of.the expenmental apparatus 1~ shown m 'Figure i; · Figure 3 1s a··· . ·.· · . · ·: 
phofo~iap~ of c)ne. of the a'dsorptiotj c(J.huiffis · sh9Witjg th~' ~tt~ch¢.4 th~rmo~chipfo. : .. · '. '.,: ·: · ·:· ': \ ~ ·: .···. 

;·;'_,: ! ,. •'_ ) ' ,'.'.•. . .. : : .. J', ·i._ ·: •. /._!~~ ._, .... · ···:·.··.,,,l,;' .. i~·~ '· : '. -~ . ' 

'· · • ·: .·: 1 ·'.NV~ol~~s w~~e1 tesieq :loi,··n~i?f~d!da~Hve. kcyj?fo~"ari~:·~.e#op;~·ci~~if)tio~:~sirig"th~ <) • ... , · ·., 
sam~ ~pp~ra~us. ex~ept th~t the (}e(~1). dete_ctor a~d. mulV~h.a~~l :aralyz.er .'Yer~ ~epla~ecl py )a,~.- , 
Perkin-E:I~er ;Sigma, 2QOQ ga~ ~h.romatograph ·eqmpped w.ith a,thermal' condµct1v1ty c1etector for.' ·· 
detecti!ig'the noble''gases: . This· 'chromat9gtaphic' d~tectio1) systetn\viU 1J1e' ihorffully d~·scribeg '; '.' 
in cbnnectioii with the· cobalt itradfatibn sfodies.· The source" ofrioiiradioactive noble gas was a'; 
cylinder of Matheson Primary Standard mixture of 220 ppmv krypton and 1703 ppmv xenon in 
ultra pure helium. Table 1 gives the noble gas activity of the blanket gas during the experiment. 
The major radioactive noble gases monitored by the Ge(Li)/MCA are given in Table 2. Since 
the reactor was operating at constant power during this experiment these activities did not vary 
by more than a few percent during the week long test. Table 3 gives the characteristics of the 
three adsorption columns used during the study. 

- . ' . 
• , ... ;,' ' _,, ,. '!• . '•,:· } " ' ; ~ r,: ~ I I \' :· t 1 -' •. t : ~ ; ," , : 

I ' •; ~ :·:, • ' • '::,.·:.·--· · .... :. \ 
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Figure 3. 
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Figure 2. Photograph of blanket gas test apparatus. 

Photograph of 71 by 0.95 cm activated carbon (xenon) column with attached 
thermocouple. 
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Table 1. Noble Gas Activity in the Blanket Gas. 

Isotope 

Ar-41 

Kr-85m 

Kr-87 

Kr-88 

Xe-133 

Xe-135 

Reactor Power 1200 MWt 

Activity 

d/sec/cc 

6,170 

2,590 

2,350 

3,940 

14,100 

9,920 

0.17 

0.07 

0.06 

0.11 

0.38 

0.27 

Table 2. Radioactive Noble Gases Monitored in Blanket Gas Study 

Isotope Gamma Ener~ (ke V} Halflife 

Xe-133 80.78 5.29 days 

Kr-85m 151.2 4.48 hours 

Kr-88 196.9 2.85 hours 

Xe-135 250.3 9.17 hours 

Kr-87 403.5 1.27 hours 

Xe-135 609.4 9.17 hours 

Ar-41 1295.1 1.83 hours 

Each adsorbent was washed in distilled water to remove the fines then air dried. Each column 
was then hand packed and the weight of adsorbent was determined. The columns were then 
conditioned overnight with helium flowing through them. The silver mordenite column was 
heated to 300°C during this conditioning while the activated carbon columns were heated to 
200°C. The silver mordenite was fully loaded ( > 24 wt % silver) prepared by Ionex Research 
Corporation from Norton Zeolon 900-Na sodium mordenite base material. The activated 

· carbon was of coconut base supplied by North American Carbon Company. 

Table 3. Adsorption Columns Used in the Blanket Gas Study 

CQlumn Characteristi~ 

Length Diameter Material Mesh Adsor];g~nt 

Adsorbent 
(cm) (cm) (grams) 

Silver Mordenite 1 30.5 0.95 SS 20/40 13.820 
Activated Carbon 2 71 0.95 SS 8/10 14.399 
Activated Carbon 3 185 0.95 SS 8/10 51.081 
================================================ 1 Used foi: krypton and xenon adsorption. 
2 Used for xenon adsorption. Krypton elutes too rapidly on this column. 
3 Used for krypton adsorption. Xenon elutes too slowly on this column. 
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Cobalt Irradiation Study 

The cobalt irradiation experiments were carried out in an Atomic Energy of Canada 
Limited "Gammacell 220" cobalt-60 irradiation unit (figure 4). The cell contains about 1449 
curies of cobalt-60 and gives a dose rate within the stainless steel adsorption columns of 3.7 x 
104 Rads/hr. The sample was a Matheson Primary standard mixture of 220 ppmv krypton and 

Figure 4. Photograph of Cobalt-60 irradiation experiment including the "Gammacell 220" 
source. 
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1719 ppmv xeiioii in uhra'piiie lieliuni The'krYJ>tbll'andxehori wer·e ai.l.'alyzed on a''Pe'rkin
Elmer Sigma 2000Gas Gh:tomatograpliy equippectwith'atherrrioconductivit)r defocto·t and 
Perkin-Elmer Chromatographic-3 software·running·ona Perkin-Elmer Model 7700 
Professional Computer. The analytical column in the GC was a 1.5 meter long by 0.3 
centimeter diameter packed column of Carbosieve-II operated a,t;l4Q~~ with a helium carrier 
gas. The adsorbents used in this study were the same ~s those hsed' in·the 'blanket gas t¢st but 
the columns were sized differently to fit the dimensions of the Gammacell. The characteristics 
of the columns are listed in Table 4.'·The sample flowrat.e was controlled:at a.constant' mass 
flowrate of 148 cc/min with a Tylan mass flow controller.. A thermocouple within the 
Gammacell was used to monitor the temp·erature. This st11dy was run at ambient t<,!mperature 
due to the tight quarters of the Gammacell and difficulty in providing cooling to the columns. 

. l 

Table 4. Adsorption Columns Used in the Cobalt Irradiation Study 

Column Characteristks 

Adsorbent 

Length 
(m) 

Diameter 
(m) 

Silver Mordenite 1 . ,_3,66 ... 0.Q4 ·. 
Silver Mordernte. 2 - ··. 0.9 .. . . , 0.64 ... · 
Activated carbon 1 · '· · "·· 6.f ·' o.95 
Activated Carbon 2 3.66 " '. ··; b:6~P ' ,, 

Material 

SS : •, . 
"'SS .· 
·: ss; ; 

... >20/40 .. · 
,20/40,' 
. 8/10. 
8/10 

._, ... 

Adsorbent 
(grains). 

121.462 
20:552 

153.082 
28.432 

.:<;', } u~;ct=r.:r J;;,;~:; a<l~;;;~ .x;l!~; ~!µ~e~:.~o: ~;;,1y, =?; ili;;Q7u~-~. ~ .:7: ~·: .. ~ ~ = = =_ ~ : , , .· ,, . 
1 ,·.·:.' lp~ed, fQ~,J!:e.~o;n~dsorpqon~, .. ISryptop.:el~tes· ~op,p1:g1dJy ou, th~~ 89~Y.mn, 1 .•. ; 1;. ,, •• "··~- i 

. ' . ,· . . .. -· . . ' . . ' 

. ~ .. : .. : : ,-·.i: r1• :· ... :·:_:·; i'.: !. c1 <:.:··: ·-:· 
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~ . ; . 
Figure 5 shows an adsorption breakthrough,plot for krypton.a.nd,xep.on. ori silver 

mordenite. The y-axis is the ratio of noble gas e:Xiting the colunirdb' the noble gas: entering the 
column. The x-axis is the time since noble gas 'Q~gap. _entering the coluµm. This was a, 
laboratory run:using nonradioactive noble gases:in·helium on:the ideri.tiCal column to be used in 
the blanket gas test. For this 3.66 meter long column both krypton and xenon elute in' a 
reasonable time. Figures 6 and 7 show similar breakthrough curves for krypton and xenon 
respectively on activated carbon. 

Figure 8 shows the breakthr~ugh curve for krypton-88 (data are similar for oth~r 
radioactive krypton isotopes monitored) from the blanket gas on silver mordenite. A curve for 
the nonradioactive krypton laboratory run is also plotted for comparison. We see ·that for 
krypton ori silver mordenite there appears to be a small loss in adsorption for the radioactive 
krypton versusthe nonradiqactive krypton. Ifowever, with xenon-135 (data were·simifar for 
other radioactive xenon isotopes momtored) adsorbed on silver mordenite no xenon : 
~reakthrough v:as observed after 800 minutes (from figure 5 we exp~cted xenon breakthrough 
m about 300 mmutes ). Thus the column was removed from the refngerated bath and purged 
free of adsorbed xenon with pure helium and prepared for another run. Figure 9 show the 
results of the next run. wh~re the blanket gas flowrate.was .increased to 400 cc/min in order to 
elute xenon fa&ter. However, .xenon still remained on the column and after about745 minutes 
the column was removed from· the refrig~,rate<;I.'Qat.4 and the .. blanket gas flowrate increased to 
2769 cc/min at which time the xenon imrilediately broke through the column. Figure 10 shows 
the resul~s,.~f.J.he follq~i;_ig run.witpa,.bl~et ga,.sflo\:\'!at~ of.27~9 cc/Iaj~,a,p.d ~ colunw . ,,,: .. : •., 
tenw~r3;t\l;r~ pf ~3~?:9: ·:J:<'n;iaNy .• ~~.w~r<?,ab.lc::, .to. n;co.r~ a,Jf~pcm 1~re,~~1th,roug~ ~rye on silver · 
mordemte showmg greatly mcreased capacity-for rad1pa,ct1v:e.versµ~· nqnrad10.act1ve xenon. 

-····'\ '"':.'', "·•''' ' .,, ., . ·' ' ... ,.(. 
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Si Iver Hordenite. 30_5 by 0_95 cm. 13_820 g. -38°C_ 
Kr C220 ppm)+ Xe (1703 ppm) in Helium. 196 cc/min 
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Figure 5. 
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Adsorption breakthrough curve for krypton and xenon on silver mordenite. 
Laboratory mixture of krypton (220 ppm) and xenon (1703 ppm) in helium. 
Pre-blanket gas test. 

Actival~d Carbon CKRYPTON COLUMN) 185 by 0.95 cm. 51.081 g. 
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Adsorption breakthrough curve·for krypton on activated carbon (krypton 
column). Laboratory mixture of krypton (220 ppm) and xenon ( 1703 ppm) in 
helium. Pre-blanket gas test. 
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Activated Carbon CXENON COLUMN) 7) by 0.95 cm. 14.399 g~ 

Kr (220 ppm)+ Xe (1703 ppm) in Helium. 196 cc/min 
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Figure 7. Adsorption breakthrough curve for.xenon on activated carbon (xenon column). 
Laboratory mixture of krypton (220 ppm) and xenon (1703 ppm) in helium. 
Pre-blanket gas test. 

Figure 8. 

Si Iver Hordenite. 30.5 by 0.95 cm. 13.820 g. 
Flowrate 196 cc/min. Krypton-88 
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blanket gas test with laboratory data. 
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Res1J1ts; of ktyptom-88 ,(data is ·Similar" for: other tadioactive.Jaypton isetopes :monitored) 
ads~rbe<;I on .. ~c1~ix~t~d ... ~arbon ~ft'. sh9~, i.11 fi~fe, ~ J .. I.n tP.is .. F~~.~ th~ ,bre~Jct,h~ough: for 
radioactive kiyf>toilis abounhe same as fot nonradioactive krypton'.· For the case of xeno:Q-135 
(data is similar fo:r: otper radfoactive xenon·-~sotopes inoiiitored) on activated carbon~ as seen in 
figure 12, there is again an enhancement in eapacity'of: radioactive xenon. versus npnradioactive 
xenon; however, not as great an ~ncrease as ~th silver mord~nj.te .. ~qtejn figure 12 that the 
flowrate for the blanket gas run 1s 1636 cc/mm and only 196 cc/mm.for the laboratory run. 

! .'", i.\i . 

Table 5 is a summary of the data present~~; in figures 5-12. It presents a compa;ison of 
the Dynamic Adsorption Coefficient taken at a breakthrough tatio:of C/Co = 0.5 for both 
adsorbents anc1 both noble gases. The Dynamic Adsorption Coefficient (Kd) is calculated from 
the following equation:: \ '.· 

!:7; ."\ 

Kd ~ (Flowrate)(Retention Time)/(Mass of Adsorbent) 
where: the Retention Time is the'time for C/Co = 0.5. 

From this table we see that for krypton adsorptidn there is no difference in adsorption of 
radioactive versus nomadioactive noble gas for activated carbon whereas there is about a 30% 
reduction in adsorption capacity of radioactive krypton on.silver mordenite. In contrast to 
krypton, xenon shows enhanced adsorption on both activate,d carbon (by a factor of 6). and 
silver mordenite (~ factot_of ~2). This ~eat incre~se i~ capa:cit)' observe.d in .silve~ mordenite 
led ·?S .to try ~i;i9 s1111ulat~:the r,esul,ts ,usro..~ np1Jiad19actwe nJl~le g,~s"bu.t :m %1?- external cob al t-60 
rad1at10n field~ · · - · · · ·· · · · · - · " · ' · . . ' .. , ',, 

;,__ ,_· : :-:: .\ i.. : .. f ,, t .' _! :, ' :~:- (.';; i \ 

A possibl.e explanation of this {(nhancement in !{enon and not krypton is th~ greater eas~., 
af whiCh xeriori can be !polafiieCl cfaring to'Jts less' sfrorigiyiheld: <niter electrons:' ·Since the •~- ., : . ' . •· 
adsorption of any noble gas is il.\v(fak •van: der ·Waals' interaction" and :not a chemieal binding, 
this polarizability is the primary means of "holding" the noble gases to the adsorbent. A more 
definitive technical explanation is not available at this time. 
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Blanket gas adsorption breakthrough curve for krypton·on activated carbon 
(krypton column). Comparison of blanket gas and laboratory data. 
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Activated Carbon <XENON COLUMN) 71 by 0_95 cm. 14_399 g 
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Blanket gas adsorption breakthrough curve for xenon on activated carbon (xenon 
column). Comparison of blanket gas and laboratory data. 

Table 5. Comparison of Dynamic Adsorption Coefficients for Blanket Gas Study 

Breakthrough C/Co = 0.5 

Kd [cc/g] = (Flowrate)(Retention Time)/(Mass Adsorbent) 

Silver Mordenite 

Krypton Xenon 

Blanket Gas 1,543 90,000 

Laboratory 2,220 4,100 

Blanket Gas/Laboratory 0.70 22 

Activated Carbon 

Krypton Xenon 

Blanket Gas 690 57,000 

Laboratory 695 9,000 

Blanket Gas/Laboratory 0.99 6.3 
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Cobalt Irradiation Study 

Aftei: observing an enhancement in xenon adsorption on both silver mordenite and 
activated carbon, we designed an experiment using nonradioactive noble gases and an external 
radiation source to try and simulate the blanket gas results. Our reasoning was that the 
electrons produced by the gamma irradiation of the stainless steel columns and adsorbents 
would produce an effect similar to that of the beta-gamma emitting radioactive noble gases. 
Our goal was to repeat this xenon enhancement and perhaps also demonstrate enhanced 
adsorption for krypton using a laboratory system. This would provide us with a technique more 
suitable for further fine tuning of the process and development of materials that would exhibit 
enhanced krypton and xenon adsorption. Such materials would then form the backbone of a 
second generation LTAS or if highly successful an ambient or higher temperature adsorption 
system for reactor fuel melting accidents. 

Unfortunately, the cobalt irradiation experiments proved to be a poor simulation of the 
radioactive blanket gas adsorption. Figures 13 - 16 are the irradiated and not irradiated 
breakthrough curves for krypton and xenon on both activated carbon and silver mordenite. In 
all cases the not irradiated adsorption capacity is slightly greater than that for the irradiated 
samples. Table 6 shows this trend in tabular form in which the dynamic adsorption coefficient 
for a breakthrough of C/Co = 0.5 is calculated for each material and each noble gas. 

These results show that the phenomenon observed in the blanket gas cannot be 
simulated by a simple dynamic gamma irradiation of the column while adsorbing noble gases 
from a flowmg carrier gas. The gamma field used in the cobalt irradiation test was several 
orders of magnitude stronger than that in the blanket gas test, however, in the blanket gas test 
the noble gases themselves were radioactive beta-gamma emitters. 

Since these experiments were just recently completed we are still in the process of 
analyzing the data and trying to understand what is happening. 

Figure 13. 

Activated Carbon -- Krypton Column 
6_10 m by 0.95 cm. 153.0829. 148 cc/min 
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KOVACH, J. L.: 
zenonic acid. 

MONSON: 

DISCUSSION 

I think we are dealing with hypo-

I agree. HOIXe, right? 

KOVACH, J. L.: No, I think it is just HOXe, a hoax. 
I have personally run several hundred tests with stable xenon and with 
various radioactive xenons, and with stable krypton and radioactive 
kryptons of various isotopes, and I have never seen any difference 
whatsoever between stable and radioactive species. We have a number 
of BWRs running in this country and elsewhere where people are keeping 
track of delay times or adsorption capacities by any one of the 
krypton and xenon isotopes and there is no difference in the delay of 
any one of the isotopes. I feel that as far as xenon is concerned it 
must be the same as for iodine; it was at Idaho Falls or Ontario Hydro 
for a while and it needs exorcism or something to get rid of these 
differences between radioactive and stable isotopes. 

MONSON: I do not agree that it is a "hoax", 
i.e. an international "trick" or "fraud". It is what we have genuine
ly observed and are continuing to investigate. 
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FRIEDRICH: How can you explain that many of the 
break-through curves decline before reaching the C/Co = 1 value and 
some of the breakthrough curves seem to go over 1, A clear physical 
adsorption mechanism would result in symmetrical break-through curves. 

MONSON: Many of the curves are symmetrical 
and reach C/Co = 1 within "experimental error", whereas, for xenon 
particularly, we were not able to wait long enough for the eluting 
concentration to reach the initial concentration. 
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Abstract 

A comprehensive study of the performance of TEDA- and KI-impregnated 
charcoals has been done under reactor accident conditions. The efficiency of these 
charcoals in removing CH 3I and 12 was studied as a function of temperature (25 to 
80°C), relative humidity (0 to 90% RH), radiation field (0 to 2 kGy·h- 1 ) with and 
without H2 , contaminants (S0 2 , N0 2 , NH 3 and methyl ethyl ketone) and other factors. 
In addition to determining the decontamination factor, in certain cases, the 
distribution of activity along the length of the charcoal bed was monitored as a 
function of purging time• Activity distribution measurements were useful in 
understanding the chemistry of these systems. 

1. Introduction 

Charcoals impregnated with triethylenediamine (TEDA) and/or Klx are used 
to remove radioactive iodines (1 2 and organic iodides, mostly CH 3I) ip the air
cleaning systems of nuclear reactors under routine operation and accident 
conditions [1]. The principles of operation and performance characteristics of 
such charcoals have been described extensively in the past [2-4). However, most 
studies have examined charcoal performance under ambient conditions. Because 
accident risk analyses show that radioactive iodine is radiologically the most 
important fission product that could be released from a nuclear reactor in an 
accident, it is important to ensure that charcoal filters perform satisfactorily 
within a wider range of conditions, including those likely to be encountered 
following an accident. This report highlights the results of an extensive study 
that examined the performance of impregnated charcoals as a function of 
temperature, humidity, iodine concentration and chemical form, pollutants likely to 
poison the charcoal, radiation fields with and without the presence of H2 , etc. 

2. Experimental 

The charcoals used in this study were Barneby Cheny, type 727 (a coconut
shell-base charcoal impregnated with 5 wt~% TEDA) and Sutcliffe-Speakman, type 208C 
(a coconut-shell-base charcoal impregnated with 5 wt.% KI). 
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The experiments were performed in the Charcoal Filter Test Facility 
(CFTF), shown schematically in Figure 1. Charcoal beds of various depths were 
prepared by pouring charcoal on top of an 11-cm column of 4-mm glass beads into a 
Pyrex glass cylinder (30 cm long and 5 cm I.D.). The glass beads support the 
charcoal and provide linear flow throughout the cross section of the charcoal bed. 

HP Air Air 

FIGURE 1: 

CF 

Steam Suppl. Supply 

Charcoal Filter Test Facility. Three gas supply lines are for 
high purity (HP) air, lab air and supplementary gas such as a 
contaminant. H-Humidifer; HS-Humidity Sensor; S-Radioiodine 
Supply System; Dl,D2-131 I detection systems; CF-Charcoal Filter 
Bed; SG-Steam Generator; Cl,C2,C3-Condensers; F-Rotameters. 

Generally, a char·coal bed was first pre-conditioned with an airflow for 
16 h at a given temperature and relative humidity (RH). This long pre-conditioning 
period ensured that the charcoal was in equilibrium with the airflow. The bed was 
then challenged with CH 3I (or I 2 ) labelled with 131I, for one to two hours, 
followed by purging with air for a certain period of time. Throughout each 
experiment, the superficial linear flow velocity was kept constant at 20 cm/s. The 
1311 activity, and thus CH

3
I, released from the bed was monitored continuously 

during the CH
3
I challenge and during purging. The 131 I activity distribution along 

the length of the bed was also measured immediately after the CH 3I challenge and 
periodically during purging. The above procedure was varied slightly in each set 
of experiments to study particular effects on the charcoal efficiency. 
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The relative amount of CH 3I released from a charcoal bed was monitored by 
comparing the 131! activities at two counting stations located before and after the 
bed (Dl and D2 in Figure 1). Each station consisted of an iodine sampler 
containing 7 g of siiver mordenite (Zeolon 900, 15-20 wt.% Ag) and a Na! 
scintillation detector. Small fractions of the challenge and effluent were 
diverted through the iodine samplers. 

An automated scanning device was used to measure the adsorbed activity 
distribution along the length of a charcoal bed as a function of purging time. A 
computer-controlled stepping motor moved a lead-shielded Na! scintillation detector 
along the cylindrical axis of .the bed. The detector viewed a small volume element 
of 10.9 cm3 as defined by a cylindrical collimator (5 mm in diameter and 102 mm 
long) cut in the detector shielding. 

A more detailed description of the facility and experimental procedures 
can be found elsewhere [5,6). 

3. Results and Discussion 

Decontamination Factors and Activity Distributions as a Function ~f Various 
Parameters 

The performance of TEDA- and KI-impregnated charcoals as a function of 
humidity, temperature, radioiodine concentration and chemical form are described 
below. For this purpose, two types of measurements were employed: a) 
decontamination factor (DF) measurements, and b) activity distribution 
measurements. 

The results of the DF measurements are tabulated in Table 1. In general, 
large DF's (10 4 to 106 ) were observed for both KI- and TEDA-impregnated charcoals; 
within experimental error and in the variable range studied, the DFs did not vary 
with humidity, temperature and CH 3I concentration.: This result was not entirely 
unexpected. Deep bed (20 cm) charcoal filters used in the Emergency Filtered Air 
Discharge Systems of CANDU™ multi-unit containment systems are purposely 
overdesigned to be effective within a broad range of accident conditions [7]. 
Methyl iodide challenge concentrations were well below those required to exceed the 
charcoal loading capacity, and so there should be no concentration effect. Also, 
any changes in the efficiency of the charcoal with respect to temperature and 
humidity are overwhelmed by the efficiency of a thick bed. 

A better measure of the effects of humidity and temperature on charcoal 
filter performance is the activity distribution immediately after CH 3 I loading. 
Typical activity distribution measurements are shown in Figures 2 to 5. As 
expected from mass transfer theory, all the observed distributions are exponential 
because the small loadings of CH3I or 12 are far below the charcoal capacity. 
Pseudo-first order deposition rate constants, k, obtained from the slopes of the 
exponential curves are summarized in Table 2. Within the range studied, 
temperature reduces the efficiency of both TEDA- and KI-impregnated charcoals in 
removing CH 3I, although the effect of temperature is small compared to that of 
humidity (see below). Bulk and pore diffusion models, which are based on mass 
transfer only, do not account for this observation; in fact, they predict the 
opposite effect [8,9). The observed temperature trend is most likely due to the 
desorption of CH 3I, which effectively reduces the efficiency of charcoal or the 
pseudo-first order deposition rate. Desorption is an endothermic process and thus 
its rate should increase with temperature. The reduction in charcoal efficiency 
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TABLE 1 

CH3 I DECONTAMINATION FACTORS 

Temp RH CH 3I Charcoal Decontamination 
Concen- Bed Length 

(oC) (%) tration (cm) TEDA Charcoal 
(ng·cm- 3 ) 

40 70 5 20 > 1.5 x 105 * 
60 70 5 20 > 8.4 x 104 

80 70 5 20 (5.3 to 7.1) x 104 ** 
110 70 5 20 (5.5 ± 1.3) x 105 

80 0 5 20 (0.7 to 3. 7) x 105 ** 
80 30 5 20 (3.3 ± 0.6) x 104 

80 95 5 20 (1.0 ± 0.2) x 105 

80 70 0.5 20 (3.6 ± 0.8) x 104 

80 70 2.5 20 (1.3 ± 0.3) x 105 

80 70 10 20 (1.0 ± 0.1) x 105 

80 70 5 10 (2.3 ± 0.2) x 1Q4 

* > indicates limit imposed by background counts. 

** Values based on more than one measurement. 

Factors 

KI Charcoal 

> 3 x 106 , > 9.6 x 105 ** 
(4.1 ± 0.8) x 10 4 

(3.5 ± 0.3) x 104 

(6.0 ± 0.2) x 104 

(3.1 to 5.3) x 105 ** 
> 1. 3 x 106 

(3.9 to 9.1) x 105 

(2.5 to 4.1) x 105 ** 
(1. 3 ± 0.2) x 105 

(1.0 ± 1.0) x 106 

(7 .1 ± 2.0) x 104 
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FIGURE 2: Activity Distributions Along the Length 
of the TEDA Charcoal Bed Measured 
Immediately After the CH 3 I Challenge: 
(a) 0.32 g (x) and 0.58 g (o) of CH

3
I at 

Room Temperature and 0% RH; (b) 0.055 g 
(a) of CH 3 I at 150°C and 0% RH. 
Vertical bars show the scale of the y 
axis. 
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FIGURE 4: Activity Distributions Along the Length 
of the TEDA Charcoal Bed Measured 
Immediately After the I 2 Challenge: (a) 
0.20 g (•) and 0.34 g (x) of I

2 
at Room 

Temperature and 70% RH; (b) 0.28 g (A) 
and 0.32 g (o) of I 2 at Room Temperature 
and 0% RH. Vertical bars show the scale 
of the y axis. 
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FIGURE 5: Activity Distributions Along the KI 
Charcoal Bed Measured Immediately After 
the CH3I Challenge (o) and at the End of 
24-h Purging (•). The amounts of CH 3I 
challenged in (a) and (b) were 0.37 and 
0.34 g, respectively. 
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due to a temperature increase was larger for the KI charcoal. This is because the 
desorption process is likely to be more important for the KI charcoal than for the 
TEDA charcoal. As shown in Figure 5, the isotope exchange rate has to be 
considered in the case of KI charcoal. Although the smaller k observed at 80°C is 
due to the higher CH 3 I desorption during the CH 3 I loading, the desorption during 
purging was smaller at 80°C due to the higher isotope exchange rate. 

As shown in Table 2, humidity reduces the efficiency of TEDA charcoal in 
adsorbing CH 3I and I 2 • The reduction is larger in the case of CH 3I than I 2 • These 
observations agree with our expectations. Adsorbed water occupies sites that would 
have been available for CH 3I and I 2 and thus reduces the overall efficiency of 
charcoal. The impact is larger in the case of CH3I than I 2 because I 2 forms bonds 
easier with various surfaces due to its higher polarizability. 

Table 2: Rate Constants (units of s-1 ) for Desorption of Radioiodines on KI and 
TEDA Charcoals. 

HUMIDITY TEMPERATURE (DC) IODINE/CHARCOAL 

(%) 22 80 150 

0 51 ± 6 -- 40 ± 6 CH 3 I/TEDA 
0 90 ± 10 -- -- I 2 /TEDA 

70 27 ± 3 20 ± 4 -- CH 3I/TEDA 
70 80 ± 10 -- -- I 2 /TEDA 
70 31 ± 4 12 ± 2 -- CH

3
I/KI 

During postulated nuclear reactor accidents, the radioiodine buildup on 
charcoal filters would be high, resulting in radiation doses on the charcoal 
filters in the range of 107 Gy [10). The highly radioactive iodine would not only 
provide an intense radiation field in the charcoal filter, but would also 
significantly increase the filter temperature du~ to decay heat if the air flow 
through the filter is severely reduced. As the temperature of impregnated charcoal 
increases, the release of the impregnant also increases, thus reducing the CH 3 I 
removal efficiency of the charcoal [11,12). _For' this reason, we have studied the 
thermally induced release of TEDA from TEDA-impregnated charcoal and the effect of 
this on the CH 3 I removal efficiency at temperatures higher than 80°C. Ve observed 
immediate TEDA release upon heating to temperatures higher than 150°C as well as 
substantial decomposition of TEDA to pyrimidine. The overall effect, as far as 
CH 3I removal efficiency is concerned, is a reduction by about an order of magnitude 
in the adsorption capacity of the charcoal. As shown in Figure 6, CH 3 I loadings of 
0.3 g, used in the lower-temperature experiments, result in broad and non
exponential distributions at 150°C and 180°C. However, narrow exponential 
distributions are obtained with lower CH 3 I loadings (0.06 g). 

Effect of Contaminants 

During normal reactor operation, charcoal filters are exposed to outdoor 
air flows containirig moisture and various air contaminants. The result is a slow 
but continuous degradation of the radioiodine removal efficiency of the charcoal 
filters with exposure time. To quantify this degradation, we have studied the 
effect of various contaminants on the CH 3I removal efficiency of TEDA-impregnated 
charcoal. This work will be published in detail later [13,14). 
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FIGURE 6: Activity Distributions Along the Length of TEDA Charcoal Bed 
Observed Immediately After Challenging with 0.3 g (x) and 0.055 
g (•) CH3I. The charcoal bed temperature was 150°C. 

We have studied the effect of the following contaminants under both dry 
and humid conditions; N02 and S02 , as examples of atmospheric pollutants; 
2-butanone (methyl-ethyl-ketone, MEK) as an example of a local contaminant such as 
a paint solvent; and NH 3 because it could form in a LOCA by the radiolysis of N2H4 , 

which is present, in some cases, in the emergency cooling water. 

Two sets of experiments were carried out for each contaminant: one set to 
characterize the adsorption of the contaminant on TEDA charcoal, and a second one 
to determine the CH3I removal efficiency of the charcoal poisoned with various 
concentrations of the contaminant. Both sets of experiments were performed.on 
2.5-cm long charcoal beds. 

Characterization of the adsorption of a contaminant involved measuring the 
breakthrough curve of the contaminant. This was done by allowing a gas stream 
containing a known concentration of the contaminant to pass through the charcoal 
bed, and monitoring the concentration of the contaminant in the effluen.t gas. The 
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profile of the observed curve of concentration vs. time was then fitted to the 
Bohart-Adams equation [13-15). The equation was, in turn, used to calculate the 
distributions of the contaminant along the length of the bed for different 
contaminant challenge concentrations. These distributions are difficult to measure 
experimentally, but are helpful in understanding how the contaminant affects the 
CH 3 I adsorption on the charcoal. 

The second set of experiments involved loading the bed with a known amount 
of the contaminant, and then challenging the same bed with 0.3 g of CH 3I labelled 
with 131! over an hour. The CH 3I removal efficiency of the charcoal was then 
determined from the 131! activity released from the bed during the CH 3I challenge 
and a subsequent 24-h purging with air. 

The degradation at 0% RH follows the order N0 2 > S02 > MEK >> NH 3 • We 
believe that the trend is due to the relative ability of each molecule to interact 
with TEDA, an electron-donating molecule (Lewis base). Thus, N0 2 , which is a 
strong electron acceptor (Lewis acid), binds on TEDA sites and renders them 
unavailable to CH 3I. Sulfur dioxide is also a Lewis acid, but weaker than N0 2 • 

Methyl-ethyl ketone is neutral in this respect and, of course, NH3 is a Lewis base 
and, thus, should interact the least with TEDA~ Needless to say, the above effect 
should be somewhat moderated because of the presence of bare charcoal adsorption 
sites, besides TEDA sites, for retention of CH 3I. 

However, the effect of each contaminant depended strongly on relative 
humidity. The bed challenged with NO~, at 58% RH, showed better performance with 
respect to CH 3 I removal than that at 0% RH, in spite of the fact that N0 2 appeared 
to be more easily and strongly adsorbed on the charcoal under humid conditions. 
As shown in Figure 7A, water adsorbed on charcoal under humid conditions 
significantly increases the adsorption capacity of the charcoal for N0 2 • As a 
result, N0 2 is adsorbed primarily within a short distance from the inlet of the 
bed. This leaves the rest of the bed unaffected and does not impair its CH 3I 
removal efficiency (Figure 7B). Under dry conditions, N02 is mainly adsorbed on 
the TEDA impregnant, and the adsorption capacity of the charcoal for N0 2 is small 
(Figure 7A). Consequently, N0 2 distributes itself over most of the charcoal bed 
and reduces its CH 3I removal efficiency more effectively (Figure 7B). 

On the other hand, adsorbed water significantly increases the degradation 
effect of S0 2 on TEDA charcoal. This synergistic effect occurs because S02 is 
adsorbed on wet charcoal as H2 S0 4 , which then reacts easily with the TEDA 
impregnant [16). Therefo~e, although the distributions of the adsorbed S0 2 on the 
TEDA charcoal beds at 0 an.d 70% RH were very similar, their effect on the CH 3 I 
adsorption was significantly different (Figure 8). 

Adsorbed water does not significantly change the effect of MEK on the CH 3I 
removal efficiency of the TEDA charcoal. A combined effect of MEK and water would 
have been observed if the two molecules interacted with each other. 

Effect of Radiation 

Ve studied the effect of y irradiation on the r~dioiodine retention 
efficieticy of new and weathered TEDA charcoals. The weathered charcoal had been 
used for one year in ~he spent fuel bay of the Douglas Point Nuclear Generating 
Station. In addition to the study of the effect of y irradiation, we also studied 
the combined effect of radiation and H2 • Hydrogen production is possiblein 
certain postulated reactor accident sc~narios due to the zirconium-steam 
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reaction. In a y-radiation field, hydrogen may participate in free radical chain 
reactions to form or decompose organic iodides, thus changing the radioiodine 
retention efficiency of charcoal. Results on weathered TEDA charcoal are presented 
below since y irradiation, with and without H2 , had a negligible effect on the 
efficiency of new TEDA charcoal. 

Experiments were performed as described in Section 2, except that, during 
purging, the charcoal bed was exposed to a radiation field of 1.8 x 103 Gy·h- 1 and 
purging air contained between 0 and 3.5 vol.% H2 • The released activity was 
measured continuously during - 600 h purging in the y-radiation field. 

The y irradiation, both with and without H2 , affected the CH 3 I retention 
efficiency of the weathered TEDA charcoal. Both effects were small and beneficial; 
the total activity released during purging was reduced from 0.05% for the reference 
case (i.e., without y irradiation or H2 ), to 0.03% for the case of the 
y irradiation only, and 0.01 and 0.003% for the cases of the y irradiation with 2% 
and 3.5% H2 , respectively. 

In some experiments, H2 was periodically added to the purging air while 
the total flow rate and other conditions were kept constant. The activity released 
during one of these tests is shown in Figure 9. The rate of activity release was 
higher in the absence of H2 than in its presence. When H2 was added to the 
purging gas, the release rate was reduced by about 10%. 

The reduction in the activity release may be due to the radiolytic 
decomposition of CH 3 I to CH 3 • and I· radicals and subsequent reaction~ of these 
radicals, probably to form I 2 and HI [17]. Molecular iodine is adsorbed more 
strongly on charcoal than CH3I (see Section 3.1). It is also likely that HI is 
more strongly absorbed than CH 3I, although this has not been corroborated 
experimentally. In addition, it is possible that y irradiation decomposes the 
contaminants present on the weathered charcoal and thus regenerates the efficiency 
of the charcoal. Regardless of the mechanism, the data indicate that the CH 3 I 
retention efficiency of the weathered TEDA charcoal was slightly improved by the 
presence of y radiation and H2 • 

4. Conclusions 

The efficiency of KI- and TEDA-impregnated charcoals for the removal of 
CH 3I and I 2 has been studied as a function of number of parameters extending from 
normal operating conditions to conditions more relevant to reactor accidents. 
Although many of the parameters studied were shown to influence the efficiency of 
charcoal filters, a general conclusion of this study is that deep-bed charcoal 
filters, particularly the 20-cm deep beds used in the emergency filtered air 
discharge systems of CANDU™ multi-unit containment systems, are an effective 
barrier to significant release of radioactive iodines. 
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DISCUSSION 

KOVACH, J. L.: I have a question regarding the methyl 
iodide loadings that you are using. Can you postulate any condition 
in operating these systems where you would have this magnitude of 
methyl iodide concentration approaching the carbon beds? 

WREN: The loading of CH3I used in our study is 
probably higher than those expected in various accidents. our study, 
however, has shown that TEDA charcoal is very effective in adsorbing 
CH3I under various conditions even when a very large CH3I loading is 
used. The charcoal should be as effective, or better, for smaller 
CH3I loadings. However, for CH3I loadings several orders of magnitude 
smaller than that used in our experiments, the mass transfer rate may 
be significantly different. I agree that we should study the charcoal 
efficiency with much lower CH3I loadings. 

KOVACH, J.L.: I am not exactly convinced of that because 
I think we are talking about a million times lower concentration and I 
am not sure if we can extrapolate that far down. 

WREN: Maybe we can not extrapolate over that 
wide range, but over the range that we did study, I do not think we 
see a discrepancy. 

KOVACH, J.L.: It is comforting to know that even at 
these high concentrations it works so well. 

WREN: Yes, that is the main point. 

OBLINGER: Several of the original post-LOCA 
containment venting system designs anticipate operation beginning at 
around 70°C, heating up filters that were around 1s 0 c. Do we lack 
information on how the system will respond? We modified our systems 
so we would not have them exposed to that kind of transient. This 
certainly is prudent, but was any thought ever given during these 
experiments to looking at transient heat-up rather than steady-state 
behavior? You preconditioned your filters, and that would be alright 
in the long term. In the short term (when you get a transient when 
you are cooling down the air, condensing water, and heating up the 
charcoal, let alone the HEPA filters) was any thought given to doing 
research into the effect of these conditions on the impregnant? 

WREN: That is a good point. No, we did not 
study the transient heat-up from 15 to 70°C. However, we did carry 
out an experiment in which TEDA charcoal was loaded with CH3I at room 
temperature (24°C) and then, while being purged, was heated to 150°C 
within 20 min. and maintained at 150°C afterwards. This experiment 
was.c~rried.out under dry c~nditions. The total CH3I penetration 
during loading and 2 h purging was larger than that observed when the 
charcoal was loaded and purged at 150°C for an equivalent time. 

OBLINGER: The transient I am concerned about is 
before you do significant loading. You start dropping the air 
temperature below its dew point and begin condensation. I know heat 
of vaporization will probably raise the charcoal temperature, and I am 
curious how that will affect the imp~egnant. We started some 
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experiments way back but decided, due to Russian criticality data, 
that it was more prudent to modify the design so we didn't have to try 
to live with the problem. When you have charcoal at 15-20°C and 
bring in 70°C contamination, it will raise the charcoal temperature. 
If that kind of transient results in condensation, will it cause a 
long term effect, whether good or bad? We decided to avoid the issue 
because we didn't have the answer. 

WREN: It may be possible that efficiency of the 
charcoal drops dramatically if there is condensation. 

OS LINGER: 
planned? 

There are no additional experiments being 

WREN: No systematic experiments. Sometimes we 
plug the bed because of something going wrong in the experiments. We 
see a complete decrease in efficiency when the charcoal is wet. 

WILHELM: Here is a short comment on the last 
question. The adsorption of water will decrease the removal of CH3I-
131. The adsorbed amount of water on the carbon is important. 
Charcoal performance is absolutely independent of the relative 
humidity of the gas but it is affected by adsorbed water. If you 
start with dry charcoal and high humidity in the gas straam, the 
charcoal will still work perfectly, but after adsorption of water on 
the surface of the charcoal, performance goes down. Water is a polar 
medium and it sticks very tightly to the charcoal. Now, considering 
the transient, you start with dry charcoal and then condense water. 
Water will condense as long as the load of water does not exceed the 
total water that is in equilibrium with the test procedure at 95% 
(which could, for some carbons, be in the region of 30% of the weight 
of the carbon itself). Your data will not be worse than the data you 
got on the equilibrium test. 

WREN: We did not go up to that high a relative 
humidity due to condensation problems. I agree that the important 
parameter is the amount of adsorbed water and not the relative 
humidity. Unfortunately, we did not measure the water isotherm of our 
charcoal and thus cannot determine the amount of adsorbed water as a 
function of relative humidity. However, I would like to comment that 
one may not be able to obtain a simple relationship even between the 
amount of adsorbed water and the CH3I removal efficiency of the 
charcoal. The adsorption mechanism of water varies depending on the 
amount of adsorbed water, varying from capillary condensation to 
physical adsorption and to chemisorption. The manner in which water 
is adsorbed on the charcoal surface will determine its effect on the 
CH3I adsorption. 

WILHELM: As long as you do not have more water 
coming in than you have at equilibrium in the high relative humidity 
test, you will not get more water on the transient and the test 
results will be alright. 

BILLINGE: I was interested that your mass 
spectrometric desorption of TEDA-carbon showed a single monotone peak, 
whereas our work has shown a double peak using a similar method. Do 
you think this difference can be attributed to differences in the 
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properties of coal and coconut-shell carbons? 

WREN: Yes, I think so. I expect TEDA is 
adsorbed differently on different charcoals. As you mentioned in your 
presentation, TEDA could be adsorbed on coal-based charcoal with two 
different orientations while on coconut-shell-based charcoal with only 
one orientation. It could also be due to TEDA adsorption on two 
different sites; for example, bare charcoal surface vs surface oxide 
layer, or micropores vs macropores. 

BILLINGE: Your Table 2 shows a reduction in rate 
constant for CH3I reaction on KI and TEDA carbons when raising the 
temperature from 22 to 80°C at.70% R.H. Have you a comment on this 
difference? 

WREN: If the CH3I adsorption rate is mainly 
determined by the mass transfer rate, the CH3I adsorption rate is 
expected to increase with an increase in temperature. However, in our 
study CH~I was loaded over an hour period during which, in my opinion, 
a significant amount of CH3I was desorbed. Thus, the rate constant we 
observed was a net rate of the mass transfer and the CH3I desorption. 
I want to remind you that the CH3I desorption rate increases with 
temperature. I suspect that in the work of Deuber and yourself the 
loading period was much shorter and thus CH3I desorption did not 
affect the observed overall CH3I adsorption rate. 
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CLOSING COMMENTS OF SESSION CHAIRMAN KELBER 

First of all, I thank all the authors for a very fine afternoon and 
say that we appreciate what was covered here today~ Clearly, the 
technology that was referred to as a basis for political contention by 
one of our keynote speakers is improving at a very rapid rate. It is 
appropriate for political bodies, such as regulatory commissions, to 
make political decisions. That is what they get paid for. If they 
are going to have to make decisions, it is well that they make them on 
the best technical basis available. I believe that the people who 
have come here today have gone a long way toward presenting them with 
that basis. 
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OPENING COMMENTS OF SESSION CHAIRMAN KABAT 

Welcome to the seventh session of the 20th Nuclear Air Cleaning 
Conference. The session consists of two problem areas: 

measurement and monitoring of airborne radioactive effluent in 
nuclear facilities 
the removal of radon and tritium from air 

Airborne radionuclides monitoring has been an important element of 
the effluent control in nuclear facilities. Presently used stack 
effluent monitoring methods and equipment have adequately performed 
their function in field operations. However, a number of problems 
still exist, primarily in obtaining representative samples, which have 
to be resolved in order to achieve sufficient accuracy in effluent 
monitoring. Five papers will be presented in the first part of this 
session, submitting the results of recent developments in assessment 
and minimizing the loss of specimen in sample trains. 
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THE DEVELOPMENT OF THE AIRBORNE RADIOACTIVITY EFFLUENT MONITORING 
SYSTEM FOR THE WASTE ISOLATION PILOT PLANT 

K. J. Shenk 
Regulatory and Environmental Programs 

Waste Isolation Division 
Westinghouse Electric Corporation 

P.O. Box 2078 
Carlsbad, N.M. 88221 

Abstract 

The unique aerosol characteristics present at the Waste 
Isolation Pilot Plant (WIPP) necessitated the development of an 
effluent monitoring system with the ability to operate under 
prevalent conditions. As a repository for the transuranic (TRU) 
wastes that have been generated from United States defense 
activities, the WIPP is being excavated approximately 655 m below 
the surface in a bedded salt deposit. The application of the 
monitoring problem at WIPP involves the measurement of airborne 
plutonium in a heavily laden salt dust environment at high flow 
rates. Operating conditions anticipated to exist at the WIPP are 
mass concentrations ranging from 300 µg/m3 to 50 mg/m3; 
and the volume of air to be exchanged by the ventilation system will 
vary between 33 m3/s and 200 m3/s. This paper provides an 
overview of the efforts involved in the design of the present 
effluent monitoring system at WIPP. 

I. Introduction 

The Waste Isolation Pilot Plant (WIPP) is_ a repository under 
development by Westinghouse for the Department of Energy. WIPP has 
been designated as the site of terminal storage for transuranic 
(TRU) wastes produced solely from defense related activities. The 
WIPP site is located approximately 48 km (30 mi) east of Carlsbad, 
New Mexico. The TRU wastes are to be emplaced in a bedded salt 
deposit approximately 655 m (2150 ft) below the surface. The task 
described in this paper is the development of a sampling system to 
provide a genuinely representative sample for continuous in-line 
monitoring of the mine ventilation effluent for radioactive 
contamination. There are two sampling stations for the underground 
ventilation exhaust at the site. One station will be used during 
normal operations, and the other is needed for use when HEPA 
filtration is necessary. The sampling point for the station to be 
used during normal operations (Station A) is located approximately 
6.4 m (21 ft), or one and a half diameters, below the ground 
surface in the exhaust shaft. The second sampling station 
(Station B), for use during HEPA filtrat~on, is located 
approximately 21 m (69 ft), or eleven and a half diameters, 
downstream from the nearest exhaust fan. 
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II. Aerosol Characteristics 

The evolution of the effluent monitoring system at the WIPP 
site has extended over many years. The first information to have 
any bearing on the design of the effluent monitoring system was 
obtained in March 1983 by Newton et al.[1]. The purpose of their 
study was to define the characteristics of the aerosols present 
underground at WIPP so that continuous air monitors (CAMs) could be 
selected, or designed, to minimize the effects of the background 
aerosols on the detection of airborne radioactive materials. It was 
anticipated that the background aerosols would have the highest 
probability of interfering with determining the concentration of 
alpha emitting radionuclides. The plutonium isotope chosen to serve 
as a reference alpha emitting radionuclide was Pu-239. The report 
stated that a bimodal size distribution was observed through the use 
of a combination cascade impactor-parallel flow diffusion battery. 
These systems have been previously described and characterized as 
the Lovelace Multijet 7-stage Cascade Impactor [2], and as the 
7-Cell Parallel Flow Diffusion Battery [3]. The larger size mode 
ranged from 2-10 µm mass median aerodynamic diameter (MMAD), and 
was composed of 72+14 percent NaCl with the remainder being dust 
from the surf ace of the WIPP and diesel exhaust from vehicles 
operating underground. The smaller size mode ranged from 50-800 nm 
diffusion diameter, and was composed of approximately 25 percent 
NaCl with the remaining mass comprised of diesel exhaust particles. 
A measurement taken near the exhaust ventilation shaft indicated a 
concentration of 500 µg/m3, with a size distribution ranging· 
from 2 to 4 µm MMAD. 

In March 1987 a second study was conducted to better identify 
the characteristics of the aerosol exiting from the underground WIPP 
[4]. This study consisted of the measurement of: the air velocity 
profiles; the mass concentration distributions; and the particle 
size distributions present at 21 m (70 ft), or five diameters, below 
the surface in the underground exhaust ventilation shaft. · This 
study found that the mean mass concentration exiting at the surface 
had increased to a concentration of 2 mg/m3 as compared to 
500 µg/m3 obtained in March 1983. At this time it was .found 
that the MMAD had increased to 5.5 µm. 

For a sampling location to be able to deliver a representative 
sample, it must contain a well mixed sample that is present at the 
point where a relatively uniform, or flat, air velocity profile 
exists. In order to obtain this information for the station to be 
used during HEPA filtration, confirmatory measurements were 
conducted by ITRI personnel in July and September of 1987. These 
measurements showed that the fluctuations in the air velocity 
profile exceeded the mean flow rate by more than thirty percent. 
These data influenced the decision to redesign the duct to yield a 
more uniform air velocity profile at the point of sample 
extraction. The redesign objective would be to have an air velocity 
distribution that varied by no more than +10 percent of the mean 
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flow rate over the center sixty percent of the duct cross sectional 
area, and that the variation in flow rate would be no more than 
±20 percent of the mean flow rate over the remaining forty percent 
of the duct cross sectional area. 

III. System Development 

The levels of salt dust anticipated from the above study not 
only impacted the choice of a detector for the underground CAMs, but 
also cast doubt as to whether a standard isokinetic sampling system 
would operate efficiently. The answer to the question of which type 
of detector to employ in a high salt dust atmosphere was the · 
development of an L X-ray based detection system. The choice of a 
calcium fluoride europium doped scintillation crystal was made on 
the basis of the increased efficiency of this medium to detect very 
low energy X-rays [5]. An evaluation of the L X-ray based detection 
system by Dr. George Newton of ITRI, and a mathematical assessment 
of the viability of the system performed by John Rodgers [6]; 
elaborated on the limitations in the "alpha" CAMs that were 
originally designed and procured for WIPP. Their findings were that 
the low efficiency of Pu-239 L X-ray emissions (4.17%) and the high 
probability of interference from radon progeny severely limited the 
usefulness of the CAMs. Their input lead to the decision to employ 
a multichannel analyzer using a surface barrier detector's signal as 
the basis for the redesign of the CAMs. The efficacy of this type 
of CAM has not been determined to date. Verification testing of the 
replacement system is underway at this time. 

The second unknown as to the efficiency of the system to 
deliver a sample to the filter opposing the detector was addressed 
in the mathematical modeling efforts of Farthing [7]. The basic 
finding of the report was that the installed system would not allow 
an adequate amount of the larger sized particles to be delivered to 
the filter. These data mirrored the expert opinion concerning the 
efficiency of these isokinetic sampling systems when utilized under 
the unique conditions extant at WIPP. 

The effects of the underground dust loading on the isokinetic 
sampling system could not be performed until the system was 
installed in the duct, and the duct connected to the underground 
exhaust ventilation pathway. This connection was made in January 
1988 with the installation of a ninety degree elbow between the 
exhaust shaft collar and the underground exhaust ventilation duct. 
Following visual inspection of the AMC system in March 1988 (after 
approximately 45 days of exposure to the mine ventilation exhaust 
stream), it was found that the pitot tubes used by the system to 
measure flow were totally occluded, thus making the instrument 
non-operational. However, it should be noted that this system was 
never energized during this time period. This effect had been 
anticipated and the development of an alternate sampling system was 
initiated in October 1987. 
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IV. Redesign Parameters 

The redesign effort would include the following areas: 

1. The determination of a sampling location where the air 
velocity profile would be stable and acceptable for 
sampling. 

2. The determination of a sampling location where the size 
and mass distributions would be acceptable for sampling. 

3 Designing a sampling nozzle to maximize the aspiration of 
10 µm particles. 

4. Designing a transport line for maximum transport of 
10 µm particles. 

5. Maximizing the penetration of 10 µm particles within the 
detector/filter housing of the CAM. 

6. Maximizing the penetration of 10 µm particle in the 
Fixed Air Sampler (FAS). 

The lead in the effluent monitoring system redesign effort was 
taken by Texas A&M University (TAMU). The research group was 
directed by Andrew McFarland. They initiated work concurrently in 
the areas of duct modeling and sampling nozzle design in October 
1987. 

The first decision to be made was the basic design of the 
sampling nozzle. A shrouded probe was chosen because it would 
provide the best venue for the sampling of relatively high 
concentrations of large particles with the added benefit of 
minimization of nozzle clogging. The basic design of the shrouded 
probe can be seen in Figure 1. The reduction in the amount of salt 
build-up on the interior and exterior surfaces of the nozzle inlet 
are directly related to the fact that the shrouded probe draws its 
sample at roughly one third of the freestream velocity. A computer 
model was developed to predict the characteristics of the shrouded 
probe prior to the fabrication of a prototype for aerodynamic 
testing. This model estimated the enrichment of 10 µm particles, 
caused by sampling at approximately one third the freestream 
velocity, to be in the neighborhood of two percent. A second 
prototype was used for particulate testing in a 0.6 m by 0.6 m wind 
tunnel. When the duct model was constructed, further particulate 
testing was performed in the model. Professor McFarland is in the 
process of preparing a technical paper on the development of the 
shrouded probe for stack sampling. 

808 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

.. 

F 

• 7.11' dogrH 
fJ 3.!I 
A 4.0 lnch11 
B 2.32 
c 1.18 
D 0.12 
E 6.0 
F 1e.o 

Figure 1. Station B Shrouded Probe Design 

Once WIPP personnel concurred on a single design, TAMU decided 
upon a modeling ratio of 1:5. The first section of duct to be 
modeled was the 1.8 m (6 ft) diameter duct exhausting at 33 m3/s 
(60 kcfm). Because of scaling it was necessary to choose between 
matching the Reynolds number or the Mach number of the full scale 
duct. For the 1/5 model matching the Mach number was chosen. To 
see how the Reynolds number affected the modeling data, a half scale 
duct was erected and analyzed. 

The second phase of the duct modeling work was to model the 
4.3 m (14 ft) diameter exhaust shaft. Again for these studies a 1/5 
scaling factor was chosen, and the Mach numbers were matched between 
the full scale duct and the model. This model was analyzed 
horizontally instead of vertically for logistical reasons. However, 
this orientation should not influence the shape or development of 
the flow velocity profiles. 

To more fully understand the problems associated with 
transporting large diameter particulate through transport lines, 
TAMU conducted both computer and physical modeling. Their model 
includes both gravitational and turbulent setting components [8]. 
These data can also be used to design transport lines utilized in 
conjunction with CAMs for personnel monitoring. 

The TAMU team also redesigned the detector/filter housing that 
was already purchased for the WIPP site. Initial penetration tests 
for 10 µm particulate through these housings was on the order of 
15%. Following the modifications made by TAMU, penetration values 
as high as 90% were observed. The modified CAM design is shown in 
Figure 2. 
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Figure 2. Modified CAM Design 

The last link in the sampling chain was the Fixed Air Samplers 
(FAS). I designed a filter holder that would minimize deposition. 
Figure 3 depicts the WIPP FAS design. Because we expected that the 
filters would need to be changed perhaps more often that daily, a 
quick releasing interrupted thread fastening design was used. 

To date only the verification testing at Station B, the six 
foot duct, has been completed. The testing program for Station B 
was conducted in three phases; air velocity profile measurements at 
the sampling plane, determination of the size and mass distribution 
profiles at the sampling plane, and percent penetration efficiency 
of the sampling system in seven different particulate size regions. 
The velocity profile was between +5% and -10% of the mean velocity. 
The mass median aerodynamic diameter (MMAD) of the generated salt 
aerosol was approximately 12 µm. The percent penetration 
efficiency testing of the sampling system had not been performed at 
the time this paper was written. 

The verification testing of Station A will only include 
determining the percent penetration efficiency of the sampling 
system. Measurement of the air velocity profiles; and the 
distributions for size and mass will not need to be determined 
because this activity was performed by Newton et al. (1986) [4). 
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Figure 3. WIPP Fixed Air Sampler Design 
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DISCUSSION 

MOELLER: This morning, in paper 4-9, the author was 
citing a report from the state of New Mexico where they had certain 
problems with their ventiiation system and air monitoring system. 
Were these changes in response to that, or were they for other 
reasons? Could you tie it in? 

SHENK: There were a multitude of reasons for the 
changes. For approximately two years we have been finding fault with 
the systems and fighting it through political channels to get things 
changed. In September 1985 a decision was made to increase the flow 
at the site to 425,000 cfm from 210,000 cfm and we knew we would have 
to change the design of the duct work because it would not be adequate 
for the new system. So, we changed out the system and included in the 
same package a new effluent air monitoring system. We, with 
Westinghouse, were also pushing for these changes. This increase will 
allow for two activities (i.e., waste handling and mining operations) 
to occur during the same shift. The effluent monitoring system was 
chan~ed due to the high concentration of salt particulate (i.e., 2 
mg/m) in the underground exhaust. . 

KURZ: Did you review why you decided to use a 
single nozzle for sampling in this 14 ft. diameter duct? What were 
the criteria? 

SHENK: Because there would be lower particle 
losses for a single large nozzle than from a number of smaller nozzles 
that would be used in a multi-point probe. 

KURZ: We show that it is fairly level as long as 
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you are over 1/4-1/8 in. Whether it is 1/4 or 1/2 in., I don't think 
matters. 

SHENK: Multiple nozzles also increase the length 
of the transport lines because sampling will take place at farther 

,points. 

POWELL: I noticed in your paper that you targeted 
the 10 µm range of particles. Would you explain why you did that? 

SHENK: In 1982 the EPA presented data in "Air 
Quality Criteria for Particulate Matter and Sulfur Oxides, Volume 
III," that suggest that particle sizes larger than 10 µm do not pose a 
health threat because they do not penetrate the extra-thoracic regions 
of the respiratory system. The ICRP lung model estimates that over 
ninety percent of the 10 µm particles inhaled will be deposited in the 
nasal passage. 

SCHMIDT: The question asked was, "Why a 10 µm 
specification?" It is because a peer review panel convened by the 
State of New Mexico's Environmental Evaluation Group took that up as 
their first question because it is fundamental to the design of any 
extractive particulate monitoring system. They concluded that 50% 
delivery at 10 µm should be a minimum performance specification. 

SHENK: The goal of 50 percent transmission of the 
sample to the filter was chosen because it appeared to be an improve
ment over existing systems and would also be technologically achiev
able. 
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AIRBORNE PARTICLES IN THE VENTILATION SYSTEM OF A BWR 

L Strom 
Studsvik AB 

S-611 82 Nykoping, Sweden 

Abstract 

This investigation was undertaken in order to obtain a 
better description of the aerosol to be monitored by the stack 
sampler of a nuclear power plant. 

Between June - August 1986 radioactivity, size and adhesion 
to solid surfaces of airborne particles were measured at four 
different places in the ventilation plant of the nuclear power 
station Barseback 1. About 95 % of the particulate radioactivity 
came from the reactor building, the rest from the turbine building 
and the waste handling building. Particle median diameter with 
respect to radioactivity was about 10 µm, with large variations. 
Nuclides with long half-lives were mainly associated with larger 
particles. Particle size might be a function of coarse particle 
loss through sedimentation within the plant. There are also 
indications of an aerosol formed through resuspension of deposits 
on the ventilation channel walls. 

Particle adhesion to a dry, smooth steel surface was low, 
only 1 - 10 % of impacting particles remained on the surface. 

The risk of overloading the sampling filter with particles 
under accident conditions should be considered. 

Introduction 

Stack sampling 

Nuclear power plants have to monitor the radioactive par
ticles released with the air through the ventilation stack. This 
is usually achieved by conducting a sample of the stack air 
through a pipe to a filter, where the particles in the sample 
stream are collected for later analysis. 

The representativeness of the particles collected might be 
impared by, among other factors, particle losses in the pipe. 
Losses depend partly on the properties of the particles to be 
collected, partly on the properties of the sampling system 
itself. 

As a part of a study of stack monitoring systems, the 
properties and behaviour of particles normally present in the 
ventilation system of BWR have been investigated. Further work 
will be directed towards monitor performance under accident 
conditions. 
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Particle properties 

Properties of importance in this context are mainly aero
dynamic diameter and stickiness. The stickiness is a rather 
qualitative measure of the particle's tendency to attach to a 
clean, dry, smooth and solid surface, when impacting on it. 
Assuming that the inside of the sample transport pipe is clean, 
dry, smooth and solid, then particle transmission can be illus
trated by means of Figure 1. 
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Figure 1. Particle properties and sample transmission. 

The n50 on the Fine-Coarse axis refers to the diameter* of 
sticky par~icles that will pass to 50 %. Particles within the 
shaded area will pass through the sampling line with small 
losses. 

For a given geometry the n50 depends on the air flow rate, 
and displays a maximum at some intermediate flow. The stack 
samplers of the Swedish reactors have been designed to operate at 
this optimum flow, assuming sticky particles. They have been 
tested with a DOP mist, and the n50 was determined to be 
10 - 15 µm. Non-sticky particles are expected to have smaller 
losses, as indicated by the bulge into the Coarse-Dry sector of 
Figure 1. 

* All particle diameters in this report are aerodynamic 
diameters. 
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Coarse, sticky particles cannot be transmitted through a 
sampling line. The situation is not much better for the coarse, 
dry particles (unless the system were specifically designed for 
the purpose, as a pneumatic transport). The question then arises, 
how large are the particles in the stack, and how sticky are 
they, in relation to the n50 of the sampling system. This report 
concerns this question, in relation to normal operations. 

The BarsebUck measurements 

Particle properties and behaviour in a nuclear reactor 
ventilation system were studied in Unit l of the BWR reactors at 
Barseback, Sweden. (595 MW ) . Separate ventilation systems are 
provided for the reactor bUilding, the turbine building, and the 
waste handling building. Incoming air is filtered. All systems 
discharge into the ventilation stack. 

Measurements 

The radioactivity release from the plant is very small, only 
a few percent of that permitted. Not even with specially designed 
high volume samplers could measurable quantities of radioactivity 
always be obtained. 

Size-fractionating samplers 

The samplers for particle size comprised an impactor stage, 
followed by a filter, Figure 2. Particles larger than about 10 µm 
impinge~ 1~n t~T plate and were retained there by an oily sub-
strate. ' . The remaining smaller particles were collected 
by the filter. Five such samplers were installed in the stack, 
distributed over the flow area. Inside special channels, discharg
ing into the stack, 3 samplers were used in parallel (turbine 
building, waste building, ESF ventilation). The flow through each 
sampler was maintained at 2.3 l/s. 

Stickiness samplers 

To investigate adhesion at impaction, thin rods or wires 
were suspended across the flow in the stack and in the other 
three ventilation channels. The rods were installed in double 
sets of 3, each set consisting of rods of diameter 1, 2 and 5 mm. 
In one set, the rods were clean, dry and smooth, made of stainless 
steel. In the other set, similar rods were covered with a sticky 
coating. All particles impinging on the sticky rods were assumed 
to stick, while only the sticky particles would collect on the 
dry rods. After each sampling period, the rod deposits were 
collected by means of paper tissues and acetone. 
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Figure 2. Fractionating particle sampler. 

The probability for a particle to touch with a rod can be 
calculated with some simplifying assumptions. Impaction efficiency 
for a certain particle size is related to the number of particles 
of this size that would pass through the space of the rod, if the 
rod were removed. A rod of smaller diameter extends the collected 
size spectrum towards smaller diameters. For several reasons, the 
original plan of studying stickiness as a function of particle 
size could not be carried out. Instead the activity on the sticky 
rods was summed, and estimated to represent particles greater 
than 10 µm. A corresponding summation and assumption was made for 
the dry rods. 

The period of collection was one week, and sampling3was 
continued for 10 periods. During each week about 7 000 m of air 
passed through the fractionating samplers in the stack. The 
samplers were analyzed radiometrically. It would also have been 
advantageous to analyse the samples gravimetrically or chemically, 
but this has not been possible within this project. 

In spite of a high detection efficiency of the MCA and large 
sample volumes, the low quantity of radioactivity in the samples 
often required that several samples were analyzed together. About 
20 different nuclides were identified, most of them only sporadi
cally and in small quantity. Only the 10 most common nuclides, 
listed in Table 1, are reported here. 
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Table 1. The most frequently observed nuclides, in order of 
half-life. 

Nuclide Half-life Identification 
number 

Cr-51 
Nb-95 
Be-7 
Zr-95 
Co-58 
Zn-65 
Mn-54 
Cs-134 
Co-60 
Cs-137 

Particle size 

28 d 
35 d 
53 d 
64 d 
71 d 
244 d 
312 d 
2.06 y 
5.27 y 
30.2 y 

Results 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

The impactor-filter combination divides the aerosol into a 
fine fraction and a coarse fraction. The coarseness of the 
aerosol is expressed by means of the ratio of radioactivities: 

Coarse fraction/(coarse fraction+ fine fraction) 

If this ratio is 0.5, then the activity median is about 
10 µm; is the ratio higher then the median diameter is higher and 
vice versa. Observations from the stack are shown in Table 2. 

Table 2. Coarseness of particles collected in stack, %. 

NUCLIDE H PERIOD MEAN ., 3 4 5 6 7 8 9 10 VALUE L 

Cr51 ZS d (/) 0 0 0 12 47 10 34 6 4 13 
Nb95 35 d 100 46 44 59 59 100 34 55 
Be? 55 d </) (/J 0 0 
Zr95 65 d 45 49 58 47 100 0 5·1 ,_ 
Co58 72 d 0 <1J 4 (/) 13 35 43 33 1 z 13 Z6 
Zn65 250 d 0 100 100 34 55 0 59 
Mn54 310 d 57 36 16 0 30 35 42 39 19 22 34 
(5134 2.3 y 100 100 
Co60 5.2 y 83 67 56 32 56 54 53 55 58 66 60 
Cs 137 33 y 73 73 46 39 69 77 55 65 100 90 67 
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The coarseness varies considerably between nuclides and 
collection periods. In Table 2 the nuclides are arranged in order 
of increasing half-life, and it is clear that long-lived nuclides 
are associated with coarse particles. The summer shut-down and 
repairs during the periods 5, 6 and 7 had no evident effect on 
particle size, although the flow of radioactivity increased by an 
order of magnitude. 

In Figure 3, the data of Table 2 are displayed graphically. 
The coarse fraction is plotted against the fine fraction. The 
bisecting line corresponds to an activity median of about 10 µm. 
Measurements plotted in the upper 45° sector represent samples of 
coarse size, in the lower 45° sector samples of fine particle 
size. The numbers stand for the nuclides listed in Table 1. The 
higher numbers, corresponding to more long-lived nuclides, tend 
to gather above the line, the lower numbers below. 
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Figure 3. The radioactivity of the coarse fraction plotted 
against the fine fraction. 
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Stickiness 

Particle stickiness is characterized experimentally by the 
ratio: 

(activity on dry rods)/(activity on sticky rods). 

As discribed above, this parameter only concerns particles 
larger than about 10 µm, as smaller particles do not impact on 
the rods. Observations from the stack are presented in Table 3, 
with the stickiness ratio in per cent. Evidently only a small 
percentage of the particles are by themselves sticky enough to 
deposit on the dry rods. 

Table 3. Radioactivity ratio (%) between dry and sticky rods. 
No sampling in periods 3 and 5. 

NUCLIDE H PERIOD MEAN ,., 
L. 3 4 5 6 7 8 9 10 VFlLUF 

Cr·S 1 Z6 d 1 1. 7 13.3 Z.5 0.0 0.0 1L0 
Nb95 35 d 10.0 12. z Z.5 42.Z 9A 
13e7 55 d 
Zr95 65 d 13. z 1Z.4 3 .. 8 0.0 9.9 
Co58 7Z d 0.0 0.0 13.6 14. 9 5.S 30.9 0.0 13.0 
Zn65 Z50 d 0.0 0.0 0.0 0.0 !J. 0 0.0 
Mn54 310 d 0.CIJ 0.0 14.8 14.4 4.3 46.7 0.0 12.4 
Cs134 Z.3 i.:I 0.0 0.0 
Co60 5.Z a 2. 1 2.8 1. 8 7' 9 1z.2 3.7 1<0. 9 5.9 7.0 
Cs137 33 a 1.5 3.8 3.0 11. 6 10.1 0.C/J 16.1 0.0 5.Z 

The stickiness of the particles is even smaller than seen in 
Table 3 above because it can be suspected, that the sticky rods 
were sometimes saturated with particles, so that not all the 
impacting particles were retained. This was indicated by comparison 
with the quantity of material greater than 10 µm collected by the 
impactor-filter sampler. (The kind of substrate used there was 
much less sensitive to the saturation effect.) If the stickiness 
ratio is calculated in relation to the impactor-filter samplers 
instead, the ratio goes down by a factor of two, and lies in the 
range 1 - 10 %. 

In anticipation of a connection between particle stickiness 
and air humidity, .dry and wet temperatures were measured daily in 
the ventilation channels. In Figure 4, the stickiness ratios for 
the stack (here based on impactor-filter samplers) are plotted 
against the relative humidity. In the humidity range observed, 
20 - 50 %, there is no clear correlation between stickiness and 
humidity. It seems that T~T h~~fdity needs to exceed 60 % in 
order to affect adhesion ' · 
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Figure 4. Particle stickyness plotted agqinst relative humidity. 

Conclusions 

Particle properties 

The measurements indicate, that some nuclides are carried by 
particles larger than the transmission capacity of the stack 
monitor's sampling line. There is reson to believe that these 
particles to some extent are resuspended material, slowly released 
from old deposits in the ventilation system. In the particle 
character diagram, the stack aerosol localizes in the lower half, 
Figure 5. 

Sticky coarse particles did not appear in the stack, which 
might partly be ascribed to the low air humidity that prevailed 
during the investigation. 
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Ftne Cc.arsc 

Figure 5. Particle properties and sample transmission in the 
Barseback ventilation stack. 

Continued work 

The investigation has demonstrated, that particles larger 
than sampling system capacity can occur in the stack. Under 
normal conditions, as during the experimental sampling, this has 
little effect, because the particles are dry, and do not deposit 
at impaction. The case might be different under accident condi
tions, where an activity release is probably accompanied by a 
release of steam or water. The aerosol then moves up in the 
sticky range. At the same time, mass concentration and particle 
size might increase. To study such a situation, and any necessary 
improvements to the stack monitoring system is the object of 
further work. 
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Abstract 

Investigations related to characterization of iodine species 
vapor deposition in air-monitoring sampling lines are being per
formed by the Tennessee Valley Authority (TVA). These investiga
tions involve determination of iodine chemical species airborne 
in containment under severe-accident conditions and the development 
of models to predict vapor deposition in sampling lines. 

I. Introduction 

There is a concern that air-monitoring sampling lines in 
nuclear plants are presently not well characterized in terms of 
determining vapor and aerosol deposition under sampling conditions. 
In response to this concern, the TVA is involved in a program to 
determine how to characterize the sampling lines at TVA nuclear· power 
plants. The program involves studies related to (1) deciding how to 
collect "representative" airborne samples, (2) developing the capa
bility to calculate iodine species vapor and aerosol deposition for 
representative sample-line conditions, and (3) performing experiments 
to validate the deposition models. Representative sample-line con
ditions include those for normal plant operations and conditions that 
could exist for severe (core-melt) accidents. 

The work presented in this paper focuses on iodine-vapor 
behavior under severe-accident sample-line conditions and includes 
(1) assumptions on iodine chemical species airborne in containment, 
(2) review of available correlations for predicting iodine species 
sorption onto and desorption from ~ample-line surfaces, and 
(3) results from preliminary calculations-to model iodine-vapor 
transport in sampling lines. 

II. Iodine Chemical Species Airborne in Containment 

A major consideration in being able to characterize nuclear 
plant sampling lines is the species of iodine airborne in the 
containment under operating and accident conditions. Investigations 
of iodine species airborne in containment under normal operating 
conditions have suggested to others that they would consist of 

*Research sponsored by Tennessee Valley Authority under 
Interagency Agreement DOE 1330-1330-A1 with the U.S. Department of 
Energy under contract DE-AC05-840R21400 with Martin Marietta Energy 
Systems, Inc. 

**Tennessee Vall~y Authority 
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elemental iodine (I
2

); hypoiodous acid (HOI); and organic iodides, 
which are typically assumed to be CH 3I.C 1 , 2 ) However, the chemical 
forms of iodine in containment under severe-accident (core-melt) con
ditions are expected to consist of a mixture of elemental iodine, 
hydrogen iodide (HI), and organic iodides. This mixture would be 
expected for severe-accident conditions, based on the following con
siderations: 

1. Airborne iodine chemical forms in containment in severe 
accidents will be associated with the forms of iodine that 
enter from the reactor coolant system (RCS). In the RCS, 
iodine chemical forms are closely tied to the chemical 
forms of cesium. The following reaction illustrates this: 

CsI + H2 0 ~ CsOH + HI. ( 1 ) 

This equation illustrates the reaction of cesium iodide, 
the most stable iodide per gram-atom of iodine, with steam 
to produce CsOH and HI. Under reducing conditions, the 
equilibrium for the reaction in Eq. (1) is far to the left 
side, and little HI would be expected. However, CsOH can 
react with many RCS materials to form products such as 
cesium zirconate, cesium molybdate, cesium silicates, and 
cesium borates. These reactions would decrease the CsOH 
vapor pressure ·in the RCS, shift the reaction in Eq. (1) to 
the right side, and result in an increase in the amount of 
HI produced. An example of this is ~ecent studies showing 
that the reaction of CsI with boric acid leads to the for-
mation of HI.(3) · 

Therefore, the initial chemical forms of iodine that enter 
containment in severe accidents are expected to be a 
combination of CsI and HI. It is also possible that some 
organic iodides could enter containment from the RCS as a 
result of reactions with hydrocarbons produced from boron 
carbide (B

4
C) reactions with steam.< 4 ) 

2. Once iodine (as CsI and HI) enters containment, it can 
undergo additional reactions because of (a) hydrolysis and 
radiolysis in aqueous solutions; (b) oxidation of airborne 
gases or aerosols of CsI and HI; or (c) formation of organ
ic iodides in aqueous solutions, in the gas phase, or on 
surfaces. Surface-water pools and condensing-steam con
ditions are expected in most severe-accident sequences. 
Therefore, much of the determination of iodine chemical 
behavior in containment involves understanding iodine behav
ior in aqueous solutions and the release of volatile chem
ical forms-particularly in the forms of I 2 and methyl · 
iodide-from solutions. Iodine behavior in water pools has 
been tbe s~bject of NRG-sponsored research for a number of 
years.(S,GJ 

3. Iodine hydrolysis is the reaction of I 2 with water to form 
I- and I0 3- as final products, by the following overall 
reaction: 
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(2) 

This equation illu~trates that I
2

, with a 0 oxida~ion 
number, produces I, oxidation number -1, and I0 3 , with 
oxidation number 5. The exact mechanism for this reaction 
is not known, but a common description starts as: 

( 3) 

The species identified as HOI is then thought to dispropor
tionate as follows: 

3HOI -+ 2I + I03 + 3H+ • ( 4 ) 

The HOI species has recently been identified in aqueous 
solution< 7 ) but has not been identified as a gaseous spe
cies; reports of gaseous HOI have been based on the collec
tion of iodine in filter systems and not on chemical 
analysis. 

Based on the above considerations then, our analyses assume that 
the airborne iodine-vapor species in containment in severe accidents 
consist of an I

2
-HI-CH 3I (using CH 3I, the most volatile organic 

iodide, to represent the organic iodides) mixture rather than an 
I 2 -HOI-CH 3I mixture. This is important, because for an I 2 -HOI-CH 3 I 
mixture, I 2 is the most reactive species. However, for an I 2 -HI-CH 3 I 
mixture, HI is the most reactive, and both HI and I 2 surface reac
tions in sampling lines should be investigated. 

III. Summary of I 2 and HI Vapor Sorption/Desorption Data Base 

I 2 and HI Vapor Deposition 

Unrein et al. and Burchfield and Voilleque presented results 
from measurements of molecular iodine deposition velocities (where 
"deposition velocity" relates the assumed proportionality of vapor 
deposition rate to the product of airborne vapor concentration times 
the deposition area) derived from tests in which iodine vapor was 
passed thro~gh sampling lines meant to simulate those in nuclear 
plants.< 1 , 2 J Kabat measured molecular iodine deposition velocities 
from deposits formed on steel coupons.( 8 ) 

Table 1 presents a summary of the molecular iodine results 
summarized in the three preceding papers. Overall, the measured 
deposition velocities varied over a range of 0.0088 to 0.2 cm/s. 
The data show, as might be expected, no trends in dependence of depo
sition velocity values on the sampling-line diameter. The highest 
measured values, those from Kabat, were measured for sampling-system 
humiditie~ of 97%; high humidity did seem to increase the deposition 
velocity.1. 8 ) 
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Table 1. Summary of molecular iodine (I 2 ) 
deposition velocity measurement results. 

Range of 
Range of Deposition Velocity 

Test Conditions Values 
(cm/s) 

Tube diameters used 0.0088 to 0.054 
ranged from 0.64 to 
2.22 cm diam. 
Sampling temperatures 
varied between 298 and 
303 K. Relative 
humidities ranged 
from 25 to 70%. 

Tube diameters used 0.038 to 0.076 
were 1.57, 3.48 cm 
diam. Sampling 
temperature, humidity 
conditions not given. 

Stainless steel coupons 0.018 to 0.2 
used. Temperature range 
of 293 to 297 K. Relative 
humidities ranged from 
5 to 97%. 

An additional source of data on the deposition of I 2 and HI 
on stainless steel surfaces is presently included as a data base 
within the Transport and Retention of Nuclides in Dominant Sequences 
(TRENDS) computer code which is under development at Oak Ridge 
National Laboratory (ORNL).( 9 ) Development of the code was begun in 
1981 to investigate fission-product transport for analyses performed 
in the NRG-funded ORNL Severe-Accident Sequence Analysis (SASA) 
program, which is to analyze accident sequences associated with the 
TVA Browns Ferry Unit 1 plant. The code is presently being used for 
iodine-behavior modeling associated with both pressurized- and 
boiling-water-reactor severe accidents. 

In terms of I 2 deposition on steel surfaces, a correlation of 
the data obtained by Genco et al. was used by Wichner to develop the 
following deposition velocity correlation,< 1 0,ll) which is valid for 
I 2 deposition on 304 stainless steel in a steam environment for tem
peratures ranging from 423 to 823 K: 

where 

(cm/s) 

VI 2 = molecular iodine-vapor deposition velocity; 

T = steam temperature, K. 
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If we attempt to apply this correlation to predict the I 2 deposition 
velocity at a temperature of 298 K, we obtain a value of 0.24 cm/s. 
This value seems somewhat high but is comparable to the values of 
Kabat ( 8 ) presented in Table 1 • ,-

Genco et al. also performed experiments to measure HI deposition 
on stainless steel in steam.< 10 ) Wichner developed a correlation for 
this data for temperatures between 423 and 1023 K: 

(cm/ s), 

where 

vHI = hydrogen iodide-vapor deposition velocity, 

T =steam temperature, K.(11) 

Applying this correlation to HI depusition at 298 K, we obtain a 
value of 1.15 cm/s; this illustrates that HI is more reactive than 
I2• 

( 6) 

It should be noted that the correlations presented in Eqs.(5) 
and (6) were developed for reactor pressure-vessel conditions-higher 
temperatures-and so for low-temperature containment conditions (in 
the range of 298 K), extrapolations may be questioned. However, for 
temperatures in excess of 423 K, deposition velocitias obtained from 
the correlations should be applicable. 

I 2 and HI Desorption from Surfaces 

Desorption data for I 2 were obtained from the works of Unrein et 
al. and Burchfield and Voilleque. Desorption was called 
"resuspension" in these papers.(1,2) After deposition velocity 
measurements were made, desorption was measured by passing an inert 
gas through the test pipes, measuring the outlet iodine concentra
tion, and determining the desorption rates from these results. A 
summary of the measured desorption rate results is presented in 
Table 2. Note that the measured rates are very small, ranging from 
roughly 10-7 to 10-s s-1. 

Table 2. 

Reference 

1 

Summary of measured molecular iodine (I 2 ) 
desorption rate results 
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To our knowledge, there is presently no available data base 
from which data for HI desorption from surfaces can be obtained. 

Two other considerations are of note in terms of modeling of 
iodine-vapor transport through sampling lines for severe-accident 
conditions. First, condensed water may be present within the sample 
lines; this would influence the "desorption" of iodine species in 
that revolatilization would occur because of the mechanisms associ
ated with iodine partitioning in water pools rather than by classical 
surface desorption. Secondly, in severe accidents, significant quan
tities of aerosols will be airborne in containment in addition to 
iodine-vapor species. Vapor transport through sample lines will be 
influenced, then, not only by vapor deposition onto surfaces but by 
vapor sorption onto previously deposited aerosols. 

IV. Preliminary Calculations for Iodine-Vapor Transport 
Through Sampling Lines 

We are taking a step-wise approach to the development of 
computer models to predict iodine-vapor deposition and transport 
through air-monitoring sample lines. This approach includes the 
following steps: 

1. A simple analytical solution model for iodine-vapor 
sorption/desorption in a sample line, assuming that a 
sample line can be modeled as a single control volume. 

2. A more complex sorption/desorption model, assuming that a 
sample line can be modeled by at least ten control volumes. 

3. An enhancement to the multiple control-volume model in 
which models for iodine absorption in condensed water in 
the sample line and gas-liquid partitioning in a sample 
line are included. 

The governing mass-balance equations, using a "control-volume" 
assumption, for calculating simultaneous vapor deposition and desorp
tion in sampling lines can be written as follows:\12,13) 

where 

c = 
w = 

Vd = 
E = 
q = 

Vp = 
As = 
M· 1. = 

dW = VdC - EW 
dt 

airborne vapor concentration in control volume; 
vapor mass deposited per unit surface area; 
vapor deposition velocity, cm/s; 
desorption coefficient, 1/s; 
volumetric g~s-flow rate through line; 
pipe volume; 
control volume surface area; 
vapor source rate to control volume. 
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For constant Va, E, and Mi, the previous equations can be solved 
analytically. Solutions to these equations were obtained for four 
cases, using representative "low" and "high" values of molecular 
iodine-vapor deposition velocities and desorption coefficients from 
Tables 1 and 2: 

CASE 1 : Va :: 0.009 cm/s, E :: 7•10- 8 s-1. 
' CASE 2: Va :: 0.2 cm/s, E :: 7-10- 8 s-1; 

CASE 3: Va :: 0.009 cm/s, E :: 1 • 1o- 5 s-1; and 
CASE 4: Va :: 0.2 cm/s, E :: 1. 1o- 5 s-1; 

The calculations were performed for a simulated Watts Bar nuclear 
plant sampling line having a length of 6750 cm, a diameter of 3.5 cm; 
and a sampling flow velocity of 496 cm/s. Results, in terms of cal
culated iodine-transport efficiency through the sample line, from 
these calculations are summarized in Fig. 1 and imply the following: 

1. As expected, increased deposition velocity results in 
decreased calculated vapor transport through the sample 
line. We also remember that HI deposition velocities would 
be greater than for I 2 • For example, at a gas temperature 
of 322 K, Eq. (6) gives an HI deposition velocity of 0.55 
cm/s. We might infer from the results in Fig. 1 that the 
calculated HI transport efficiency would be in the range of 
10% or less for this line. 

2. Figure 1 shows that desorption influenced calculated iodine 
transport efficiencies for long times (greater than 
10,000 s) in these calculations. 
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Figure 1, Iodine-vapor transport calculations. 
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It should be noted that these calculations only illustrate the 
influence of combined vapor deposition and desorption on iodine 
transport through sampling lines. Development of the multiple 
control-volume model is necessary for more reliable estimates of 
iodine transport through sampling lines to be made. 

V. Summary and Conclusions 

The major results from these efforts to date are the following: 

1. For severe-accident conditions, the iodine vapors that will 
be transported through sampling lines are expected to be a 
mixture of I 2 , HI, and CH 3 I and not a mixture of I 2 , HOI, 
and CH 3 I, as has been assumed for modeling iodine transport 
in sampling lines for normal plant operating conditions. 
The difference associated with the transport of these mix
tures is significant, because for the I 2 -HI-CH 3 I mixture, 
HI is the most reactive and both HI and I 2 can undergo sig
nificant deposition in sample lines. For an I 2 -HOI-CH 3 I 
mixture, I 2 will undergo significant deposition in sample 
lines. 

2. Review of the data base for deposition onto and desorption 
from steel surfaces illustrates that (a) no data for HI 
desorption from surfaces are available, and (b) differences 
in measured values of I 2 deposition velocities from the 
various investigators are large. 

3. Model development to predict iodine-vapor transport through 
sampling lines is under way, and results from a simplified 
model were presented and discussed. The simplified model 
is similar in form but not as sophisticated as the modeling 
discussed by Unrein et a1.(l) and Burchfield and 
Voilleque;( 2 ) however, more complex models are under devel
opmeqt. 

It should also be mentioned that, in parallel to the iodine
vapor transport modeling work, models are being developed to predict 
aerosol deposition and transport in sampling lines.< 13 ) The present 
model includes the combined influence of deposition by settling, 
laminar or turbulent flow effects, thermophoresis, and deposition 
in bends and valves on aerosol transport through lines. 
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DISCUSSION 

GUEST: I am not quite sure I understood one of 
your slides. What is the relevance of projecting sorption of iodine 
on sample lines for up to 106 sec? It would be a very long line. 

WRIGHT: Yes, I was projecting out to long times. 
I was trying to show what would be the effect of the adsorption even 
when you have a constant rate of iodine to the sample line. Over long 
times, you see variations in what comes out of the end of the pipe 
because, once you get a lot of material on the surface, desorption is 
going to tend to overwhelm what is going on in terms of deposition. 

GUEST: 
is? 

WRIGHT: 

I am wondering how long the sample line 

It was a 67 meter sample line. 

HULL: I paid rapt attention, but I thought the 
number you cited for your flow rate was what seemed relatively low for 
a sampling line of that diameter. Did you look at different flow 
rates? 

WRIGHT: I did not do it for the calculations. I 
used the conditions I was provided with by TVA for one of their sample 
lines. It would be a simple factor to look at different flow rates, 
although, because it is a single volume model, you know it is not 
totally realistic. 

HULL: 
at the Air Cleaning 
of conferences. ago, 
residence time. 

From the theory that was in a paper given 
Conference in Baltimore, I believe it was a couple 
there is a trade off between the velocity and 

WRIGHT: Residence time is always an important 
consideration for aerosol or vapor transport. 

SCHMIDT: You may have explained this, and maybe I 
didn't understand it, but was your purpose to deliver as much of the 
iodine through the sampling line as possible? 

WRIGHT: Our purpose was to know what is going 
through the sampling line and to be able to calculate it when we have 
some ideas about the conditions within the sample lines in terms of 
velocities and things like that. We would like to get everything 
we can. 

SCHMIDT: 
started? 

WRIGHT: 
(which was 
to predict 
lines. 

So you can relate what comes out to what 

That is right. The purpose of the study 
stated in my first viewgraph) is to develop the capability 
iodine vapor/aerosol transport in air monitoring sample 
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Abstract 

The above-ground system for_monitoring particle effluents from 
the underground pilot plant nuclear storage facility in Carlsbad, NM 
was considered inadequate by a State of New Mexico environmental 
review group. Subsequently, we were contracted to develop 
acceptable means for the sampling, transport and collection of 
aerosols from the mine ventilation air and from an exhaust stream 
that would be used in case of an emergency (presence of 
radio-isotopes in the ventilation air). A new type of probe was 
developed for sampling aerosols with sizes 510 µm aerodynamic 
diameter from the exhaust streams. The design incorporates a shroud 
about the probe which decelerates the air stream to an extent such 
that the probe can operate anisokinetically over a range of 
velocities from 400-2750 ft/min and yet transmit samples of 10 µm 
particles with concentration levels that are ±10% of the free stream 
concentration. Flow rate through the probe is maintained at a 
constant value of 6 cfm. 

Particle losses in inclined aerosol transport tubes due to 
turbulent deposition and gravitational settling have been modeled 
and numerically analyzed. A special constraint is needed to solve 
for total deposition due to combined gravitational and turbulent 
effects. The results show that a unique optimal tube diameter exists 
for a given flow rate and particle size, and the optimum is 
independent of tube length. For tube sizes smaller than the 
optimum, the aerosol penetration decreases dramatically due to 
turbulent deposition; however, for tube sizes larger than the 
optimum, the losses due to gravitational settling cause only a 
gradual decrease in penetration. 

Aerosol tests were conducted with a continuous air monitor 
(CAM) sampler which was designed to monitor radioactive emissions 
and to provide an alarm if a release were to occur. At a flow rate 
of 2 cfm, the CAM sampler permitted only 24% of 10 µm aerosol 
particles to reach the filter, with the remainder being deposited on 
internal surfaces including the detector tube. We re-designed the 
flow system such that air enters the filter region radially from all 
direction~. The penetration of 10 µm particles was increased to 
86%. 

Work Performed under Westinghouse Subcontract 94-WLM-26907-SD 
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I. Introduction 

A salt layer at a depth of approximately 2100 ft near Carlsbad, 
NM is being mined to provide a site which will serve as a pilot 
operation for studying the permanent storage of nuclear wastes. 
This site, known as WIPP (for Waste Isolation· Pilot Plant), is being 
constructed under an agreement with the State of New Mexico whereby 
the State has an Environmental Evaluation Group (EEG) which 
independently evaluates the DOE environmental surveillance program. 
With respect to the mine ventilation system, under normal conditions 
a flow rate of 420,000 cfm will be drawn through the various mine 
shafts and exhausted back to the surface through a 14 ft diameter 
shaft where it will be discharged directly to the atmosphere. If 
the concentration of radioactive aerosol increases beyond a trigger 
level, the flow rate will be reduced to 60,000 cfm and the air will 
be diverted through a set of absolute (HEPA) filters prior to being 
released to the atmosphere. CAM samplers are to monitor 
radioactive aerosols in both the 14 ft diameter shaft and the 
exhaust of the HEPA filters. A monitoring system, which had been 
installed at the site, was deemed by EEG to be inadequate because of 
questionable transmission of aerosol from the free stream to the 
filters of the CAM samplers(!). As a consequence, construction of 
the above-ground portion of the air exhaust system was halted. The 
prime contractor for the facility contacted us with a request to 
develop technically supportable designs for the aerosol sampling 
system. 

The approach which we used was to design a special sampling 
probe which can be used over a range of duct velocities in either 
the 14 ft exhaust shaft or in the exhaust air downstream of the HEPA 
filters. In parallel, we investigated the losses of aerosol 
particles in the transport lines between the probe and the CAM 
samplers and developed criteria for maximizing aerosol penetration 
thorough inclined lines. Finally, we re-designed the internal flow 
system of the CAM samplers to improve the aerosol penetration. 

II. The Shrouded Aerosol Sampling Probe 

The original sampling system employed several small isokinetic 
probes operated in parallel. At the location downstream of the HEPA 
filters the probes were approximately l/4~inch diameter and the 
probe rake was located about two duct diameters (20 ft) downstream 
from a major disturbance in the flow stream, namely, a fan discharge 
which entered the duct at a 45° angle. We reco.mmended that the 
multiple probes be replaced with a single large-diameter probe and 
to locate it at a position where the velocity and concentration 
profiles would be fully developed. Scale models of the ducting for 
both sampling stations (the 14-ft exhaust shaft and the ductwork 
downstream of the HEPA filters) were constructed, tested to 
determine velocity and concentration profiles, and the appropriate 
locations selected(2). Our recommendation for the sampling station 
in the main exhaust shaft was that it should be placed at a distance 
of 1.5 duct diameters upstream of an elbow at ground level, and that 
the post-H~PA filter sampling station be located 11.5 diameters 
downstream of the fan discharge. 
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EEG setup a requirement that the sampling system must provide 
for the transmission of at least 50% of 10 µm aerodynamic diameter 
aerosol particles from the free stream to the CAM filters. To 
accommodate this, we investigated the use of a shrouded probe as the 
single point sampler. Torgeson and Stern(3) had developed a 
shrouded probe in conjunction with an aircraft-borne sampler. They 
needed a sampler which would operate over an extended duration of 
time and which would collect representative samples in spite of the 
angle-of-attack changes of the aircraft as fuel was consumed. The 
probe of their sampler was operated isokinetically within the 
shroud. Experimentally, they found the use of a shroud negated 
angle-of-attack effects. For the application at the WIPP site, it 
was desired to maintain a constant flow rate through the probe even 
though the free stream velocity could vary over the range of 
400-2750 ft/min. It appeared by shrouding an anisokinetically 
operated probe, an improvement could be made in the aerosol 
transmission vis·a·vis that of the rake of small diameter isokinetic 
probes. 

With reference to Figure 1, the 6 cfm shrouded probe consists 
of a 4-inch diameter shroud placed about a 1.18-inch diameter 
sampling probe. The entrance plane of the 1.18-inch probe is placed 
at a distance of 6-inches downstream of the shroud entrarice plane. 
The probe has an enlarged waistline which is designed to reduce the 
velocity within the shroud. For the configuration shown in Figure 
1, the velocity within the shroud is 40% of the free stream velocity 
over the range of free steam velocities from 400 to 2750 ft/min. 

PROBE 

FIGURE 1. Shrouded aerosol sampling probe. This particular 
design has a flow rate of 6 cfm and is used to 
sample sizes ~10 pm aerodynamic diameter. over the 
velocity range of 400-2750 ft/min. 
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The performance of the shrouded probe is shown in Figures 2 and 
3. The system was tested in aerosol wind tunnels using methodology 
which is described by McFarland et al.(4). Basically, the procedure 
was to generate aerosols of a known size with a Berglund-Liu 
vibrating jet atomizer(5), effect mixing of the aerosol in the wind 
tunnel, and sample the mixed stream with an isokinetic sampler and 
the shrouded probe. The aerosol was tagged with a fluorescent dye 
which serves as an analytical tracer. A range of sizes of 
isokinetic probes was used to accommodate the range of free stream 
velocities. Aerosol particles which were drawn into, and 
transmitted through, the probes were collected with filters. In the 
laboratory, the fluorescent tag was eluted from the filters and the 
internal surfaces of the probes were washed to extract the dye from 
particles which had been deposited on the probe walls. The total 
particulate matter collected by the isokinetic probe (filter +wall 
losses) was used to determine the actual aerosol concentration in 
the wind tunnel. 

Two parameters can be used to characterize the performance of 
the shrouded probe, the aspiration ratio, A, and the relative 
transmission, T. The aspiration ratio is the spatial mean 
concentration of aerosol at a probe entrance divided by the aerosol 
concentration in the free stream. For the shrouded probe, A is 
given by: 

A= (cf,s + c 1 )/(cf . + c 1 . ) w ,s ,J. w ,J. 
( 1 ) 

where: Cf 8 = aerosol concentration in the wind tunnel determined 
from the filter of the shrouded probe; cwl 8 = concentration 
determined from internal wall losses in the shrouded probe; Cf i = 
concentration determined from aerosol collected on the filter of the 
isokinetic probe; and, Cwl i = concentration determined from wall 
losses in the isokinetic probe. 

The transmission, T, is the ratio of aerosol concentration 
transmitted through the probe to the aerosol concentration in the 
free stream. The difference between A and T represents the relative 
change in concentration due to internal wall losses in the probe. 
The value of T for the shrouded probe is calculated from: 

T = cf /(cf . + c 1 . ) ,s ,J. w ,J. 

For a continuous aerosol monitor, where the wall losses cannot be 
recovered, the transmission, T, is the more meaningful parameter. 

( 2) 

The values of T and A for 10 µm aerodynamic diameter particles 
are shown in Figure 2, where it may be noted that over the range of 
velocities of 400-2750 ft/min, transmission of the shrouded probe is 
between 0.92 and 1.10. The aspiration coefficient lies between 0.98 
and 1.25. By comparison, the values of T for the isokinetic probes 
range from 0.98 at 400 ft/min to 0.65 at 2750 ft/min. As wind speed 
is increased, the internal wall losses of the isokinetic probes 
monotonically increase. · 

The effect of aerodynamic particle size upon A and T for the 
shrouded probe operated at 6 cfm in a 2750 ft/min free stream is 
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shown in Figure 3. At 1 µm, both A and T are unity, whereas at 15 
µm the transmission is 1.09 and the aspiration coefficient is 1.38. 
For the size of 15 µm, almost half of the aerosol aspirated into an 
isokinetic probe is lost on the internal walls (T = 0.53). 

III. Deposition in Inclined Sampling Tubes 

At the WIPP site, there are several dozen CAM samplers in the 
underground area. Many of the units sample aerosol which has been 
transported through 0.62-inch inside diameter tubing, with several 
of the units having extended horizontal segments. The maximum 
length of a horizontal run is 13 ft. It was desired to determine 
the optimal tube diameter for transporting the -aerosol to these CAM 
samplers as well as to the above-ground monitors. For the WIPP site 
studies, the actual modeling effort was more extensive in that it 
included tube aspiration losses and losses in pipe bends(6); 
however, only the losses in inclined tubes will be discussed herein. 

Several studies have been reported whi~h estimate particle 
deposition in aerosol transport lines; but, for this effort, we 
chose to use the model of Liu and Ilori(7) for turbulent deposition 
and Stokes law for gravitational settling. It was assumed that at 
an axial distance of x from the tube entrance, the aerosol was well 
mixed across the tube cross section. Then, in the differential 
control volume between x and x+dx, the effects of the combined 
mechanisms of turbulent and gravitational deposition would take 
place. The aerosol would again be well mixed at the axial location 
of x+dx. The first order differential equation for aerosol 
penetration, P, gives: 

( 3) 

where: Dt = tube diameter; Ve = effective particle deposition 
velocity due to gravitational settling and turbulent diffusion; L = 
tube length; and, Q = volumetric flow rate. The value of Ve is 
calculated from: 

1 J2n v = ~2 (Va - v sine) ae e n 
0 

g 

where Vd = particle deposition velocity due to turbulent motion; 
= particle gravitational settling velocity; and, e = polar 
coordinate angle of a point on the pipe wall (distance Dt/2 from 
pipe centerline). The angle 9 is zero in the horizontal plane. 
gravitational settling is, in turn, calculated from: 

( 5 ) 
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where: g = gravitational acceleration; ~ = particle relaxation 
time(8); and, +=angle of inclination of the tube axis relative to 
the horizontal plane. 

Equation (4) is subject to the constraint: 

( 6 ) 

The constraint is nec~ssary to preclude the mathematical -anomaly of 
particle transmission from the environment through the upper half of 
the pipe (-90°59590°). Without the constraint, there is a simple 
analytical solution to Equation (4); however, with the constraint 
Equation (4) must be solved numerically. Schwendiman(9) and Vick 
Roy(lO) solved the equivalent of Equation (4) for horizontal pipes 
without the constraint. Their results did; nevertheless, show that 
there is a pipe size for which aerosol transport will be maximized. 

Typical computational results are shown in Figure 4 where the 
penetration of 10 µm particles at a flow rate of 2 cfm is plotted as 
a function of tube diameter for various tube lengths. A flow rate 
of 2 cfm is chosen because it is typical of that used in the 
mine-area CAM samplers. It may be noted that there is a diameter 
for which the penetration is optimal. If the tube diameter is 
smaller than the optimum size the penetration drops rapidly due to 
increases in turbulent deposition. For tube sizes greater than the 
optimum, the penetration decreases due to increased gravitational 
settling. It may be noted from Figure 4 that the optimal diameter 
is independent of tube length. In selecting a tube for a particular 
application, it is recommended that the size be chosen somewhat 
larger than the optimal diameter. Similar curve forms are obtained 
for other angles of inclination, +; however, there is no optimal 
diameter for vertical tubes since there are no gravitational 
settling losses. 

The optimal diameters of horizontal tubes for various flow 
rates and particle sizes are plotted in Figure 5. For the WIPP site 
underground CAM samplers, which are to be operated at flow rates of 
2 cfm, the optimal tube diameter for 10 µm diameter particles is 
0.75-inches. The size chosen for the application was 1-inch. In 
the case of the above-ground sampling lines, the flow rate is to be 
6 cfm, for which Figure 5 shows the optimal diameter to be 
1.2-inches for 10 µm diameter particles. The tube size selected for 
this application was 2-inches diameter. 

IV. CAM Sampler Re-design 

The internal flow system of the CAM samplers purchased for the 
WIPP site is shown schematically in Figure 6. Aerosol enters the 
CAM sampler from a 0.62-inch inside diameter tube; however, the 
cross section of the. CAM is reduced to approximately O .125-inches by 
0.62-inches as the air entets the gap between the detector tube and 
the filter holder. Rodgers and Kenney(ll) estimated that the 
cutpoint of such an arrangement would be approximately 1 µm 
diameter at a flow rate of 2 cfm, where the cutpoint is the 
aerodynamic particle diameter for which the penetration of aerosol 
to the filter is 50%. 
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FIGURE 4. Particle deposition in horizontal tubes. 
Aerodynamic diameter = 10 µm. Flow rate = 2 cfm. 
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FIGURE 6. Internal flow system of CAM samplers procured for 
the WIPP site. A 0.62-inch inside diameter tube 
enters the housing, but the end of the tube is 
reduced to 0.125-inch x 0.62-inch at the location 
where the flow enters the gap between filter and 
detector. 

We tested an existing CAM sampler with monodisperse 10 µm 
diameter aerosols and the results showed that at a flow rate of 2 
cfm, the losses were 76%. Since EEG had set the requirement that at 
least 50% of 10 µm particle should penetrate the complete sampling 
system, it was necessary to modify the CAM internal flow design. 

One approach to re-design of the airflow system is shown in 
Figure 7. A plenum chamber in the shape of a toroid with a 
rectangular cross section, was set up about the gap between the 
filter and detector. Air could then flow into the gap from a full 
360° circle in the horizontal plane. Tests with 10 µm diameter 
particles at flow rates of 1 and 2 cfm showed losses of 14% and 8%, 
respectively. This approach would have been satisfactory except 
that we preferred to replace the filter holder and filter changing 
mechanism on the CAM sampler with a different design. 
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FIGURE 7. Modified CAM design. A plenum is placed about 
the gap between filter and detector. Air enters 
the gap radially from a full 360° circle in the 
horizontal plane. 

The second approach to improving aerosol penetration through 
the CAM sampler is shown in Figure 8. Here, the aerosol is brought 
into the CAM sampler at a location below the gap between the filter 
and detector. It then flows upwards, into the gap and is drawn 
through the filter. The filtered air is then directed downward to 
the pump connection. Tests with 10 µm aerosol particles showed wall 
losses for this design of 14% at flow rates of both 1 and 2 cfm. 

With CAM samplers, it is desirable to have uniform deposits on 
the filters. To test the uniformity, we exposed the filters to 
monodisperse 10 µm particles and then removed 7 subsamples from each 
filter. The fluorescent tag was eluted from each subsample and the 
mass of aerosol on each subsample was referenced to the mean of the 
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FIGURE 8. Modified CAM design. Air enters from below the 
filter holder then flows through the gap between 
filter holder and detector. Radial flow into the 
gap is in a full 360° circle in the horizontal 
plane. 

subsamples. The results, at a flow rate of 2 cfm, showed the range 
of mass collection to vary from 0.87 to 1.22 for the configuration 
with the aerosol entering from the toroidal plenum (Figure 7). For 
the design with the flow entering from below the gap (Figure 8), the 
range of normalized mass collection values was from 0.95 to 1.08. 

IV. Summary and Discussion 

The shrouded probe which was developed for exhaust air stream 
sampling at t~e WIPP site offers a distinct advantage over an 
isokinetic probe. Because the velocity inside of the shroud is 
smaller than in the free stream, the sampling probe size can be made 
larger. As a consequence, the wall losses in a shrouded probe are 
inherently less than. in an isokinetic probe. The shrouded probe can 
be operated at a fixed flow rate over a broad range of velocities. 
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For the 6 cfm sampler design reported herein, the shrouded probe 
provided transmission values for 10 µm aerodynamic diameter 
particles that were within ±10% of the free stream concentration 
values over a range of velocities of 400 to 2750 ft/min. By 
comparison, due to wall losses an isokinetic probe will show 
transmission values of 0.98 to 0.65 for the same range of 
conditions. 

The numerical model for particle losses in inclined tubes shows 
a distinct optimal diameter for horizontal lines. For tube sizes 
smaller than the optimal, the losses increase dramatically with 
decreasing size; whereas, for tube sizes greater than the optimal, 
the losses only gradually increase .. As a consequence, for a given 
application the user should design the tubing to be somewhat larger 
than the optimal size. In two applications at the WIPP site, we 
recommended tube sizes that were 1.3 to 1.7 times the optimal size. 

The CAM samplers purchased for the WIPP site were tested with 
10 µm diameter aerosol particles and the wall losses in the sampling 
region were 76% at a flow rate of 2 cfm. Two re-designs were 
investigated. With both, the air flow entered the gap between the 
detector and filter in a full 360° circle in the plane perpendicular 
to the axis of the detector. Wall losses were reduced to less than 
15% with each of the designs. 
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I. Introduction 

The purpose of isokinetic sampling is to withdraw a representative sample of 
the particles in a fluid stream at the same rate (velocity) at which the fluid flows 
through the stack; e.g., fluid stream borne particles are neither accelerated or 
decelerated as they enter sample lines. Under such conditions, minimal interference 
is imparted on the fluid: consequently, particles in the fluid do not cross streamlines 
either to enter or to bypass the sampling nozzles. 

Non-isokinetic sampling generally results in a non-representative sample that 
is distorted with respect to particle size. The degree of this distortion is more 
pronounced with larger particles.1 Isokinetic sampling also means that the sample 
flow rate is proportional to the flow rate in the duct or stack, provided that the 
proper average stack velocity is measured. 
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Isokinetic sampling is required for all extractive, particulate, source 
measurement methods (BP A Methods 5 and 17 for example) and in sampling 
airborne radioactive materials (ANSI N13.1-1969). 

A most significant feature of isokinetic sampling is its ability to sample 
independently of the gas composition, a feature not available with any other 
technique. Therefore, isokinetic samplers are extremely useful in applications in 
which the gas composition varies with changes in plant operating conditions. 

Continuous isokinetic sampling systems have generally used several fixed 
sampling nozzles and velocity sensors, usually located at the center of equal flow 
areas within a stack or duct. Such an arrangement effectively performs an 
"instantaneous" velocity traverse. Until recently, most systems used an averaging 
multiport Pi tot tube array to measure the average velocity, and a sampling "rake" 
(with several nozzles) to withdraw the sample. Generally, an orifice-type flow meter 
is used to measure the total sample flow rate, ·with the flow rate held proportional to 
the average velocity. 

II. ADVANCED THERMAL SENSORS ARE KEY TO ISOKINETIC SAMPLING 

Kurz Instruments has developed an all electronic, no-moving-parts, all 
stainless steel stack velocity sensor that is both rugged and sensitive. Expressly 
designed for stack sampling environments, this sensor is designed to measure air 
velocities as low as 25 feet per minute, function in hostile environments of high 
temperature, withstand corrosive flows, and function satisfactorily in 
particulate-laden gases. Obviously, these sensors work just fine in nuclear 

1. . 2 
app icat1ons. . . 

Fundamental principle 

The fundamental idea behind a therm·a1 flow sensor is that the mass velocity of 
any fluid can be inferred from the heat transferred or convected from a well-defined, 
well-understood, heated element. 

Although thermal sensors can be operated under conditions of constant power, 
constant current, etc., the modern flow sensor can most advantageously be operated 
as a constant-temperature differential thermal anemometer. This is accomplished by 
using two temperature-sensitive resistance temperature detectors (RTDs), one to 
measure ambient temperature, and a smaller one which is self-heated to a preset 
temperature above the ambient temperature.3 · 
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Zero 

A major advantage of isokinetic sampling systems using thermal anemometers 
is their unique "live" zero output. This single feature adds immeasurably to 
confidence in data quality-- an important concern in every nuclear monitoring or 
sampling program. Commonly overlooked, the fact is that thermal sensors are 
electrically active at zero flow. That is, an un-signal-conditioned output of 
approximately 3 V de corresponding to no-flow conditions is available. Thus, a zero 
or no-flow data point can be established during calibration. Many other types of 
flow devices such as differential pressure devices (pitot tubes and orifice plates), 
turbine meters and vortex shedders, yield no interpretable signal when they are 
within even several hundred feet-per-minute of zero or no-flow conditions. Thus, 
thermal anemometers exhibit a rare feature: zero flow is a calibration data point. 
This means that whenever the flow is zero, the calibration may be verified. 

Additional Advantages of Thermal Sensor Systems 

Dirt Insensitivity: The stack velocity sensors/probes use a flow- through design 
and will not plug or clog from particulate build- up. Kurz has had excellent 
experience in extremely dirty environments (copper smelters, cement plants) and 
found the stack probe to be highly dirt insensitive. In comparison, a Pitot tube array 
is based on the deceleration of the air stream to develop a pressure output. Thus the 
Pi tot tube is a nearly perfect particulate impactor, and collects a large percentage of 
particulates being carried in the stack flow. This equates to a large amount of dirt; 
and it usually accumulates surprisingly fast. A severe adverse impact on maintenance 
cost and data quality assurance results. 

Verification and Integrity. Despite the probability of one of the Pitot tube 
inlets becoming clogged, there is no provision to indicate or alarm the condition. 
Further, it will not be apparent from the Pitot array output signal that conditions are 
anything other than perfect, and only regular visual manual inspection can 
determine otherwise. Consequently, Pi tot tube data is suspect most of the time.4 In 
contrast, with all electronic thermal sensors, the operation of each sensor can be 
verified at any time, either manually through the use of the velocity profiler feature, 
or continuously and automatically in the new systems using the isokinetic sampling 
computer. 

No Purge System Required: Thermal sensor isokinetic sampling systems do 
not require a high pressure air purge system for sampling rakes or velocity sensors 
(see discussion above). -
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Ease oflnstallation: In many other types of isokinetic sampling systems, the 
isokinetic sampling probe(s) must be built into a large expensive duct section 
requiring forklifts; cranes and several workers to install. The Kurz isokinetic probe 
inserts thru a 6" flanged port. No duct section is required, and in most cases a 
velocity profile modification device is ont required. 

Simple Interface to Customer Recorder or Control Systems: System signals 
are linear 0-5 V de or 4-20 mA outputs, rather than pneumatic. No corrections for 
temperature or pressure are required. 

Large Turn-Down Ratio: Thermal sensors exhibit a tremendous turn- down 
ratio. Air velocity as low as 25 FPM and up to 15,000 FPM can be easily measured. 

Mass Velocity Measurement: Thermal sensors measure the mass velocity rate 
expressed as SCFM!Ff2. Therefore, no corrections are needed for temperatures or 
pressure. Humidity has a negligible effect in most situations. 

Calibration Verification: 

A number of unique possiblities exist for calibration verification. They include: 
1. The velocity profiler feature allows the user to measure the output of each 
velocity sensor, thus verifying the zero calibration point, its functionality, and 
comparison to an in-situ velocity measurement. 2. Ports are machined into each 
mounting flange to allow the insertion of portable air velocity meter. With such a 
meter, the velocity profile of the duct can be measured, and in particular, the 
calibration of each velocity sensor can be verified. 3. Using a bench-top wind tunnel, 
users can calibrate or verify the calibration of each velocity probe whenever the 
sampling rake is withdrawn from the ducts or before installation. 4. A field calibrator 
is available to simulate all of the flow and velocity sensors in order to verify 
electrical calibration and to re-calibrate equipment if desired. 

ill. NEW HIGH-PERFORMANCE SAMPLING NOZZLES 

Relatively simplistic guidelines constitute nozzle design practice to date. 
5 

Sample nozzles are constructed with a (chamfered) taper to a sharp edge to 
minimize turbulence at the nozzle entrance. Most designers acknowledge that 
particulate deposition cannot be prevented. Consequently, they make no 
extraordinary efforts to minimize deposition, but rather accept and advise that 
sampling probes must be frequently cleaned and deposited particulate recovered. 
Such an approach is not deemed commendable in nuclear-related applications. 
Outside of the undesirability of a high-maintenance item, operators need a high 
confidence level that should they have a release, the sampling system and its 
associated radiation monitors would be collecting representative samples, and would 
alarm the release, and further provide a basis for defensible calculations of the true 
effluent release later. 
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Performance gains from use of thermal sensor technology were discussed 
above. While optimum, high-confidence flow measurement is vitally important, all 
authors agree that high performance (low-loss) sample withdrawal nozzles are 
absolutely critical for isokinetic particulate sampling. 

Kurz has tested a number of existing nozzle designs. Results have shown that 
no amount of careful fabrication and gentle bending and manifolding of the flow 
make a significant difference. 

New nozzles have been designed at Kurz Instruments. As a nozzle design 
practice, we've found that, once a particle has entered the nozzle, what works best is 
to slow the flow down before taking that particle around any bend. The new low-loss 
nozzle incorporates this basic principle in a novel flow geometry. (Patent Applied For) 

IV. FINDINGS 
Using standard procedures common in aerosol measurements, tests were done 

using a vibrating orifice aerosol generator with an isokinetically controlled sample 
flowrate downstream of a wind tunnel. Results are given in Table 1: · 

Table 1. KURZ Nozzle versus ANSI Standard Nozzle 

FLOW RATE (slpm) Penetration 
5µ,m 10µ,m 15µ,m 

KURZ NOZZLE 
10 91% 51% 34% 
15 87% 40% 30% 
20 72% 42% 30% 

ANSI NOZZLE 
10 88% 13% 1.5% 
15 82% 3% 0.4% 
20 72% 2% 0.2% 

Figure 1. graphically shows the outstanding performance of the Kurz 
design versus the ANSI design, especially for particles greater than 5µ,m. Since 
human lungs are exceptionally good filters for particles up to 15µ,m, the Kurz nozzle 
design has important health physics consequences. 
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PARTICLE LOSS RESULTS 
Kurzvs.ANSI Nozzle 

10,10 10,15 10,20 15,10 15,15 15,20 

Particle Size, Flow 

Figure 1. 
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Today, engineers charged with the radiological monitoring task are being 
required to estimate and defend an acceptable particle loss in the sample delivery 
system. Experimentally validated software programs make this feasible without 
incuring the expense of building actual hardware. 

Kurz has developed a computer program, based on accepted theory and 
experimental data, to analyze particle losses in isokinetic sampling rakes. In 
particular, the program is used for calculating particle losses in individual 
components of sampling systems, using the capability of the program to optimize 
each component in the sample delivery system starting from the nozzle tips to the 
inlet to the filter or detector. The model includes losses due to gravity settling, 
turbulent deposition and centrifugal forces. The latest version includes explicit 
equations for losses in bends, based on the empirically verified curves of Cheng and 
Wang, 6 and Pui et al. 7 Program results compare very well with existing 
experimental data. Our results show that many of the design guidelines for nozzles 
published in ANSI N13.1-1969 result in very poor sample collection systems. 

Geometries that can be analyzed include: 

straight (pipe or tube) sections 
radiused bends, 
converging and/or diverging sections, and 90 degree junctions. 
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The program, called the PARTICLE LOSS PROGRAM (PLP), is written for 
incompressible, subsonic flows at standard conditions of25° C and 760mm Hg. It 
covers a particle size range from 0.2 to about 70 µm aerodynamic diameter, and 
Reynolds numbers from 100 to 10,000. It assumes that particles stick if they strike 
walls. 

The program asks the user to: 

1. 
2. 
3. 
4. 

Enter particle size in µ,m. 
Enter type of section: 1, 2, 3, or 4. 
Enter flow role in Liters per minute (Lpm) 
Enter tube diameter in cm. For a convergmg or diverging section this is the 
beginning (or entry) diameter. 

Depending on type of geometry, the user is asked additional questions: 

SECTION TYPE 
Straight 

Bend 

Radius of. 
curvature in cm. 

Converging or 
Diverging 

All of the above 

Junction 

ADDffiONALINPUT 
Length in cm. 

Degrees of bend; e.g., 60°, 90° 

If zero or return is entered, the default 
radius (5 x tube dia.) is used. 

Ending (or exit) tube diameter, in cm. 

Inclination of flow, 0° = horizontal, 
90° =vertical. For bends, use average 
inclination. 

Ratio of upstream manifold flow 
to sample flow for a (90°) junction. 

The program then outputs the total penetration in percent to the screen and 19 
quantities are output to the printer. The terms are defined below: 
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Type of section 
1 = straight 
2 =bend 
3 = converging or diverging 
4 = 90° junction 
Particle diameter in microns(µ,). 
Flow rate i~ L~M (Liters Per Mmute). 
Flow velocity m cm/s ( centimers per second). For converging or diverging 
this is inlet velocity. 
Reynolds number. For converging or diverging sections, this is inlet 
Reynolds number. 
Tube diameter in cm. For converging or diverging sections, this is inlet 
tube diameter. 
Tube diameter at outlet end of section in cm. 
Length in cm. Calculated for bends and converging/diverging sections. 
Input for straight sections. 
Tlieta.( e) Inclination of flow with respect to horizontal in degrees. · 
Angle of bend in degrees. 
Raaius of curvature of bend. 
Ratio of manifold flow to sample (90x) flow. 
Penetration ( % ) based on inertial deposition during turbulent flow. Will 
be 100% for laminar flow. 
Penetration ( % ) based on loss due to gravitational settling. Different 
mechanisms for laminar and turbulent flow. 
Penetration(%) based on loss due to centrifugal forces in bends. Different 
mechanisms for laminar and turbulent flow. 
Penetration ( % ) based on inertial losses in a converging section. 
Penetration ( % ) based on impaction-type losses in 90 degree full diameter 
junction. 
Combined p~netration ( % ) for the five mechanisms given above. 
Total loss(%) for section (100% minus TOTPEN%). 

Conclusions 

Isokinetic sampling systems are being used for airborne radioactive material 
sampling in order to comprehensively satisfy DOE, NRC and EPA requirements at 
uranium milling facilities, gaseous diffusion plants, commercial nuclear facilities and 
plutonium fabrication plants. Kurz has delivered isokinetic sampling systems using 
the high-performance nozzles described above to many commercial and government 
nuclear facilities. Enlightened users and administrators has clearly seen the 
advantages of these newer systems. For the greatest public safety, and foi: 
authoritative scientific reasons, the authors contend that performance standards 
published by Federal agencies for air sampling and radiation monitoring be raised. 
Standards should prescribe that systems meet minimµm performance criteria. The 
authors plan to continue work on new proposed standards, and hopes the entire user 
community supports h~gher air sampling and radiological moriitoring standards. 
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Appendix A. Isokinetic Sampling System Hardware 

For larger stacks, multipoint systems are required. The modem multipoint 
isokinetic stack sampling system is composed of a series of low-loss sampling nozzles 
paired with wide turndown thermal anemometer stack flow sensors. A mass flow 
meter measures sample flow in an isokinetic control system loop so that sample flow 
is pulled at particle rates identical to velocity in the stack. The control electronics 
and the sample rate flow-control valve are usually remotely mounted inside a 
NEMA-type enclosure some distance from the in-stack isokinetic sampling probe(s). 
Operation is fundamentally simple and straightforward. First, the stack velocity 
sensors provide a 0-5 V de or 4-20 mA signal linearly proportional to stack velocity. 
Secondly, a thermal mass flow meter provides a 0-5 Vdc or 4-20 mA signal linearly 
proportional to flow rate in the sample line. Finally, an isokinetic sampler controller 
accepts the input signals from the sample rate mass flow meter, compares it to the 
signal from the stack velocity sensors, and sends an error signal to the sample flow 
rate control valve, maintaining the isokinetic flow control point. 

ISOK.INETIC SAMPLING COMPUTER: Recent systems delivered have used 
a newly developed computer system and accompanying software to perform basic 
isokinetic sampling functions. Digital flexibility has allowed many items from users' 
"wish lists" to be incorporated. The authors plan to fully describe the isokinetic 
sampling computer in a future paper. 

Finally, note that these systems can be readily environmentally and seismically 
qualified, where required. 
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DISCUSSION 

ORNBERG: I will ask the same question that I 
think Mr. Schmidt asked on the first day of the sessions. It seems 
there has been a lot of discussion about sampling during this 
Conference and you have mentioned the ANSI N-13.1 procedure. I think 
Mr. Schmidt asked at the beginning of the Conference, "Why can't all 
the people that design these systems get together and come up with a 
consensus standard on how to do it right, including lessons learned 
about isokinetic sampling?" What is standing .in the way of that 
happening? 

KURZ: That is a good question. Nobody has asked 
us to do it. I can't find out who is in charge of this committee. I 
have tried. I think the manufacturers who go out and see the applica
tions, that beat the bushes, know what needs to be done, but it is 
difficult trying to tell an engineer at a plant that does not know 
what isokinetic sampling is, what he ought to do. There is no guide
line from the top. The DOE does not say, "This system worked at 
Hanford, Purex, but the one we had in there before, did not work. 
Therefore,· we need to have this system at INEL because we can not use 
something that has never been tested." But that doesn't happen. They 
do not talk to each other. I am hoping that if I get enough people 
mad that they will go talk to each other, and talk to people at Rocky 
Flats, and Oak Ridge, and so forth. We could revise.ANSI N-13.1. 
Every time I write out a specification or a quote, I do exactly that. 
I say what the performance specifications should be and then I try to 
get them to include them in their purchase specifications. Most of 
the time it comes out watered down because they are so damn afraid of 
putting in anything that would be for my equipment, only. So they 
alter it so that it could be made out of Swiss cheese and if you stand 
on your head and say it works, they will buy it. They would be afraid 
that if they did not buy it they would have a protest. That is what 
is standing in the way, I think. But I think it would be great to 
revise ANSI N-13.1. I will be happy to work on it. Until this 
meeting I could not find new committee members. I will attempt to 
present these "lessons" to the committee and hope to get them ac
cepted. 

HULL: I have what I hope is good news. The 
Health Physics Standards Committee has asked John Glissmeyer from 
Pacific Northwest Lab. to head up a working group to update ANSI N-
13 .1 {1969). It met briefly at the Health Physics Society Annual 
Meeting here in Boston on July 6 and is to define its mission at the 
HPS mid-year meeting in San Antonio in December of this year. Your 
suggestions and/or participation would be welcome. 

KURZ: Thank you, I will be there, I know John. 
We talked about it four or five years ago. 
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Abstract 

The theoretical optimization of filter characteristics that 
minimize an individual's dose from the inhalation of radon progeny is 
described. The computer simulation presented combines models for a 
well-mixed room, lung deposition, and lung dose equivalent. A 
modified form of the Jacobi-Porstendorfer room model and the 
Jacobi-Eisfeld lung dosimetry model are used for the simulation. The 
parameters of the filter that are optimized include the filter's 
solidity, thickness, and fiber diameter. Room ventilation, particle 
size distribution and concentration, and other factors are specified. 
The theoretical model is used to determine optimal filter 
characteristics for reducing the lung dose equivalent under specified 
room conditions. The resulting optimal design is a thin filter (0.1 
- 0.7 mm) of low solidity (0.5 - 1.0%) and relatively large diameter 
fibers (30 - 100 µm). This model indicates that a significant 
reduction in the dose-equivalent rate can be achieved through the use 
of a properly designed recirculating filter system. 

Introduction 

During the past several years there has been tremendous 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 a surge in 
research into the biological effects of radon and its decay products, 
how they enter the breathing zone in the home, and how to reduce the 
dose equivalent to people breathing the air. To date, the majority 
of the research has been directed toward the prevention of the entry 
of radon gas into the breathing zone. The present research focuses 
on the treatment of room air to remove radon decay products. The 
objective is the evaluation of the practicality of using a 
recirculating filter system as the mitigation device. 

Simple Room Model 

The room model in Figure 1 illustrates the relationships among 
particle concentration, ventilation, surface deposition, filtration, 
and source terms. In th.is model, '·steady state conditions require 
that the production terms equal the loss terms for particles within 
the room. With no filter operating, this means that the source term 
is equal.to the rate of loss through exchange with outdoor air 
(accounting for the outdoor dust brought inside by infiltration), and 
the loss due to deposition on room surfaces. 
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The air exchange rate is defined as the ratio of the air flow 
rate through the room divided by the volume of the room. The surface 
deposition rate (also known as the "plateout rate") is defined as the 
rate at which one room volume of air is cleared of particles of a 
specific size. This is equal to the deposition velocity of the 
particles times the surface area of the room divided by the room 
volume.Cl) In this model, particles are assumed not to be 
resuspended once deposited on a surface. For each particle size, the 
deposition velocity is defined relative to the calculated deposition 
velocity of the unattached, or "free", decay products of radon-222. 
(2) Based on measurements under laboratory conditions, the 
deposition of unattached radon-222 decay products has been estimated 
to be in the range of 2 to 10 mm/s. For this model, 2.3 mm/s is 
used, with a diffusion coefficient of 5 mm2/s.(1) 

IN _ OUT - FILTER -
Qf Qf 

EXTERIOR AIR INTERIOR AIR 
IN OUT ... ... 
Qv 

G ,, 
Qv 

~/lTEOuTI SOURCE 

FIGURE 1. Compartmental model of particle interactions in a room. 

The filter efficiency is a function of the characteristics of 
the filter, including the thickness of the fibrous mat, the filter 
solidity (which is the ratio of the volume of the fibers to the total 
volume of the filter), and the diameters of the fibers. For a given 
fiber diameter, a "single fiber efficiency" can be defined qs a 
function of the velocity past the fiber and diameter of the particle. 
The relationship of the single fiber efficiency to the overall 
efficiency 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, thi~ model assumes an average fiber 
diameter. The three filter parameters that are adjusted for purposes 
of optimization are the solidity, the filter thickness, and the fiber 
diameter. 
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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. Since the air from 
the filter is returned to the room (as in a "recirculating" system), 
this is not, in this case, the parameter of primary interest. What 
is important is the "filter effectiveness", which is the ratio, at 
steady state, of the dose-equivalent rate from the airborne decay 
products before and after treatment. (The optimization of the 
"effectiveness" of a filter in reducing the mass of the particles in 
room air was discussed in an earlier paper.(3)) 

The variables not yet defined are the filter face area and the 
single fiber removal efficiency. For purposes of these calculations, 
the filter area is fixed equal to 1 m2, and the single fiber removal 
efficiency is defined at a single particle size for removal due to 
impaction, interception, and diffusion. By weighting the single 
fiber efficiency at each particle size by the particle size 
distribution, the filter model can be made to be applicable over the 
entire range of particle sizes. This weighting factor is also 
applied to the processes of deposition, air exchange, and the source 
term. 

Practical considerations in the design of filters include 
limitations on the filter characteristics, the 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 is allowed to 
vary from 0.5% to 35%; the filter thickness is allowed to vary from 
0.1 to 100 millimeters; and the fiber diameter is allowed to vary 
from 0.1 to 100 micrometers. In the room model used, the presence of 
a recirculating filtration system is assumed not to change the 
exchange rate with outdoor air. Another limitation placed on the 
filter design is that the filter velocity not exceed 5 m/s (980 fpm, 
11 mph), as this was regarded as the highest comfortable breeze from 
the fan. 

From fan laws, the aerodynamic noise caused by a fan is related 
to the pressure drop as an exponential function of the operating 
sound power level and a reference sound power leve1.(4) 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 [lcfm] at a 
fan total pressure of unity [1 in. H20] at the same point of 
rating").(~) For this analysis the reference sound power level is 
assumed to be equal to 50 dB. Also, the sound pressure level for the 
outlet of a "reasonably quiet" fan is assumed to· be 65 dB. Thus the. 
fan pressure drop is limited so it will not result in fan noise 
greater than 65 dB. 

Radon Decay Product Interactions Model 

To simulate the interactions of radon decay products in the 
room, the Jacobi-Porstendorfer room model is used.(5) This model was 
modified to include the interactions between radon decay products, 
particles in the air, and various sources and sinks as illustrated in 
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Figure 2. The steady-state conditions describing the concentrations 
of radon and its decay products in room air are 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, exqhange 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 rate constant for attachment of unattached radon decay products 
to particles in the room air is expressed as a function of the 
attachment rate coefficient. (6) 
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Deposition - Deposition - Deposition -
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FIGURE 2. Radon decay product interactions in room air. 

Jacobi-Eisfeld Lung Dose Equivalent Model 

The model used to calculate the dose-equivalent rate delivered 
to the lung tissue by the decay products was developed by Jacobi and 
Eisfeld (J-E).(7) The interactions between the radon decay products, 
particles in the air, and the kth generation of the trachea-bronchial 
(T-B) region of the lung are illustrated in Figure 3. In the Weibel 
lung model (which was used in this analysis), generations are 
numbered 0-16, where #O is the trachea, and each branching of the 
bronchi is a new generation.(8) Generation #17 is the first 
generation within the pulmonary region. 
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The steady-state equations describing the activity retained in 
each generation are written as functions of the free and attached 
decay product activities breathed into the lungs, radioactive decay, 
deposition of the particles onto the lung surfaces, desorption of 
decay products from particle surfaces, movement of the decay products 
by muco-ciliary clearance, and diffusional transfer to the blood. 
The deposition rate of particles onto each generation of the T-B 
region is determined for each particle size according to the 
deposition curves developed by the ICRP Task Group on Lung Dynamics. 
(9) The probability of deposition for each generation was calculated 
using the Gormley-Kennedy egl}ations for deposition in a tube as 
described by Yeh and Schum.(10) (11) The breathing pattern used was 
the light exercise ("working") model of the ICRP: 16 breaths per 
minute at 1.25 L per breath.(12) 
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Radon decay product interactions within the tra
cheo-bronchial region. 

Three ciliary clearance rates are described by Jacobi and 
Eisfeld.(7) These correspond to a mean "slow" mucous velocity of 
1.0 cm/s, a mean "medium" mucous velocity of 1.5 cm/s, and a mean 
"fast" mucous velocity of 1.8 cm/s. The "medium" ciliary clearance 
rate is used in the computations. 
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Under the J-E Model, it is assumed that desorption of the 
attached decay products from their carrier particles must occur prior 
to being transported into the blood. This can occur at any time the 
particle is within the lung, and depends on the chemical form of the 
particle. Three desorption rates are describta by Jacobi and 
Eisfeld.(7) The desorption rate corresponding to normal atmosphere 
and room aerosols, 2.57 x 10-5 per second, is used for purposes of 
the analyses reported in this paper. 

The most significant loss mechanism, from a dosimetric point of 
view, is the diffusional transport of free or dissolved decay 
products through the lung wall into the blood. It is during this 
process that the decay of radon progeny results in alpha irradiation 
of the basal cells of the tracheo-bronchial region. Radon decay 
products are regarded as Class-D aerosols (i.e., a removal rate on 
the order of a day) with a blood transfer rate of 8.02 x 10-4 per 
second. (7) 

Jacobi and Eisfeld specified a range of dose-equivalent rates to 
the basal cells of each generation. They provided the dose-equiv
alent rates, per activity per unit area (in mSv/hr per Bq/cm2) for 
each generation of the T-B region. A range of minimum to maximum 
dose-equivalent rates is provided because of the varying depths of 
the tissue of the basal layer. The mean dose-equivalent rates 
specified for each generation were used in the calculations. The 
mean lung dose-equivalent rate is approximated by averaging the mean 
dose-equivalent rate for generations 2 - 15 of Weibel's Lung Model 
A.(7) This mean lung dose-equivalent rate is used in the 
calculations to determine the filter effectiveness. 

Initial Conditions 

Certain initial conditions were specified for the calculation of 
the conditions within the room. The indoor Rn-222 concentration was 
set at the EPA remedial action level of 148 Bqfm3 14 pCi/L). The 
outdoor Rn-222 concentration was set at 5 Bq/m3.(1) The ratio of 
decay product concentrations outdoors to the Rn-222 concentration was 
set at 1: 0.8 : 0.65 (for Po-218 : Pb-214 : Bi-214).(14) The 
surface to volume ratio of the room was set to 1.45 m-1, with a room 
volume of 80 m3. The exchange rate between the room and outdoor air 
was set at one air change per hour (1 ach). The aerosol was assumed 
to have a concentration of 20 particles/L (of unit density), and to 
be lognormally distributed with a count median diameter of 0.06 
micrometer and a geometric standard deviation of 2.0.(15) (16) 

Optimization Methodology 

The objective of the optimization of filter design is to reduce 
the lung dose-equivalent rate to a minimum. This can be achieved by 
defining the function to be minimized as the ratio of the lung 
dose-equivalent rates from breathing room air with a filter operating 
compared to.breathing room air without a filteli operating. The 
filter design that produces the minimum value for this ratio is the 
optimum design. 
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Multi-parameter optimization was performed using the Modified 
Simplex Method (MSM) of Nelder and Mead.(17) This procedure permits 
a simultaneous optimization of filter thickness, solidity, and fiber 
diameter using an adaptive, iterative, sequential search of the 
response surface, defined in this application as the ratio of the 
dose-equivalent rates from filtered and unfiltered room air. The MSM 
has been shown to be quite robust in finding true optima without 
calculating derivatives.(18) 

Using the approach applied in these studies, unimodality is not 
assured. To ensure that the technique has found the true global 
optimum, random starting points were chosen and repeated full 
optimizations performed. At least 100 such optimizations were run to 
assess the location of the optimal parameter set. In each case, a 
strict convergence criterion was set to avoid finding of "false 
minima" in regions of slow response change. 

Results 

Without the filter in operation, estimates of radon decay 
product concentrations in the room air were 122 Bqjm3 for Po-218, 
65 Bqjm3 for Pb-214, and 43 Bq/m3 for Bi-214, with 4.6% of the decay 
products in the free state. This corresponds to a Potential Alpha 
Energy Concentration (PAEC) of 0.02 Working Levels (WL), and an 
equilibrium factor of 0.42. The mean dose-equivalent rate to the 
basal cells of the T-B region was calculated to be 10 µSv/hr. 

Based on the results of the analytical routine, the optimum 
filter design characteristics resulting were found to be: 

Filter Solidity = 0.5%, 
Filter Thickness = 0.1 mm, and 
Fiber Diameter = 85 µm. 

The filter thus described had a filter velocity of 5 m/s, or a 
filtration rate in the room of 230 volumes per hour. Concentrations 
of radon decay products in the treated room air were estimated to be 
39 Bqjm3 for Po-218, 9.7 Bqjm3 for Pb-214, and 7.2 Bq/m3 for Bi-214, 
with 6% of the decay products in the free state. This corresponds to 
0.003 WL, and an equilibrium factor of o.os. The mean dose-equiv
alent rate to the basal cells of the T-B region was calculated to be 
2.2 µSv/hr or 22% of the estimate for the unfiltered rate. 

Figures 4, 5, and 6 are representations of the three dimensional 
surfaces obtained by varying two of the filter characteristics while 
holding the third constant at the optimal value, and plotting the 
resulting dose-equivalent rate. 

Figure 4 shows the variation in the mean T-B basal cell 
dose-equivalent rate with changes in the filter solidity and the 
fiber diameter, at a filter thickness of 0.1 mm. The optimum 
solidity and diameter correspond to the minimum dose-equivalent rate. 
The flat area at low solidity and high fiber diameter is the region 
where the limitation on filter velocity (5 m/s) becomes more 
significant than the limitation on fan noise (65 dB). It is in this 
region that the minimum occurs. Essentially, at the optimal filter 
thickness of 0.1 mm, any combination of solidity below about 1.5% and 
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the minimum dose-diameter above about 30 µm will result in 
equivalent rate. Beyond this region, the ef f ect i veness of a filter 
rapidly decreases. A 
variation of solidity 
from 2% to 5% at fiber 
diameters less than 20 µm 
results in the effective
ness of the filter being 
decreased from 60% down 
to about 30%. Another 
(local) minimum is 
reached at higher solidi
ties and lower diameters, 
but, under these condi
tions, the effectiveness 
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Figure 5 shows the 
variation in the T-B 
dose-equivalent rate with 
changes in the filter 
solidity and the filter 
thickness, at the optimal 
fiber diameter of 85 µm. 
The minimum dose-equiv
alent rate to the lungs 
again occurs where the 
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FIGURE 5. Effect of varying filter 
solidity and thickness on lung dose-equi
valent rate. 

minimum dose-equivalent rate. Beyond this region, the filter 
effectiveness quickly decreases. A variation of solidity from 1% to 
5% at a filter thickness greater than 3 mm results in a reduction in 
the effectiveness of the filter from an estimated value of 60% down 
to a value less than 10%. Another (local) minimum is reached at 
higher solidities and thicknesses, but the reduction in the 
dose-equivalent rate under these conditions is only about 30%. From 
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a manufacturing point of view, this means that so long as the 
diameter of the fibers are fairly well controlled (see the discussion 
of Figure 4), and the filter thickness and solidity are low, 
manufacturing tolerances will not have to be very strict. 

Figure 6 shows the 
variation in the dose
equi valent rate with 
changes in the fiber 
diameter and filter 
thickness, at the optimal 
solidity of o. 5%. The -:-
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higher thicknesses, the effectiveness of the filter is greatly 
reduced. Another (local) minimum is reached at low diameters and 
high thicknesses, but the reduction in the dose-equivalent rate under 
these conditions is only about 30%. 

These analyses show that, on a theoretical basis, the maximum 
reductions in lung dose-equivalent that can be achieved using a 
recirculating filter system for the removal of airborne radon decay 
products is about 70%. The next step will be to test the validity of 
these estimates under laboratory conditions, followed by subsequent 
tests of the application of recirculating filter systems in homes 
under "real world" conditions. 

Conclusion 

It is theoretically possible to design a filter that reduces the 
dose-equivalent rate delivered to the lungs from airborne radon decay 
products. The magnitude of the reduction may be as much as 70%. 
This appears to occur at filter thicknesses less than 0.7 mm, filter 
solidities less than 1%, and fiber diameters greater than 30 µm. If 
the objective is to reduce the dose-equivalent rate to a value equal 
to that resulting from breathing concentrations at the EPA remedial 
action level, it would appear that a 70% removal effectiveness would 
permit the use of recirculating filter systems in atmospheres with 
radon-222 concentrations up to about 550 Bq/m3 (15 pCi/L), assuming 
50% equilibrium between the radon gas and its decay products. 
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Abstract 

Removal of radon gas using dynamic adsorption onto charcoal has 
received attention previously, but the method has not been used in 
houses because of practical considerations: 1) If the radon were 
retained long enough to decay away, excessive quantities of charcoal 
would be required. In addition, the gamma radiation from the decay 
products of radon would require shielding. 2) If the charcoal were 
regenerated using current technology, heated air would be required 
to strip off the radon. This regeneration method would be costly 
due to the energy requirements; the use of heated indoor air for 
regeneration followed by exhausting this air to the outdoors, would 
also depressurize the basement, tending to increase the influx of 
radon gas. In the work described here, the radon gas in a house's 
basement airspace is adsorbed onto charcoal; the removal efficiency 
is independent of the radon concentration at levels found indoors. 
The charcoal is regenerated by stripping off the radon with unheated 
outdoor air. If two adsorbent beds are used, one adsorbs radon 
while the other regenerates. Thus, the device can operate 
continuously, approaching a pseudo steady-state. A laboratory-scale 
prototype of this adsorption/stripping system was tested in the 
laboratory using various charcoals and operating conditions, 
including extremes of seasonal temperatures and relative humidities. 
Neither temperature nor relative humidity had a detrimental effect 
on removal efficiency. Once-through removal efficiencies were as 
high as 98% after multiple adsorption and stripping cycles. The 
efficacy of a full-scale system was evaluated in a high-radon house. 
The radon concentration was reduced by as much as 90%; further field 
tests will be done soon. 

I. Introduction 

Radon in homes has been found to be a serious problem in the 
United States and elsewhere in the world. Although preventing the 
radon from entering the home is the preferred mitigation technique, 
in a fairly large percentage of homes, this technique is difficult 
or very expensive. In these situations, the radon must be removed 
from the air of the house. The concept of using activated charcoal 
to remove radon gas from air has been tried in uranium mines, but 
the operating costs of the regeneration system are prohibitive. A 
new, unique regeneration approach applicable to houses has been 
developed to strip the radon from the charcoal and allow its reuse. 

Laboratory work was performed to evaluate this regeneration 
approach over a range of conditions and with various types of 
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activated charcoals. Based on the results of this testing and a 
simple model, a full-sized prototype device was designed _and built. 
It was installed in a radon contaminated house in New Hampshire. 
Radon measurements in the house with the device off and on 
demonstrated its efficacy. 

II.· Principle of Operation 

Removal of radon gas from air by adsorption onto activated 
charcoal is a technique that has been studied extensively in the 
past.(1-3) It has been shown to perform with high removal 
efficiency. Practical considerations result in the necessity to 
regenerate the charcoal and vent the adsorbed radon. Essentially 
all prior work focused on thermal regeneration for desorption, which 
results in a concentrated radon stream. 

The application of charcoal bed adsorption to remove radon from 
homes, schools, and office buildings has been proposed by at least 
one earlier paper.(4) This system also used thermal regeneration 
and showed good results. However, the energy necessary to 
regenerate household-sized beds at approximately 100°c is very 
costly and not a practical approach. 

The concentration of radon gas found in homes is very low 
(e.g., 4 pCi/L = 3x1o-12 ppm) and results in an extremely low radon 
partial pressure. At these low partial pressures the adsorption 
equilibrium has been found to be linear;(2) this linearity exists 
at least up to 38,000 pCi/L or 2.1x10-8 ppm(13). Linearity is 
significant to the system developed for two reasons: first, the 
device will have constant removal efficiency independent of radon 
concentration; and second, the amount of charcoal required will 
depend only on the air volume passed through the bed and the 
charcoal's dynamic adsorption coefficient for radon. 

The radon removal unit described in this paper utilizes these 
principles in its operation. In a full-size unit, room air flows 
through the· first activated charcoal bed at between about 5 and 
10 m3/min, until the radon wave front breaks through. At this point 
in time, the first bed is isolated and the room air is diverted to a 
second bed that has just been regenerated. The room air is thus 
continuously purified. Because the room air is at relatively 
constant temperature, the adsorption bed can be sized, assuming 
constant flow, at the highest expected operating temperature and 
relative humidity. 

The first bed must now be regenerated to permit its reuse for 
adsorption when the second bed is expended. Outside air is passed 
through the bed in reverse direction to the room air, and the 
outside air with the desorbed radon is vented back to the outdoors. 
Outside air can have extremes in temperature depending on the local 
climate. Because the dynamic adsorption coefficient (k) has a 
strong inverse relationship with temperature, desorption in the 
winter becomes a problem. The outside air chills the bed and the 
radon desorption is ineffective when using typical desorption flows. 
Because the equilibrium relationship is linear, however the 
adsorption is set only by the adsorption coefficient and the 
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airflow. Therefore, an increased k due to reduced temperature can 
be offset by increasing the outside air volume. 

In effect, the mass transfer zone (MTZ) and radon in the 
saturated portion of charcoal is pushed out of the bed by the volume 
of essentially radon-free outside air. Sufficient outside air must 
be used to accomplish this desorption, and the lower the outside air 
temperature, the more air is necessary. The unit uses equal 
adsorption and desorption times to simplify operation. Therefore, 
the flow of outside air is higher than room-air flow when the 
outside air temperature is lower than the inside air temperature. 

III. Experimental Apparatus and Procedures 

In laboratory tests, as shown schematically in Figure 1, air 
contaminated with radon was withdrawn from a large chamber, 
decontaminated in an adsorption column, and then exhausted~ After 
much of the upstream portion of the adsorbent bed approached radon 
equilibrium, but prior to breakthrough into the effluent air, flow 
of air through the chamber was stopped. Air from the laboratory, 
which contains a relatively low concentration of radon, was used as 
the regenerant. It was passed in a reverse direction through the 
column and exhausted; reverse flow provides more effective 
desorption of adsorbate from adsorbent then forward flow. In 
addition, because the total volume of air used for regeneration was 
~ufficiently greater than the volume of contaminated air that had 
been cleaned by adsorption, the radon was stripped from the 
adsorbent. The adsorbent was thus regenerated and the cycle was 
repeated. 

If this type of device were used in a house, radon
contaminated air from the cellar could be cleansed in the adsorption 
column and then returned to the cellar. In a house, the adsorbent 
would be regenerated by reverse flow using outdoor air, and 
contaminated regenerant would be returned to the outdoors. In 
addition, for use in a house, this device would be designed to 
closely approximate steady-state operation by the use of two 
identical adsorption columns: one would be used for adsorbing, 
radon, while the other was regenerating. 

Air Cleaning Device for Removal of Radon Gas 

The one-fiftieth scale, prototype, air-cleaning device, used 
for the laboratory tests, consists of a fixed columnar bed of 
activated charcoal supported on a screen and the requisite ancillary 
equipment; e.g., 3-inch metal ductwork, four valves, and two 
blowers. The column, which was constructed from plexiglass, has a 
diameter of 18 cm and a height of 45 cm. 

Superficial gas velocities in the column were calculated from 
hot-wire anemometer readings taken on the centerline of the 18-cm 
connecting duct (Figure 1); the readings were divided by 1.1 to 
approximate average -duct velocities. Pressure drop across the 
charcoal bed was measured with an inclined water manometer; during a 
test, this pressure drop was often used as an indicator of 
superficial velocity. Temperature and relative humidity of the air 
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in the laboratory and chamber were measured with a thermometer and 
hygrometer, respectively. 

Adsorbent Bed. The charcoal bed also has an 18-cm diameter. 
The procedure for packing the charcoal in the column was designed to 
minimize the probability of settling. during operation: charcoal was 
added to the column until the desired height was reached; the column 
was then vibrated to reduce the bed height; this process was 
repeated until no more charcoal could be added without exceeding the 
desired bed height. 

These charcoals tested had different bases, countries of 
origin, and manufacturers. The procedures for activation are 
unknown, although steam activation was involved. For charcoal
screening tests, 4x8 mesh granules were used. Description of each 
charcoal and standard tests reported by the manufacturers are given 
in Table 1. 

Table 1. Description of activated charcoal 

BET Bulk 
U.S. Surf ace CCL.rJ Density Base 

Charcoal Mesh Size 1.m2..lgL Activity (gLmL) Material 

A* 4 x 8 1300 62 0.48 coconut 

B 4 x 6 1300 63 0.52 coconut 

c 4 x 6 1200 62 0.50 petroleum 
coke 

D 4 x 8 1200 62 0.52 coconut 

E 4-mm 1300 0.41 peat 
cylinders 

F 4 x 6 1300 67 0.52 coconut 

G 4 x 6 1050 58 0.51 coconut 

H* 6 x 12 1300 62 0.48 coconut 

I 6 x 12 1350 70 0.51 coconut 

* These are the same charcoals; their grain sizes are different. 

Operation. During the adsorption step, both the intake valve 
connecting the chamber to the bottom of the column, and the 
corresponding valve connecting the top of the column to the exhaust 
port, remained open. These valves are shown on the right-hand side 
of the column in Figure 1; the two valves shown on the left-hand 
side of the column were kept closed during the adsorption step. A 
rheostat-controlled blower pulled the radon-contaminated air from 
the chamber upward through the charcoal bed. By reversing the 
positions of these four valves, the adsorption step was terminated 
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and the desorption step begun: air from the laboratory was then 
pulled downflow through the column by a second rheostat-controlled 
blower. 

Simulation of Seasonal Conditions 

For removing radon from a house, outdoor air would be utilized 
as a regenerant. Climatic conditions would be expected to have a 
significant effect, particularly during the desorption step of the 
cycle. In the winter, low outdoor air temperatures would likely 
inhibit desorption of radon from the charcoal. In the summer, high 
outdoor relative humidity would likely cause condensation of 
moisture on the charcoal; although this moisture would be expected 
to pe problematic, the higher outdoor temperatures in the summer 
would improve the desorption of radon. 

To simulate winter conditions, air from the laboratory, which 
was used as the regenerant, was cooled by a specially designed heat 
exchanger. (See in Figure 1.) The relative amounts of dry ice and 
methanol added to the heat exchanger tank were varied to cool the 
regenerant to the desired temperature. This treatment also resulted 
in saturation of the regenerant with water vapor. The temperature 
at the entrance to the charcoal bed was measured with an electronic 
temperature indicator. 

To simulate summer conditions, the experimental apparatus also 
provided for heating and humidification of laboratory air. Steam 
generated from a tank of boiling water was added to the regenerant, 
thereby providing both water vapor and heat. (Se~ Figure 1.) 
~dditional heat was supplied by electrically heated tape wrapped 
around the inlet portion of 3-inch metal ductwork. Thus hot, 
saturated air, was produced for use as a regenerant for tests 
simulating summer conditions. The temperature and dew point of the 
regenerant at the entrance of the charcoal bed were measured with an 
electronic indicator and electronic dew point indicator, 
respectively. 

Generation of Radon Gas 

Radon-222 was generated from the decay of radium-226 nitrate 
solution contained in bubblers and picked up in a low airflow. This 
radon flow was introduced into a 7a-m3 chamber. (See Figure 1.) 
This produced about 300 pCi/L of radon, which remained essentially 
constant during a test. 

Test Protocol 

Every test was performed using the same four steps: 1) 
Although the charcoals tested were all new, each was first placed in 
the column and regenerated. 2) Radon-contaminated air from the 
ch.amber was cleaned. 3) The absorbent was regenerated at the same 
conditions as were used during the initial step. 4) Chamber air was 
again cleaned. During this last step, both grab and continuous 
samples of the upstream and downstream gas were taken; radon removal 
efficiencies were calculated from the grab samples. 
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Operating Conditions 

The experimental tests that were done can be subdivided into 
four distinct parts: nine charcoals were screened at two "standard" 
operating conditions: 

Superficial velocity for adsorption = 10 and 14 cm/s 
Superficial velocity for regeneration = 25 cm/s 
Depth of charcoal in bed = 15 cm 
Mesh size of charcoal granules = 4 x 8 
Temperature = 23-26°C 
Relative Humidity = 8%-51% 

The two best performing charcoals were tested at simulated winter 
conditions and at simulated summer conditions. Operating conditions 
are shown in Table 2. 

'Measurement of Radon Concentrations 

Grab Samples. The radon concentrations entering and existing 
the column were measured as follows: air from the sampling ports 
(Figure 1) was filtered and drawn into 96-cm3 Lucas scintillation 
flasks. (5) 

Analysis of Grab Samples. Samples were countered on a radon 
flask counter consisting of a photomultiplier tube inside a light
tight housing. The integrated count method was used for calculating 
the radon concentrations.CG) 

Continuous Radon Sampling. A continuous radon monitor (Pylon 
AB-5 with a LAC-300 flask), adjusted for a one-minute averaging 
time, was used as an indicator of breakthrough. 

IV. Results 

Table 3 lists pressure drop, radon removal efficiency, and 
clean air delivery rate (CADR) for all tests; CADR is defined as the 
product of the volumetric flow through the column during the 
adsorption cycle and the radon removal efficiency; for recycle 
systems, such as the one tested here, CADR is the best indicator of 
how well an air cleaning device will reduce an airborne contaminant 
in a room. 

For the conditions of operation used in these tests, the 
maximum CADR possible is 213 L/min. The best charcoal of those 
tested, which is designated as "H" in Table 1, gave about 180 L/Min 
with regeneration at simulated worst-case summer conditions, and 210 
L/min with regeneration at simulated winter conditions. In that the 
highest adsorption superficial velocity (14 cm/s) gave the highest 
CADR, CADRs greater than 213 L/min could probably have been obtained 
if velocities were greater than 14 cm/s. In that the pressure drop 
was about 1 cm of water at 14 cm/s, using higher velocities to 
increase the CADR would be reasonable. 

V. Field Test 

The laboratory work demonstrated that activated charcoal 
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Table 2.0perating Conditions. 

Run # Superficial Velocity Charcoal Inlet Gas Temperature 
(cm/s) (OC) 

Adsorption Regeneration Designation Depth (cm) Adsorption Regeneration 

01 26 10 B 15 24 24 

02 26 14 B 15 26 26 

03 26 14 D 15 24 24 

04 26 10 D 15 24 24 

05 26 10 E 15 23 23 

06 26 14 E 15 23 23 

09 26 10 c 15 24 24 

11 26 10 A 15 24 24 

12 26 14 A 15 24 24 

23 26 10 H 10 24 24 

27 26 10 H 10 24 - 9.4 

28 26 10 H 10 24 - 3.9 

31 26 10 H 10 24 1.1 

34 10 10 H 10 25 31 

39 26 10 H 10 26 26 
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Table 3. Results 

Run # Pressure Drop Radon Removal Efficiency* (%) 
(in. Water) 

~dsorption Regeneration 5 min 10 min 15 min 20 min 

01 0.30 -- 98.9 97.8 87.5 --
02 0.41 0.65 93.7 91. 9 83.2 --
03 0.60 1.10 93.0 80.0 66.3 --
04 0.32 1.10 92.8 83.1 79.3 . --
05 0 .15 0.46 -- 86.4 80.4 --
06 0.22 0. 51 -- 82.5 74.0 --
09 0.17 0.68 -- 90.4 81. 0 --

Clean Air Delivery Rate* 

5 min 10 min 15 min 

150 149 133 

199 196 177 

198 170 141 

141 126 121 

-- 131 122 

-- 176 157 

-- 13 7 123 

·-
(L/min) 

20 min 

--
--
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--
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1 23 0.40 1. 45 -- 98.0 95 .1 -- --

27 0.35 1. 36 -- 96.4 91. l -- --
28 0.30 1. 40 -- 87.6 86.3 91. 3 --
31 0.30 1. 45 -- 93.2 86.4 74.4 --
34 0.30 0.30 -- 97. 1 96.4 -- --

39 0.37 1.15 -- 98.3 97.4 - - --

* Evaluated at indicated time in minutes after the start of the test. 

194 183 

149 145 

147 138 

133 131 

142 131 

148 147 

149 148 

--
--
--

139 

113 

--
--

rm 
l> z 
z 
G> 
0 
0 z 
"Tl 
m 
::JJ m z 
0 
m 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

removed radon very effectively and the regeneration with outdoor air 
performed well. Significant differences in performance in the 
charcoals tested were observed; one charcoal in particular performed 
better than the others. Based on the results from the laboratory 
tests, a full-sized unit was designed. 

In establishing the basis of design, the important factors are 
the volume of the air treated (typically the volume of the 
basement), the air infiltration rate, the radon concentration, and 
desired concentration after mitigation (usually less than 4 pCi/L). 
Calculations can and in predicting the effect of the cleaned air 
from the unit. For example, if a cellar is well mixed and the 
ventilation rate is less than 0.5 ach, then clean air delivery rate 
equivalent to 2 ach from the device, would result in 20 pCi/L 
reduced to less than 4.pCi/L. Pre-mitigation testing was done using 
a Pylon continuous radon monitor; a radon variation of 9 pCi/L to 27 
pCi/L over a period of five days was observed. For the fourteen 
hours prior to starting the unit, the radon concentration was 
constant at 11 pCi/L. The unit was started and within three hours 
the radon concentration dropped to 2.4 pCi/L and remained steady at 
about 2 pCi/L. ,The unit was stopped and eight hours later the radon 
concentration was 11 pCi/L. The unit was operated for five da¥s, 
during which time the outside conditions were approximately 50 F and 
heavy rain; the device showed similar performance. Additional 
testing utilizing charcoal canisters showed similar pre-mitigation 
radon levels that were reduced to less than 1 pCi/L with the unit 
operating; this corresponds to >90% reduction in radon 
concentration. 

VI. Conclusions 

The laboratory testing demonstrated the effectiveness of the 
adsorption regeneration systems. High removal efficiencies were 
obtained for the same charcoal at widely varying conditions during 
regeneration. The influence of humidity was detectable, but not a 
serious problem. 

The process of dynamic adsorption utilized in this system is 
considerably different than in most adsorption applications. 
Because the air is recycled back to in the room, immediate 
breakthrough of radon from the thin charcoal bed is tolerable; 
immediate breakthrough may actually be desirable, because it results 
in a reduced charcoal volume and lower pressure drop. The quick 
breakthrough probably results partly from channeling and partly from 
the rapid movement of the mass transfer zone through the charcoal 
bed. 

The laboratory development program described in this paper 
demonstrated the performance of the system to remove radon from air 
continuously. This led to the successful testing of a prototype 
unit in a high-radon house. However, because the types of houses 
are so varied, additional field tests are necessary to demonstrate 
the effectiveness of the device. Field tests in four additional 
houses will be done in the near future. 
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DISCUSSION 

VAN DAM: In m~ opinion, the use of somewhat 
lower area activated carbons - 1000 m/g instead of currently used 
1200 m2/g surface area carbons - could be advantageous for higher 
radon adsorption. Could you comment on this? 

ABRAMS: During testing, we investigated charcoal 
with surface areas from 1050 to 1350 m2/gm. We found that the higher 
the surface area, the better the radon adsorption. This is very 
consistent with prior work available in the literature, mostly Strong 
and Levins. 
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CATALYTIC OXIDATION OF TRITIUM AND TRITIATED HYDROCARBONS IN AIR AND, 
ARGON AND ADSORPI'ION OF TRITITED WATER ON TYPE JA MOLECUIAR SIEVES 

Li Qi-dong, Yuan Shungqing, Ye Cha.ngzhou, Zhao Kuidong, Xi ruihua 
Fudan University, Shanghai 

Wu Bokang, Liu Zuoshi, et al. 
Beijing Instit• of Nucl. Engineering 
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Abstract 

For the tritium removal system using catalytic oxidation, an efficient 
catalyst was developed at Fudan university. 

Several dozens of catalysts prepared in our laboratory have been tested and 
o.~ Pd/Al2o3 catalyst was found to be the most promissing one. 

This catalyst ca~ give a quite satisfactory decontamination factor when 
operated at 16o0c for 11 in air, and at 4oo0c for tritiated hydrocarbons. Permissible 
discharge concentration can be achieved when the tritium-air gas mixture passes 
through the catalyst bed only once. 

The catalytic kinetic characteristics have been studied.Such as, fractional 
conversion, reaction order, reaction rate coefficient, activation energy etc. 

In addition, adsorption dynamics of the JA molecular sieve was studied. In 
the test, trltiated water vapor was used as the inlet gas. The result shows that 
the adsorption process follows the first order dynamic equation; the maximum 
adsorption capacitf was found to be 7.1 m mole/me ( o.14g tritiated water vapor 
/g molecularsieve )1 the maximum adsorption capacity is dependent on temperature 
but not on now velocity. And the result shows also that the adsorption mechanism 
of type JA molecular sieve is an isotopic exchange precess of H/T and the dryness 
of molecular sieve has no effect on adsorption capacity. 

I· Introduction 

With the development of nuclear fusion· research and isotopic tracer techniques, 
tritium has become tqe most impart.ant and versa.tile radionuclide. The production 
and applications of -11 will be increased and environmental protection will be an 
urgent problem. The environmental releases from experimental facilities of handling 
tritium and future fusion reactors must be minimized and kept as low as practicable. 

An effective two-step capture method is catalytic oxidation and tritiated 
water adsorption. This method is the prime candidate for tritium containment 
technology especially for fusion experiments in large scale. An excellent catalyst 
is highly important for the method. For this reason some catalysts of high effecenr.y 
have been developed, such as the wetproofed catalysts developed at Chalk River 
Nuclear Laboratories(l), and the catalysts operated at ambient temperature without 
preheating and post cooling reported by Bixel(2) ,Sherwood(3) ·and Collins et al(4). 

In ordre to obtain catalysts of hich activity, several dozens of catalysts 
have been prepared ~.nd tested. in o~ lab~ratory. The o.6 ~Pd/Al2o3 catalyst has 
been found to be the most promissing one. Tritium of lxlO Ci/l at 16o0c in air 
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and at 4oo0q for tritiated hydrocarbons can be achieved in outlet when the gas 
containing 11 passes through the catatyst bed only once. 

We have also studied the catalytic kinetic characteristics, such as, fractional 
convera.tion, reaction order, reaction rate coefficient, activation energy ect. and 
the adsorption dynamics of tritiated water on type 3A molecular sieve. 

In addition, the optimum para.meters of our removal tritium system design have 
been determined. 

II. Preparation of Catalysts 

Several dozens of catalysts have been prepared for our tritium removaal system 
and screening tests have been conducted. 

In this study, the activated meta.ls of catalysts are precious meta.ls such as 
palladium, platimum, palladium-silver and palladium-gold alloy. The catalyst carriers 
are various alUJllina, molecular sieves and mo:rdenite. 

Procedures of Catalyst Preparation 

First of all, pretreatment of catalyst carrier was carried out, including 
crushing, screening ( 10-20 mesh ), washing with de-ionized w.ter and drying etc. 

The impregnation process i~ as followsa Dissolve palladium chloride with 
dilute hydrochloric acid and many time pour the impregnant rapidly onto the catalyst 

~~!~~e:1!.::::. "!~0::1~h:1~!a~~!li!r~:· i~~~~:e!h:i::~!8i! !: ~:~ ~00 
C for activation, the brown catalyst becomes grey-black gradually. The prepared 
catalyst is reserved in hydrogen atmosphere. 

Determination of Palladium Content 

Two me~oila have been used for contrast. The first method is spectroEtiotometric 
analysis, Pa can form complex of orange-red colour in KI solution and Pa content 
can be determine at wavelenght of 490 nm• 

The other method is Proton Induced X-Ray Emission analysis. The results of 
these two methods agreed approximatly. 

Discussion of affecting factors 

1. It is shown that when the activated metal content changes from 0.5 % to 
l.O % and the catalyst activity is not affected. 

2. The alumina carrier of lower temperature which is better then molecular 
sieve and modenite. 

J• In the impregnation, many times and low concentration impregnated process 
is better then boiling impregnating and vacuum impregnating in the useful 
life of catalysts. 

4. It was founded that the proper activation te11pe:rature of catalyst is 
about .500°c. 
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III· Test System Description 

For the study of tritiUm. effluent removal system, a tritium removal system of 
simulated test was designed. (Figure 1.) Acco:rding to a multiple barrier containment 
concept the system is operated at negative pressure and fixed in a glovebox of 
negative pressure ( 60pa. ) • 

I. III. 

21 

1 

4 

22 

Figure l• Flow Diagram of Simulated Tritium Removal System 

1, tritium source. 2,J, gas dryer are filled with silica. gel. 4,5, rota 
meter. 6, spark stemer. ?, gas mixer. 8, water vapor remover. 9, hyd
rocarbons remover. 10, oil adsorbing filter. 11,21, manometer. 12,22, 
flow-gas ionization chamber. 13, automatic contra.I heater. 14, prehea.t

er 15, catalytic reactor. 16, cooler-condenser. 17,18,19, dryer are 
filled with type JA aolecula.r sieve. 20, water sprayer. 23, gas trans
fer pump. 

Figure 1 ie the schema.tic diagram of simulated tritium removal system experia 
enta.l aIJ&ratus. It is consist of three sectionss 

The first section is for pretreatment of ~st gas. It includs tritium gas 
source, tritium concentration of which is lXlO- Ci/l. The gas from the source was 
mixed with ai:it.in the mix~, and serves as the test ga.1:1, tritiu concentration ot 
which is lXlO Ci/1--lllO Ci/l. This test gas from the mixer first of all enters 
the water vapor dryer containing 4A molecular· sieves then to the rem.oval hydrocarbon 
compound co~umn containing 13X molecular sieves and the removal oil adsorbing colUJln 
containing activated carbon, the effiuent is now considered completely tree of any 
vapor a.nd foreign matter which is directed to the catalyst bed. 
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The second section includes preheating, catalytic reaction and cooling. The 
catalytic reactor is a fixed bed catalytic reactor with a bed depth of .5 Cm and a 
I .• n. of r.8 Cm• Around of the reactor is automatic control hater the temperature was 
controled with the silicon controlled transformer. The test gas enters catalytic 
reactor under given s:pa.ce velocity. After the test ga.s exits the catalyst reactor 
it passes through a.cooler. 

The third section is for adsorption of tritia.ted water vapor. In this section, 
three dryers containing 3A molecular sieves are connected in series. There is a. 
sprinkler of natural water on the top of the second dryer. Owing to tbe rapid ex
change between water in the adsorbed and vapor phases, the HTO is adsorbed and ~O 
is released, resulting in the virtual elimination of HTO. This is so-called isotopic 
swamping. 

In addition, there are monometers & flow• gas ionization chambers in the 
system. The decontamination factor can be determined from the ratio of specific 
radioa.ctivilies measured by ioni2'ation chambers. 

IV. Screening of Catalysts 

About forty kinds of catalysts have been prepared in this work. The best cat
alyst was chosen through screening. 

Principles of Screening 

The principles of screening a.re1 higher de~ntamination factor and lower 
effective temperature for effiuent reaching lllO Ci/l, two methods have been used~ 

Screening with Air Containing Hyd.rogen 

The screening with air containing hydrogen has been carried out. To observe t 
the isotopic effect and make preliminary estimates of catalysts. 

The hydrogen concentrations used are 104, lcY, 102 , 10, 1 and 0.1 PFM v/v. 
the hydrogen concentrations were measured using a hydrogen sensor chromatograph, 
the lowest detection limit of which was estimated to be 0.1 PPM v/v. 

Screeni"ng with air containing tritium 

The schema.tic diagram of screening test is shown in figure l· The experimental 
conditions a.re as followsa -6 -1 

Tempera.ture1 180, Tritiwn concentrations lXlO Ci/l, Space velocitya 10000 h 
Bed depth1 5 Cm, I.D. of beds 1.8 Cm. 

Results of screening showed that the catalyst containing Pd of 0.6-0.9 % has 
quite satisfactory decontamination factor and longer useful life. 

Physical-chemical characteristics of the 0.6-0.9 % Pd/Al2o3 catalyst 

( 1) • Specific surface area 2 Carrier 1?4 m /~, 
Catalyst 165.2 m /g. 

(2). Pore size distribution and volume of pores 
From figure :2 we can see that m~st pores have pore size under JO R 
and volume of pores is 0.168 Cm /g. 
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R( R } 

FIGURE 2 PORE SIZE DISTRIBUTION OF CATALYST 

(3)• Electron Micrograph of Catalyst 

( x 1100 ) ( X 45UO ) 

FIGURE J MICROORAPH OF ~TRON MICROPROBE SCANS 
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FIGURE:-4 MICRCXiRAPH OF TRANSMISSION ll:I.EX!TRON MICRO&!OPE ( X 100000 ) 

V. A Study on Kinetics of catalytic oxidation process 

In order to evaluate catalyst and furnish design parameters, a study of catal
ytic kinetics has been carried out. 

Experiments were carried out using the system of Fig. 1. And kept initial tri
tium concentration C

0
, the space velocity of feed gas, outlet tritium concentration 

c1 , and temperature of catalyst bed constant. 

Catalyst Bed Fractional Conversion 

By deteraining continuously C and C using on-line gas flow ionization chamber 
the fractional convension was obtai&ed. TAen, the catalyst bed fractional convension 
can be shown by 

Apparent Kinetic Rate Constant 

The kernel of gas-solid catalytic kinetic research is the speed problem of 
catalytic reaction, the high-speed." and ambient temperature are expected. Thus the 
apparent kinetic rate constant is one of the estiaates index too. 

From the mass balance for tritiua within the catalytic reactor we obtain the 
following expression for fractional conversiona(J) 
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f = 1 -exp(-KV /Q) c 

K = .ii.. ln( l ) v 1-f 
c 1 

the apparent kinetic rate constant ( s- ) 
the flow velocity of test gas { l/S ) 
the volume of catalyst ( 1 ) 

Catalytic oxidation reaction order of H2-o2 

Although the catalytic oxidation reaction order between hydrogen and oxygen 
has been studied extensively, there is st!~l no geJleral identical point of view. In 
excess oxygen at low temperature and lXlO --lXlO Ci/~ of concentration range some 
workers have observed first order kinetics reaction(J,i), while others evaluated a 
rate coefficent based on a second- order reaction.(5) 

I -6 -.5 In this work, o.6 % Pd.1A~2o.1 ~italyst was used, congentration range of 10 -
10 Ci/l, space velocity of 5000 nr , temperature of 140 c. The results of our 
test are listed in Table I· 

Table 1 The Relationshep Between Concentration and Reaction Rate Constant 

Initial concentration 
Ci/l 

5.sox10-6 

9.oox10-6 

l.43x10-5 
2.aox10-5 
4.8ox10-.5 
6.oox10-5 

Outlet concentration 
. Ci/l 

2.oono-9 
2.5ox10-9 

4.2ox10-9 
6.50x10-9 

l.Jox10-8 

l.2ox10-8 

Reaction ~it constant 
.s 

11.07 

11.J? 
11.JO . 

11.62 

11.41 

11.82 

The integral and try-and-error method was used. First of all 0 to calculate 
the f from tritium.concentrations of feed gas and tail gas, and then,· take the 
numerical f into first- order reaction rate constant and get the K value .. From 
tabel I· we can see that all calculated values of reaction rate constant Kare 
a.bout the same. This shows that the reaction is of.first-order kinetics. 

Apparent Activation Energy 

The e:x;perimental result shows that catalytic oxidation reaction is evidently 
dependent on temperatue. Then, relations between apparent kinetic rate constant 
and temperature follow the Arrhenius equation, the Arrhenius equation takes the 
f'orm of 

K : A e-E/rrr 
where, Aa Arrhenius Constant 

Et Apparent activation energy 

As everybody knows, that the reaction.rate can be changed by catalysis ia 
due to the reduction of activation energy. 

For this reason, the activation energy is an important para.meter in catalyst 
evaluation. 
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In this work, experimental data are listed in table II. A plot of lnK versus 
l/T is presented in figure 5 the intercept of the line on the ordinate is A and the 
slope of the line is equal to -E/R. 

1'a.ble II• Releation bettween the reaction rate constant and temperature 

Tamp. 'Sate Spi.ce Reaction Rate 
of Cat. bed ~ XlOOO of Conversion Velocity Constant 

oc " h- litre/sec litre 

a.5 3.55 26.45 10000 0.85 

40 3.19 83.27 5000 2.48 
60 3.00 91.84 5000 3.48 
80 2.83 97.40 5000 .5·07 
100 2.68 99.·6o 5000 7.67 
120 2.54 99.87 .5000 9.23 
llJ-0 2.42 99.97 .5000 11.27 
16o 2.31 99.98 5000 11.83 
200 2.11 99.98 5000 23.66 

Figure 5 shows the releation between ap:pa.rent kinetic constant and temperature. 
And from the line in t.ne figure the Arrhenius equation can be obte.ined as 

where~ 
Arrhenius Constant A is J490litre/sec litre, 

·Apparent activation energy Eis 4.580 Kcal/mol. 

In view of this, this catalyst has better characteristics at lower temperature. 

Affect of Space Velocity 

0 ino 2Xlo4 
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Bixel & Kershner 

K· T· et. al. 

l 2 J 1 J ·-l'.10 
T 

FIGURE .5 REL/in'OI( BETWEEN THE APPARENT RATE CONSTANT AND TEMPERATURE 

First of all, we observed that unreacted rate(l-f) was effected by space 
velocity. THis result is presented in figure 6. 

Figure 6 shows that the amount of tritium broke through the catalytic bed 
increases lineally with increasing space velocity. But the catalytic reaction rate 
constant is also increases _yi th increasing space velocity. However, when space 
velocity is up to JOJOO hr , the catalytic reaction rate oonsta.nt·is tent towards 
stability. this case is shown in figure 7• 

The result :ahows tha. t the ca ta.ly~ic Eiooess was external mass .trana:f!'er limit 
ations at spaae v~!ocity of below JXlO hr , but when the space velocity come up 
to above JXlO hr the catalytic process has been not external mass transfer 
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limitations and negligble diffusion resistance then enters the reaction limitations 
step. Ca.lculations4shows that the superficial velocity of _52.8 Cm/S in the space 
velocity of J.8XlO • 

K 

FIGURE 7 RELATION BETWEEN THE APPARENT REACTION RATE CONSTANT AND SPACE VELOCITY 

Catalytic Oxidation of Tritium in Argon 

Gloveboxes are used f'or secondary containment system. Under general conditions 
The glovebox is filled with inert ga.s, such as argon. Tritium and tritiated compound 
will permeate and leak into the glovebox, therefore, tritium removal from the inert 
atmosphere is an important problem. 

The test equipment and conditions are the same with tritium removal from air. 
a plot of lnK versus l/T is presented in figure 8. 

K 

100 

10 

0 1 

K ·:; 4J.10e-92S/'Ifr 

2 
lXlOOO/T 

) 4 

FIGURE 8 REI.ATION BETWEEN RFACTION RA.TE CONSTANT AND Tl!Jt1p. IN ARGON 
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Figure 8 shows that the general trend of the curve is alike with. that of air. 
But the activation energy and Arrhenius constant are less then that of air. The 
distinct characteristics are the fractional conversion which is higher than that of 
air at low temperature. The catalytic reaction ha8 a satisfactory decontamination 
factor even when operated at temperature below 10 c. But when temperature increases 
the fractional conversion rises very slowly and will have a satisfactory DF at tem
pera. ture up to 400 °c • 

This phenomenon is probably due to deficient in oxygen and difference in 
diffusion coefficient of tritium. 

Catalytic oxidation of hydrocarbon compound 

In this work, some hydrocarbon compounds such as, methane, propane, isopropyl 
alcohol, ether etc. has been studied. The emphasis is on the relation between cata
lytic oxidation rate constant and reaction temperature. 

. 
The test conditionsa Bed height of 5 Cm, Space velocity of 10000 hr-~: Test 

hydrocarbon compound are tri tia ted ether and methane. A plot of ln K versus l/T 
XlOOO is presented in figure 9• 

K 

10 
Ether 

1 

1Methane 

OolL-~~~~~~~-+-~~~~~~~___. 

l 2 
lXlOOO/T 

3 
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From figure 9 we can get 
that the Arrhenius equation 
can be expressed as 

K iii 4.7x109e-25.6.XlOOO/RT 

For methane 

K : S•J.5Xl03e-7•75Xl000/RT 

For tritiated ether 

where, 
Apparent activation 

energy are 25.6 Kcal for meth
ane and 7.75 Kcal for ether. 

~rrhenius constant are 
4.7no_11/s.1 for methane and 
5·3.5xl.CY' l/S.l for ether. 

FIGURE 9 RELATION BETWEEN 

REACTION RA TE CONSTANT AND 

TEMPERATURE FOR METHANE AND 

TRITIATED ETHER 
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VI. Adsorption Dyna.mies o:f Type 3A Molecular Sieve in HTO Adsorption Process 

In this work, by way of adsorption kinetics, the maximwn adsorption capacity, 
adsorption rate constant and the adsorption mechanism have been studied. 

Experimental Procedures 

: ~ . .. ,. . 
:! 

1 2 .5 6 8 9 

FIGuRE 10 SCHEMATIC DIAGRAM OF EXPERIMENTAL APPARATUS FOR ADSORPTION OF HTO 

1 Nitrogen, 2,9 Dryer, J Rota.meter, 4 tritiated water bubbler, .5,6 thermostat 
7 :JA molecular sieve packed adsorption column, 8 Absorbers. 

Figure J.O presents a schema.tic diagram of the experimental system for the 
adsorption of !{TO vapour. The experimental apparatus comprises tritiated water bub
bler and a.d.sorption column ect. 

There are 20 ml HTO of 3.56 J'Ci/ml in the HTO--bubbler whic~ has a jacket 
heating of a thermostat to be always keeping a constant temperature. the adsorption 
column is a polyethylen tube inside diameter of 3 mm, column length of 10 Cm, 60-80 
mesh :JA molecular sieve is loaded in the column and vertically set in a thermostat. 

In the experiment, nitrogen of purity of 99•99 % was used as a carrier gas. 
At first, nitrogen was permitted io now through silica gel column and molecular 
sieve bed for drying and pass through the tritiated water bubbler and then enter · 
the adsorption column. The flow velocity was 40 ml/min i.e. 5.66 Cm/min. correspond 
-ing t9 0.26 t-'Ci/min in activity, and the concentration of HTO in carrier gas was 
6.4no f Ci/ml. 

After supplying HTO vapor for a given period of time the adsorption column 
was taken out and cut into segments for .5 Rim from the upper part of the column, and 
respectively put into glass vials with 6.5 ml liquid scintillator which consisted 
of o.02g ot PPO, o.oolg of POPO, .5 ml of toluene and 1·5 ml of OP-115, to measure 
the activity of tritiUJll trapped on the adsorption by means of a liquid scintillation 
counter. And thus tritiated water distribution on the adsorption column was observed. 

In the figure, apparatus of 8 are absorbers f'or feed gas and tail gas. There 
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are scintillating solution which so as to absorb tritiated water in the absorbers. 
the first order absorptivity was up to 95 %• 

The Maximum Adsorption Ca pa.city and 
an Apparent Adsorption Rate Constant 

It was reported.(6) that molecular sieve adsorbs tritiated water following the 
first order dynamic equation and the accumulation of HTO on the adsorbent can be 
expressed by 

~- : K C(Am-A) 
By the mass balance of the HTO in the feed gas and the adsorbent, the above-mention 
-ed equation can be apprapriate approximation by 

Where, 
As 
K: 
C: 
Yi 
A I 

Llf 

KA 
ln A : ln KA tc - --!! L 

m o V 

Adsorption quantity of HTO (m mole/ml). 
Adsorption rate constant (bl/m mole min). 
HTO concentration (m mole/ml). 
Linear velocity of feed gas {Cm/min). 

Maximum adsorption capacity (m mole/ ml). 
Length of column (Cm). 

KA 
Vms Apparent adsorption rate constant (cm-1 ). 

A plot of lnA versus L is presented in figure 11. 

The figure shows that the distribution of HTO adsorbed along the length of 
the molecular sieve column at 20°c and the adsorption wave front is a good line on 
each run at various feed time and the line has a constant slope of KA /V which 
provides an apparent adsorption rate constant. And from the figire, wW can obtain 
directly Am Of the molecular sieve• 

The adsorption mechanism of HTO 

The pretreating procedures of molecular sieve for adsorption test were 
different. First is predrying for 5•5 hour at J20°c and the other is presatura.tion 
with water. The adsorption test results are given in figure 12. 

Figure 12 shows that two different method of pretretment the results possessed 
similar characteristics. The maximum adsorption capacity(A ) is not evidently 
different from each other, about 6.8-7.7 m mole/ml. m 

This result shows that the adsorption of H'l'O is isotopic exchange reaction 
between H'l'O and HOH• And Am will be independent. on the dryness of molecular sieve. 

The A -HTO. is dependent on equilibrium of isotopic exchange reaction between 
the adsorpt!on water on molecular sieve and the concentration of tritiated water in 
feed ga.s. 
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A 
10 

0 Temp. 20 C 

5 
FIGURE 11 

DISTRIBUTION OF HTO 

ALONG MOLEXJUIAR SIEVE 

1 I COLUMN 
"' 

0.5 \ 
• Feed timea 

\. 
JO min (1) 

I 

6o •in (.6) 

o.i 

\. 
90 min (o) 

120 1tin ( ac) 

0.05 

I 

0.01 

o.oo \ 
0 10 L 

Effect of column temperrature and now velocity 

Col"1• Temp. A KAm/v K m 
(oc) (m mole/ml) (Cm-1) (----!! ___ ) Table J m• .mole min 
20 7.1 Relation Between the 
25 6.8 4.9 408 Column Temperature and 
JO 5.7 4.2 417 Maximum Adsorption Capacity 
40 5.3 4.o 427 

.50 4.8 J·.5 41.) 
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A(m mole/ml) 
l~r--~~~~~~~~~~~~~~~~~~~~~~-

1 

0.001 

0 2 4 8 10 L 

Pretreatment Conditionsa 
0 

Predrying for 5·5 hr· at J200C (~} 
for 3.0 hr· at 110 C (• 

Presaturation with water c~ 

FIGURE 12 DISTRIBUTION OF HTO ALONG MOI.EnUI.AR 
SIEVE COLUMN AT DIFFERENT PRETREA.TING CONDITIONS 

0 The experiment is conducted at 20-50 C a.nd the experimental result is shown 

in table 'J• 

From table J we can see that the maximum adsorption ca.JJB.city reduces with 

increases of temperature. But there is lesser effect of temperature for the JA 
molecular sieve. 

In addition, the adsorption rate consta.nt(K) increases slightly with increases 

of temperature a.nd the apparent adsorption reaction rate constant(KAm/V) reduces 

with increases of temperature. 

About the effect of flow velocity it was observed that when flow velocity 
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varies from 10 ml/min to 4o ml/min, A is almost a constant. The result is presented 
in figure l'.3 A is about 7.1 m mole/ilh. This is because the adsorption rate of )A 
molecular sievemis very rapid. 

A(m mole/ml) 
10 

l 

40 ml/min 

0.01 

20 ml/min 

0.001 

0 2 4 6 8 L 

FIGURE 13 DISTRIBUTION OF HTO ALONG MOLEX!UIAR 
SIEW COLUMN WHEN FLOW VELOCITY VARIES 

Characteristics of Penetration 

The experimental results have proved that the adsorption wave front moves 
along the column with a constant rate a resulting in a linear relationship between 
running time and column length. 

VII· Concluding Remarks 

We have characterized o.6 % Id/Alumina catalyst for the tritium removal syst
em and studied catalytic kinetic characteristics for tritium and tritiated hydroca.r 
bOns the results shows that the catalyst possess a better characteristics of cataly 
tic oxidation. 

The catalyst ha.s a lower activated energy and can be obtained satisfactory 
decontamination factor when the tritium or tritiated hydrocarbons passes through 
the catalyst bed only once at lower temperature. 
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In argon or deficiency oxygen, from the test, we found that the phenomenon is 
not alike with that of air. And there is higher tritium removal efficiency at lower 
temperature. 

The kinetics of catalytic oxidation and adsorption of molecular sieve was 
studied which are essetial for the design and operation of catalytic converters 
used in tritium removal systems and ordinary air cleaning systems. 

In this work, we sensed that the hydrophobic catalyst i:s worth study. 
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OPENING COMMENTS OF SESSION CHAIRMAN GILBERT 

I consider this one of the more interesting sessions of the con
ference because we will have some solid developments in technology 
reported. Some studies here are real breakthroughs. 
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INTRODUCTION OF A NEW GENERATION OF HIGH-CAPACITY HEPA FILTERS 

AND A COMPARISON OF THEIR PERFORMANCE 

TO HEPA FILTERS AVAILABLE ON THE MARKET 

Thomas T. Allan 
T.M. Singh 

Flanders Filters, Inc. 
Washington, NC 27889 

Abstract 

A recently developed manufacturing process has resulted in a (improved performance) high capacity 
hepa filter that meets the United States Department of Energy (DOE) requirements. The DIMPLE-PLEAT@) 
process, using newly developed low resistance media formulation, has been successfully employed to 
produce a true separatorless glass microfiber filter element, SUPER-FLOW® II*, in any practical depth 
from 1 to 12 inches~ A good number of 24" x 24" x 111/2" filters, after passing tests at the filter retest 
facility, have already been employed by a facility operated for the DOE. These filters are installed in a 
system designed for 2000 CFM per unit - a high capacity operation. In addition, these new filters are 
also routinely being supplied to other DOE operations. This specially formulated all glass microfiber 
non-woven media is unique because it offers the lowest resistance and the highest dust holding capacity 
of any hepa filters meeting DOE requirements for strength and thickness as per MIL-F-51079D. Application 
of this media to an appropriate design for circular. filters similar to those employed at Harwell (U.K.) is in 
progress. 

Introduction 

For more than a decade various claims have been made by manufacturers purporting to have a hepa 
filter available to the market which can perform above 1000-1200 CFM at an acceptable pressure drop. 
It is well known that high capacity hepa filters would provide savings in space, labor, energy costs and 
direct expense. However, no one seems to have ever expressly revealed the characteristics of the media 
used for such filters, especially in the light of nuclear requirements. It is well-known to all concerned that 
any hepa filter finding its way to the facilities either operated for DOE or within NRC regulatory guidelines 
has to have media incorporated in the filter as per NEF3-45 and/or MIL-F-51079D specifications. 

* Registered trademarks of Flanders Filters, Inc. 
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Discussion 

As can be seen from the results recorded in Table 1 the media used in the new separatorless design 
meets the specification MIL-F-51079D. A sizable number of filters have been tested at DOE retest 
facilities with consistent acceptable results up to 1500 CFM at 1" w.g . The filters have been subjected 
to performance testing both in-house and at Rocky Flats, specifically: pressure testing, resistance to 
heated air, and resistance to rough handling. 

Performance of a filter is mostly adjudged by the: 
1 . Dust arrestance 
2. Air flow resistance 
3. Service life 

SI 
NO. TEST REF. 

1 Caliper, mils TaooiT411 
2 Air Resistance, MIL-F-510790 

Inch Water 4.2.4.1 
3 DOP Penetration 4.2.4.1 
4 Tensile Strength, 

lbs/1" water 4.2.4.2 
MD 
CD 

5 Water Repellency, 4.2.4.3 
Inch Water 

6 Combustible Material,% 4.2.4.6 

MEDIA* IN SUPER-FLOW II MIL-F-51079 
HIGH-CAPACITY FILTER SPECIFICATIONS 

20.0 15.0 (Minimum) 
1.1 1.57 (Maximum) 

0.028 0.03 (Maximum) 

3.5 2.5 
2.0 2.0 

22.0 20.0 (Minimum) 

4.0 7.0 (Maximum) 

* Values are average of a typical production run and do not constitute specifications 

TABLE 1 - Characteristics Of Media 

SUPER-FLOW® II 

In this newest design of self-supporting filter elements, the spacing of contiguous pleats is provided 
by either elliptical or parabolic corrugations formed on to the media but not extending to the folding point. 
In this respect it differs from the earlier design of separatorless filter elements developed during the late 
1960s (Please see Figures 1 & 2). 

The new separatorless elements are being manufactured in 8" and 11 " depths. Initial results indicate 
similar performance characteristics for the two elements with the exception of dust-holding. Both elements 
are being supplied in conventional 24" x 24" x 11 112" filter frames. 
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FIGURE 1 - The Earlier Separatorless 
(S/F) Filter Element Design 

FIGURE 2 - The New Separatorless 
(S/F II) Filter Element Design 

FIGURE 3 - New Separatorless (S/F II) Element Magnified 
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1. SUPER-FLOW II filter element, 8" deep, meeting DOE specifications. 

2. V-bed configuration with 1" pleated elements. 

3. Non-conforming 13-15 mil. media available on the market. 
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FIGURE 4 - Initial Resistance vs. Airflow Capacity, High Capacity HEPA Filters 

Figure 4 shows a comparison of various high capacity filters as compared to standard/conventional 
separator-type filters. The data have been taken from the manufacturers' literature. · 

It can be seen from the results that the performance of the 8" deep (separatorless) filter is comparable 
to the performance of the Brand 'X' 11 %" deep filter up to 1500 CFM and also to that of the non-conforming 
commercial grade products. The aP values beyond 1500 CFM for SUPER-FLOW II have not been 
actually determined but have been extrapolated because of lack of test facility. 

901 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

Dust Loading 

Different hepa filters were subjected to dust loading tests using standard procedures*. Results are 
shown in Figure 5. As can be seen from the results , the dustholding capacity of Flanders' 24" x 24" x 
11 112" separator-type filter is 25% more than a similar filter from its competitor (Brand X) . Dust loading 
capacity of the 11 112" deep SUPER-FLOW II is almost double, and that of the 8" deep SUPER-FLOW II 
filter 25% higher, than the dust loading capacity of the high capacity filter bearing Brand Y. 

8,000 

6,000 

4,000 

2,000 

DUSTHOLDING CAPACITY (grams) 

10,490 

Brand X Flanders SUPER- Brand Y 
(w/sep.) (w/sep.) FLOW II (w/sep.) 

"----------... ..... ------~~ - v 
24" x 24" x 111/z" 

Filters 

SUPER
FLOW 11 

24" x 24" x 8" 
Filter 

FIGURE 5 - Dustholding Capacity of Various Filters 

*Procedure based on ASHRAE 52-76 
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Circular Filters 

As referred in literature, there could be a significant advantage to filtration systems by the adoption 
of circular geometry hepa filters. This design has been considered for glove-box applications as well as 
for large volume installations, with airflows ranging from 25 CFM to 2000 CFM per filter. 

Using Flanders' regular dimple-pleated (6" deep pleat) filter element, a prototype of a circular filter of 
the following dimensions and performance was constructed. Pressure drop and efficiency of the filter 
were tested using standard equipment and procedure. Test airflow was from inside out. 

FIGURE 6 - Prototype of Circular HEPA Filter 

Media ................ Flanders 007 DIMPLE-PLEAT@ 
Outer diameter ............ ....... ............................ 24" 
Pleat depth ........................................................ 6" 
Test airflow .......................................... 1000 CFM 
Pressure Drop by 0107 ........................ 1.2" w.g. 
DOP Penetration ....................................... 0.024% 

The test results of this filter are promising. The application of DIMPLE-PLEAT@ media for circular 
filters in different pack depths is another avenue under exploration. 
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DISCUSSION 

RICKETTS: You have demonstrated that the filter 
medium meets the MIL-F-51079 specification. Do the manufactured 
filters meet the MIL-F-51068 specification? 

ALLAN: U.S. DOE Standard Ne F 345 requires the 
manufacturers of HEPA filters supplied to DOE f~cilities to submit 
their filters to qualification testing1 a moisture overpressure test, 
rough handling, and resistance to heated air. These can be conducted 
at Edgewood Arsenal, Rocky Flats Filter Test Facility, or in-house 
under the manufacturer's quality assurance program. The SUPER-FLOW II 
units were first tested at Flanders and again at Rocky Flats with 
satisfactory results. 
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APPLICATION OF CIRCULAR FILTER INSERTS 

Mrs B L Stewart and Mr R P Pratt 
Harwell Laboratory 

United Kingdom Atomic Energy Authority 
Oxfordshire OX11 ORA 

ABSTRACT 

High efficiency particulate air (HEPA) filters are used in the ventilation of 
nuclear plant as passive clean-up devices. Traditionally, the work-horse of the 
industry has been the rectangular HEPA filter. An assessment of the problems 
associated with remote handling, changing, and disposal of these rectangular 
filters suggested that significant advantages to filtration systems could be 
obtained by the adoption of HEPA filters with circular geometry for both new and 
existing ventilation plants. 

This paper covers the development of circular geometry filters and highlights 
the advantages of this design over their rectangular counterparts. The work has 
resulted in a range of commercially available filters for flows from 45 m0 /h up to 
3400 m3 /h. 

This paper also covers the development of a range of sizes and types of 
housings that employ simple change techniques which take advantage of the circular 
geometry. The systems considered here have been designed in response to the 
requirements for shielded (remote filter change) and for unshielded facilities 
(poten'tially for bag changing of filters). Additionally the designs have allowed 
for the possibility of retrofitting circular geometry HEPA filters in place of the 
rectangular geometry filter. 

I. Introduction 

Nuclear plants use High Efficiency Particulate Air (HEPA) filters as passive 
safety devices to minimise the release of radioactive and/or toxic particulate to 
the environment. Traditionally the HEPA filter consists of a glass fibr.e 
filtration medium laid up within a rectangular body. This physical shape leaves 
much to be desired in terms of ease of sealing, remote handling, etc. 
Consequently, studies at the Harwell Laboratory of the United Kingdom Atomic 
Energy Authority over the past few years h~ve concentrated upon the development of 
a HEPA filter with circular geometry<p, which shows significant · advantage 
over its rectangular counterpart. 

i) Remote Handling 

In an installation where the filters see high levels of beta and gamma 
contaminants, mechanisms for remotely changing the filters become necessary. Of 
vital importance for a rectangular filter change is the positioning/orientation of 
the remote grab in relation to the filter when picking or placing the filters 
either onto or off the flat base plate onto which they seal. The circular filter 
shows no such orientation problems because of its symmetric circular cross 
section. 

Once installed, it is often difficult to see (by viewing through ·glass 
windows or via a remotely operated ·camera) if the rectangular filter has been 
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seated properly onto the sealing face before performing the in-situ filter test. 
With circular filters, by allowing a generous lead, the filter easily locates and 
seals onto a spigot or into a circular tube without jamming. 

ii) Ease of Sealing 

The rectangular filter seals onto a flat plate that requires tight tolerances 
on both the flatness of the sealing face and of the filter gasket face. 
Frequently the filters require mechanical clamping to prevent leakage via the 
gasket. The circular filter seals, with no clamping, via a loosely toleranced 
circular lip seal (Figure 1) onto a cylindrical sealing surface, which can easily 
be generated to the required tolerance and surface finish. 

iii) Disposal 

I 
I 

Tapered Spigot 
Feature of Housing 

Silicone Rubber Seal 

Filter End Flange 

Fig. 1: Circular Filter Lip Seal 

The size and shape of the rectangular filter poses severe problems in terms 
of its ultimate disposal into the circular waste drums currently used by the 
United Kingdom's nuclear industry. Consideration of the existing waste treatment 
facilities and the disposal route at the design stage has resulted in the circular 
filters being sized to suit the waste containers. 
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iv) Posting 

Circular filters, which come in a range of sizes, are designed to be 
compatible with both conventional and double-lidded posting systems. 

v) Compaction 

The actual volume of materials found within a HEPA filter is small when 
compared with the volume the unit occupies; therefore, compaction of the filters 
to reduce their volume can significantly increase the numbers that can be disposed 
of in a single waste container. The cylindrical shape enables simple and easy 
volume reduction. 

vi) Sharp Edges 

For filters installed in areas of low radiation and where the contamination 
levels require filter changing via a bag or by an operator in a pressurised suit, 
the circular filter offers advantages over its rectangular counterpart. It has no 
corners that could potentially puncture the bag or suit, therefore allowing safer 
filter changes . 

vii) Retention of Particulate 

The circular filter usually operates with airflow from the inside to the 
outside through the medium, thus retaining contamination on the inside of the 
filter, which reduces the likelihood of releasing and redispersing the collected 
particulate during handling prior to disposal. 

The circular filter is now in production as a superior alternative to the 
rectangular filter. Development has resulted in a range of filters of various 
sizes and flow capacities for use in a variety of applications. 

II. FILTER DESIGN 

The circular filter consists of mini-pleated glass medium, usually separated 
by a glass thread or tape, wrapped around an annulus and joined along one edge. 
The annulus is then sealed, using similar techniques to those developed for the 
rectangular filter, into a flange at the top and bottom to produce a radial flow 
filter. 

The United Kingdom Atomic Energy Standard Specification, AESS 30/93402 
(1984)(~) for rectangular filters identifies a low temperature filter, 
usually wooden cased, and a high temperature unit, usually metal cased. The low 
temperature unit must be able to withstand testing in a static oven at 120"C for 
120 minutes and the high temperature unit at 500 °C for 10 mJnutes. The circular 
filter ( 

4
f tandard specifications, AESS 30/95100 ( 1987) (]),and AESS 30/95200 

(1987) - , apply a similar distinction between filter types. The low 
temperature filter has moulded polyurethane flanges with an integral seal ring. 
The polyurethane also connects and seals the medium and support grilles to the 
flanges. For the high temperature insert a high temperature sealant seals the 
medium and the support grilles into metal flanges. The seal ring in this case 
must be either stretched into the groove or crimped into place to prevent it 
pulling out during insertion and removal operations. 
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For all applications considered to date, silicone rubber proves to be the 
most suitable material for the seal between the filter and the housing. This 
material, either in a flat sheet or extruded section form, exhibits the 
optimisation of seal flexibility, chemical resistance, radiation resistance, 
temperature resistance, and low friction. It has also been found to be less 
likely to adhere to the sealing face of the filter housing than other elastomers. 
Although exposure of the silicone materials to 500°C for short periods leads to 
severe damage, it has been found that where the material is trapped between metal 
surfaces, they act as heat sinks and protect the material from direct exposure to 
the hot gases. The seal remains satisfactory until it is disturbed during the 
filter change. 

. III. FILTER INSTALLATIONS 

i) Push-Through Filter Change System 

Description 

This filter change system uses a radial flow filter that has an external seal 
ring incorporated into both the top and bottom filter flanges. The system (Figure 
2) has been developed for use in small cells and boxes, with airflows of up to 
600 m3/h. For a filter change, the operator loads clean filters from the clean 
side of the cell and, by pushing the filter through the housing tube, ejects the 
contaminated filters into the cell, hence the name "push-through filter''· 

Fig. 2: Push Through Filter System 
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Careful design of the flanges, so that the flap seal ring cannot pass between 
the leading edge of the flange and the housing tube prevents the insertion of the 
filter the wrong way round; this also makes it extremely difficult for the filter 
to move in the reverse direction down the housing tube in the case of a sudden 
pressurisation. 

Although developed primarily for unshielded facilities (ie areas of low to 
high contamination and low radiation), it can be modified quite simply for use on 
a shielded facility (i.e. areas of low to high contamination and high radiation). 
In such a facility the filter loading tube penetrates the biological shielding and 
is fitted with a shield plug. A simple rod mechanism, which passes through the 
plug, enables the operator to push the filters along the tube and effect a filter 
change. 

The System Design 

Figure 3 shows the typical sequence of operation for a filter change. With 
the airflow damper open, the air enters the centre of the filter, and flows out 
radially through the rnedi urn and then through 90" into the extract ducting. The 
front seal ring ensures no contamination bypasses the filter, and the second seal 
ring ensures that none passes down the clean side of the housing tube. The clean 
standby filter has no function until the time of a filter change. When changing a 
filter, the operator first closes off the extract duct damper and removes the lid 
of the housing to reveal the back flange of the standby filter. A clean filter 
pushed ·into the housing tube displaces the standby filter into the operating 
filter position and the loaded filter which had been the operating filter is 

·displaced into the cell or cave where it may be disposed of using the same 
disposal route as other cell waste arisings. (The designer must therefore choose 
the filter size that suits the cell transfer facilities available). The operator 
then replaces the lid and opens the extract damper to put the ventilation back on 
line. Thus the operator has made a filter change without contact with the 
contaminated filter. Additionally, the filter seal ring should help to keep the 
housing free of contamination due to its wiping action as it passes down the 
tube. 

In the case described above, the stainless steel filter housing consists of a 
straight tube with one pulled tee for the extract ducting, which mounts onto the 
inner containment wall of the cell. An alternative design allows the filter to be 
pushed out of the tube where it can be bag changed. Figure 4 shows this 
alternative layout; the housing now consists of a lid on one end of the tube 
through which clean filters are loaded, a double-pulled tee arrangement for the 
inlet and extract airflows, and, on the other end of the tube, a flange with 
bagging rings to allow for bag changes. · Naturally this arrangement produces 
slightly higher pressure differentials due to the air being turned through 180°. 

Filter Performance 

Figure 5 lists the basic dimensions of the four types of push-through 
filters. The flow rate quoted in each case corresponds to that measured at a 
pressure differential of 250 Pa across the filter when installed in the single 
pulled-tee housing. Installation in the double pulled-tee housing increases the 
pressure differential to about 300 Pa at the filter rated flow. 
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Fig. 3: Sequence of Operation of Push Through Filter System 

The Atomic Energy Standard Specification, AESS 30/95200 ( 1987) <.:!) 
stipulates the filtration medium to have a maximum penetration to BS 4400 
(1969)(2.), of 0.005% and the filter itself a maximum penetration to BS 3928 
(1969)(§), of 0.;05%. The specification additionally requires a maximum seal 
leak of 0.005% of the filter rated flow. Tests on the range of filters have shown 
the filter and seal ring to be quite capable of meeting these performance 
criteria. 
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Filter housing tube Filter location stub 

Filter seal ring 

Bagging ring 

Clean standby filter 

Bag retaining lid 
Filtered air out 

Contaminated air in 

Fig. 4: Bag Change Push Through Filter System 

ii) Plug-in Filter System 

Filters for Shielded Facilities 

The plug-in circular filter lends itself to use in shielded facilities where 
remote filter changes become essential. It exemplifies all the advantages over 
its rectangular counterpart highlighted earlier, in terms of ease of use, 
disposal, and sealing. 

Filter development has centred around three sizes of filters, large filters 
rated at 1700 m3/h and 3400 m3/h and a smaller version rated at 85 m3/h. 
There are slight differences in seal ring arrangements_ and filter change 
techniques for each of these. 

Large Circular Filter - External Seal 

This filter, developed primarily for use in large volume installations, has a 
rated flow of up to 3400 m3/h. It has an outer diameter of 534 mm and is 610 mm 
long. It seals via an external 'U' section silicone rubber seal ring, with a 
rectangular section silicone rubber 'O' ring holding it in the seal ring groove. 
The filter seals into a counterbored hole in a plate, which can be designed as the 
floor of a cell dedicated to remote filter operations. The filter has a 25mm land 
or grab ring on the underside of the filter inlet (throat) (Figure 6). To effect a 
filter change, a. simple design of grab device mounted on an X-Y mechanism, 
possibly attached to the in-cell crane, locates and locks onto the filter grab 
ring; hence the filters may be put into and removed from the housing remotely. 
By allowing a generous lead into the counterbored plate, the filter can easily 
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slide and seal under its own weight (about 20 kg) into the housing. There is na 
need for tight tolerancing on the positioning of the X-Y grab, since the seal ring 
allows the filter to be self centralising on the sealing face. This also 
eliminates the possibility of tne filter jamming in the housing. 

This filter currently fits into the 200 litre waste drum; if required, 
volume reduction of the filters within_ the cell enables the disposal of several 
filters together in one flask movement. Typically, by crushing, the filters can 
be reduced to a quarter of their original height within the original filter 
diameter. 

Small Circular Filters 

On a smaller scale, many facilities have the primary ex_tract filters located 
in work benches or on the floor of a cave or cell. They operate on a principle 
similar to the filter descri.bed above but with a few design alterations. 
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Lifting device locates 
onto 'Land' on 
inside throat of filter 
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Retaining ·o· ring 

·u· Section double lipseal 

Fig. 6: Plug-in Filter Change 

They seal into a counterbored hole via a single lip seal of neoprene or 
silicone and are "plugged" into the housing using a local Master Slave Manipulator 
(MSM). Therefore, instead of the grab ring, described above, the filter has a 
lifting lug connected to the filter flange, which the MSM can use to pick and 
place the filter. 

The filters chosen for any one application -must suit the cell transfer 
facilities; therefore, the use of multiple cell units enables the designer to meet 
the airflow specified for the ventilation system and the disposal/transfer 
requirements. This type of system. lends itself to use in new plants and by 
retrofitting in existing plants, to overcome sealing problems and ease transfer 
out of the cell for ultimate disposal. 

Ladderack Wall System - Internal Seal 

The ladder system comprises filters mounted vertically on a carefully 
fabricated frame, which forms one wall of a duct or room. The rectangular filter 
requires location and clamping devices to ensure it achieves a good seal. Because 
of seal relaxation, tightening of filter clamps is also necessary at intervals. 
The circular filter, however, seals without clamping via an internal lip seal onto 
a -.spigot. It can be retrofitted in place of rectangular filters by the 
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installation of a frame with sealing spigots and support rods (Figure 7). The 
filters slide on the support rods and a latch ensures the filters locate fully on 
the sealing spigot; it also prevents any movement of the filter off the spigot 
due to over pressurisation. The filter has a rated flow of 1700 m3/h and, with 
a diameter of 518mm and length of 335mm, can be positioned on the same pit~h as 
the rectangular filter (610 x 610 x 292 mm3). 

Internal lip seal 

Handle to facilitate 
removal of the filter 

Latches to retain filter 

Tapered spigot feature 
of ladder frame 

Guide/Support rods 

Fig. 7: Ladderack Wall System 

Contaminated air steam 

With a large enough pitch between the filters, the frame onto which they sit 
can incorporate bagging rings. Since the operator changes the filters from the 
clean side, the bag, when placed over the filter, should protect the operator from 
contamination, especially since the filter retains contamination on the inside or 
upstream face. 

Safe Change System 

Safe change housings allow for bagging out of contaminated filters without 
use of a pressurised suit. The circular filter, within. the circular housing, 
adopts the same principle as the ladder system described earlier. The filter 
slides on the support rods and seals via the internal seal onto the sealing 
spigot. Again, latches ensure the location of the filter and, secondly, prevent 
the dobr of the filter housing from being closed without the filter being fully 
home and therefore sealed. The bagging rings allow for a conventional bag change 
operation. 
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Contaminated Air Stream 
Filter Insert ~Om'/hr ,.,. 

-,----..---..--Tapered Spigot 

Handle for 
Filter Removal 

Filtered Air Stream 

Fig. 8: Rear Entry Safe Change Housing 

feature of housing 

Guide to facilitate 
Loading of Filters 

Internal 
Rubber Seal 

The canister housing for installation in a plant comes in two forms, one 
referred to as a "rear entry housing" and the other as an "in-line housing". The 
former has the lower pressure drop. The rear entry housing consists of a cylinder 
into w~ich the filter slides (Figure 8). The housing c9nnects directly onto the 
upstream ducting so air enters through the back of the cannister directly into the 
filter. Air then flows out radially through the filter element and into the 
plenum of the housing (the air gap between the cylinder of the filter housing and 
the outer case of the filter element). The filtered air is then ducted through 
90° and exits into the downstream, ducting. The in-line housing consists of two 
cylindrical drums mounted one on top of the other. Air enters the top drum and is 
ducted through the plenum between the two cylinders before turning through 90° 
where it flows in through the throat of the filter. From here the flow path 
follows that as described for the rear entry housing. 

IV. CONCLUSIONS 

Circular filters show several advantages over their rectangular counterparts, 
these include: 

* 
* 
* 

simple, more reliable remote handling techniques and equipment 
first time sealing without clamping 
compatibility with existing disposal routes 
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compatibility with posting systems 
easy volume reduction 
safer handling, no sharp edges 
contamination retained on inside of filter, minimising release and 
redispersal of collected particulate. 

Their development to date has shown the filters can meet the HEPA filter 
requirements stipulated in the Atom}c Energy Standard Specification for circular 
filters: AESS 30/95200 (1987)(~ which covers the range of push-through 
circular filters for use ih small cells and AESS 30/951 00 ( 1987) (]), which 
covers the large circular filters for use in the ladder system, shielded 
facilities, and cannister housings. 

Circular filter development has considered filters for a range of flows from 
45 m3/h up to 3400 m3/h; meeting the requirements of most facilities, from 
small glove boxes to large-volume installations. The system~ considered have been 
designed in response to the requirements of both shi.elded facilities (remote 
filter changes) and unshielded facilities (normally for bag changing of filters). 
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THE REALIZATION OF CODERCIAL HIGH STRENGTH HEPA FILTERS* 

V. Ruedinger; C. I. Ricketts; J. G. 'Wilhelm 
Kernf ors chungszentrum Karlsruhe GmbH 

Laboratorium fuer Aerosolphysik und Filtertechnik II 
Postf ach 3640, D-7500 Karlsruhe 1 

Federal Republic of Germany 

Abstract 

HEPA-filter media though having excellent particle removal eff i
ciencies, remain characterized as rather brittle, fragile and weak mate
rials. As a result, undesired structural damage followed by significant 
losses in filtration efficiency can easily occur in handling, transport, 
and even normal operation of filter units. 

In recent years extensive investigations into the structural limits 
of HEPA filters in dry air and under extended exposure to high humidity 
airflow have been carried out. In the course of this work the failure 
modes and the underlying failure mechanisms were thoroughly studied. On 
the basis of the information obtained, considerable improvements in the 
structural strength of HEPA filters could be achieved . 

. As verified by removal efficiency tests, differential pressures up 
to 56 kPa in dry air and 15 kPa after extended operation under fog condi
tions were proven to be sustainable without mechanical damage to the fil-
ter medium. · 

In cooperation with three major European filter manufacturers the 
know-how gained has been transferred into practical application through 
development of commercially available high-strength filter units. Three 
new K'WU (Siemens - Kraftwerksunion) nuclear power plants in Germany have 
already been fully equipped with HEPA filters of this improved design. 
The German licensing authorities are now considering modifications of 
their requirement specifications to reflect the increased strength of 
the new filter units. 

I. Introduction 

In order to effectively protect operating personnel and the surroun
dings of nuclear facilities from airborne radioactivity, the concentra
tions of ionizing radiation sources, in working areas and in the off-gas 
and exhaust air streams released to the environment, must be held to ex
ceptionally low values /1, 2/. Particularly with regard to thyroid threa
tening radioactive iodine or the highly toxic and radioactive nuclides of 

*Work performed under the auspices of the Federal Ministry for the Envi
ronment, Nature Conservation and Nuclear Safety under Contract No. 
SR 290/1 

917 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

the trans uranium elements, highly effective air and gas cleaning opera
tions are required to maintain levels below the limits allowed by regula
tory authorities. Indispensible for the effective removal of airborne ra
dioactive fine particles in the air cleaning systems of all types of nuc
lear facilities are High Efficiency Particulate Air (HEPA) filters, 
first developed in the late 1940s /3/. 

II. Performance Characteristics and Application of HEPA Filters 

One important example for the application of HEPA filters is illu
strated in Figure 1 with a simplified schematic of the air cleaning sys
tems in a modern German nuclear power plant with a pressurized water reac
tor (P\TR) . Depicted are the most important exhaust and recirculating air 
cleaning systems with which airflows of more than 100 000 m3/h are treated 
using HEPA filters. 

Reactor Building 
Steel Containment 

Turbine Hall 

1 Vent air filter system 
2 System exhaust air filter system 

Annulus 

Auxiliary Syst. Building 

3 Subatmospheric pressure maintenance system 
4 Annulus exhaust air filter system 

Fig. 1: Simplified schematic of the air cleaning systems of a modern Ger
man power plant with a P\TR (~ : indicates HEPA filter). 

\Thile the subatmospheric pressure maintenance system (3) and the ex
haust air filter system (2) function only under normal conditions of ope
ration, the vent air filter system (1) is designed to operate not only du
ring normal service but also after an accident. The highest performance 
requirements are fulfilled by the annulus exhaust air cleaning system ( 4) 
which is designed to assure that no loss of containment will occur as the 
result of a design basis accident. In addition, several recirculating gas 
treatment systems in the containment vessel can be depended upon. 

Relatively f'ragile HEPA filters form part of the containment 
barrier in all of the above described air cleaning systems. For the pro
tection of the environment surrounding nuclear facilities, during ser-
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vice under normal as well as accident conditions, proper filter perfor
mance is of crucial importance. 

Typical commercial filter units consist of a square outer frame of 
wood or metal to the inside of which the pleated filter medium is at
tached. Illustrated in Figure 2 is the construction of a conventional 
deep-pleat filter as it appears during manufacture. The filter medium is 
unrolled and pleated back and forth over aluminium separators to form a 
pack which is then sealed to the frame with an elastomeric adhesive. The 
corrugated separators, which determine a typical pleat width of some 
4 mm, contribute significantly to pack stability and effective use of al
most the entire area of the filter medium for dust holding purposes. 

Filter Medium 

Sealant 

' Frame 

Filter Pack 

Fig. 2: Conventional deep-pleat HEPA filter during manufacture. 

For a number of years now filter units of the so-called mini-pleat 
design have been commercially available . This filter type is characte
rized by panels, with pleat openings of about 1 mm and pleat depths of up 
to_60_mm, which are sealed in multiple V conf i.gurations to the inside of 
the filter frame /5, 6/. 

Typical deep-pleat 610x610x292-mm units normally contain a filter 
medium surface area of some 20 m2. This permits an airflow of at least 
1700 m3/h at the maximum allowed pressure drop of 250 Pa when clean. Use of 
the mini-pleat technology theoretically allows almost twice as much f il-
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ter medium surface area to be packaged within a given frame size. The re
sulting increased dust loading capacity and service life are intended to 
off er savings in operating costs. 

The filter medium itself is manufactured from glass fibers into a 
0. 5-mm thick paper which is strengthened and stabilized with an organic 
binder such as polymethacrylate. The size distribution of the fiber dia
meters varies between roughly 0 .15 and 15 µm depending upon manufacturer 
and required filtration efficiency. It is the very fine fibers that make 
possible the high filtration efficiencies at low pressure drops. Glass 
fiber filter media have shown great sensitivity to adverse effects resul
ting from exposure to liquid water. As a partial compensation, filter me
dia for nuclear applications are treated with a silicone impregnation. 

The fine structure on the surface of a typical clean HEPA-filter me
dium is to be seen in the photo of Figure 3 taken with a scanning electron 
microscope (SEM). A second SEM photograph in Figure 4 shows the form in 
which fine Ti0 2 particulate was collected on and between the glass fibers 
of a filter medium. 

Fig. 3: SEM photograph showing the fine structure on the surface of a 
clean filter medium. 

The SEM photographs clearly illustrate that the distances between 
the individual fibers are several orders of magnitude greater than the di
ameters of the collected particles and consequently that screening 
effects are insignificant in the filtration process. Only the phenomena 
of diffusion, inertia, and interception are responsible for particle re
moval from the airstrean as it passes through the filter medium. The com
bination of the three mechanisms results in a minimum in the filtration 
efficiency curve at a particle diameter of about 0. 2 µm. Even at this mini
mum, the filtration efficiency of HEPA-filter media show values of 99.997. 
/8/. If it is assumed that the distribution of the particles to be collec
ted lies in the range of 0.05 to 5.0 µm, as it commonly occurs in practice, 
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then decontamination factors (DFs) of > 106 are possible. Vi th increasing 
quantities of dust in the filter medium larger values have been measured 
/9, 10/. 

Fig. 4: SEM photograph of the fine Ti02 particulate collected on and bet
ween the fibers of a filter medium. 

Several stages of currently available typical filter units can be 
depended upon to achieve the extremely high removal efficiencies re
quired in the cleaning of gaseous effluents containing plutonium. A DF of 
109 for particles with a mean diameter of 0.3 µm has been measured across 
two stages off ilters, for example /11/. A crucial prerequisite for achie
ving such high Df s lies in guaranteeing the structural integrity of the 
filter units, and above all that of the filter medium. Leakage of air 
through holes with cross sectional areas of only several mm2 can reduce 
decontamination factors by several orders of magnitude. 

In fact a number of authors have repeatedly stressed the fact that 
HEPA-filter media still remain relatively weak and fragile, unduly sub
jecting the filter to mechanical damage (see e.g. Ref. 12). Reports of 
filter failures in nuclear facilities, for the most part during routine 
service, still appear persistently in the literature /13, 14/. One of the 
most frequent causes of failure was observed to be exposure to high mois
ture environments /15-17 /. There are also indications that the quality of 
commercial HEPA filters has decreased in recent years /18-20/. Therefore 
in view of filter reliability during operation in nuclear facilities and 
particularly with respect to accident situations, the development of 
HEPA filters of considerably increased structural strength was judged to 
be necessary. The following will summarize how this objective was at
tained. 
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III. Mechanical Loads on HEPA Filters 

A number of phenomena are responsible for the mechanical loadings 
that could result in structural damage to the filter medium in HEPA fil
ters. Among these, for example, the clamping forces needed to seal the 
gasket can be neglected, because of the rigid filter frames that are nor
mally used. Forces created by earthquakes will presumably not endanger 
the structural integrity of the filter units either /21/. Significant 
stresses in the filter medium can be created by shock waves or by the for
ces resulting from filter pressure drop and the pulsations of the air flow 
which may be superimposed on it. There are indications that shock waves 
with time durations on the order of milliseconds can be more easily sus
tained without damage than continuous loadings due to quasi-steady diffe
rential pressures /22/. For this reason the latter case has been thorough
ly investigated at high velocities with dry air and at design flows with 
high humidity air. 

One result of these measurements was an empirical equation for the 
flow resistance curve of typical commercial deep-pleat HEPA filters of 
610x610x292 mm, loaded to 1 kPa at design flow. This· can be approximated 
by: 

D.p = 0.37 v + 0.021 y2 (1) 

where the static differential pressure D.p is in kPa, and the average fil
ter entrance air velocity is V < 35 m/s. This is valid for relative humidi
ties below 70% /23/. 

The occurrence of high air humidities, which may take place either 
during normal operating conditions or in accident situations is of spe
cial interest. The incorporation of liquid water into the filter medium 
by sorption processes or by water droplet filtration leads to conside
rable increases in filter differential pressures, even at design flow 
/24/. As a typical example for operation with supersaturated air, Figure 
5 shows the time dependent increase of HEPA filters slightly loaded with 
dust /25/. 
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Fig. 5: Time dependent progression in flow resistance of slightly dust 
loaded HEPA filters at different degrees of air supersaturation. 

Both examples show that at high air humidities or during accident 
events considerable mechanical loads on HEPA filters may occur, endange
ring their structural integrity. 

IV . Structural Limits of Commercial Standard Size HEPA Filters 

To determine the structural limits of currently available commer
cial HEPA-filter units, several hundred new clean as well as used dust 
loaded filters of three principal designs from a total of ten European and 
US manufacturers were tested; primarily in the BORA and TAIFUN test f aci
li ties at Karlsruhe Nuclear Research Center (KfK). The BORA facility was 
used to generate high velocity flows of dry air to challenge test filters 
for short duration times up to several minutes with elevated differential 
pressures /26/. Long term tests at design flow under high humidity or fog 
conditions could be carried out in TAIFUN for up to several days /27 /. Im
portant results in all tests performed were the filter structural limits 
measured in kPa. The structural limit, also referred to as burst 
strength, is defined to be the differential pressure at which the first 
mechanical damage to the filter medium becomes visible. The mean of the 
individual results for several filters of each type, grouped according to 
design, manufacturer, and production lot, represented the result for 
each filter type. The differential pressures at failure for filter units 
from the major manufacturers in Europe and the USA are summarized in Table 
I for the three principal designs. The given ranges of the average burst 
strengths vary due to manufacturer and characterize the current situa
tion. 
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The highest values are shown by the conventional deep-pleat uni ts. 
Recent tests in dry air of filters from three leading manufacturers were 
carried out to check the influence of different production lots over 
time. The results for the most recently manufactured filters showed sig
nificant decreases in quality. The value of 13 kPa listed in parenthesis 
can be currently considered as more representative. 

Above all the results clearly show how sensitive filter strength is 
to extended operation under high humidity airflow. A number of filters, 
particularly those of the mini-pleat design were damaged during exposure 
to saturated airstreams at 100'7. rh (relative humidity). Furthermore, a 
significant number of the test filters could probably not have fulfilled 
the requirements of the "resistance to pressure" test of MIL-F--0051068E, 
3.4.4 /28/. The tabulated results which are in agreement with those of 
other authors /17, 29/ also provide some explanation for reports of 
filter failure in normal operations /14, 16/. 

Table I: Structural limits of new clean commercial 610x610x292-mm HEPA 
filters at 30-50 oc in dry air (rp ~ 507. r h) and humid air (807. r h 
~ air humidity~ 5 g H20/m3 saturated air) . 

Range of Average Failure 
Filter Design max. Operation Differential Pressures 

Pack Frame Temperature oc Dry Air High Humidity Air 
kPa kPa 

Mini Pleat Vood 120 6-19 1-2 

Conv. Metal 240 4-11 2-3 

Conv. Vood 120 10-23 3-9 
(13) 

V. Modes and Mechanisms of Failure 

The low structural limits of new HEPA filters, particularly in high 
humidity airflows demonstrate the need for considerable improvements, in 
order to assure containment in normal operation and particularly during 
accident situations. As the basis for a cost effective development of 
high-strength HEPA filters the modes of failures were carefully ana
lyzed. Additional investigations were performed to establish the failure 
mechanisms. The results obtained for two of the most important failure me
chanisms are summarized below. They are valid only for filter units of the 
conventional, deep-pleat design which exhibite d the highest structural 
strength and promised the greatest potential for further improvements. 

Filter Failure by Bending of the Pleated Pack 

The bending of the filter pack under loading by the differential 
pressure causes two seemingly independent failure modes. One of them is 
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shown in Figure 6 by a photo of the filter downstream side during a struc
tural test in dry air. In the middle of the pack a group of 24 folds has 
been bent in the airflow direction partially out of the frame. Due to the 
vertical tensile stresses, aL, in the ends of the pleats, the filter me-

dium was torn in the middle of the pleat height. 

Fig. 6: Failure of deep-pleat HEPA filters on the downstream side by ben
ding and tearing of a group of folds (610x610x150-mm size). 

Two frames in time during the course of the second failure mode are 
represented by the photos in Figure 7. Both show sections of filter packs 
obtained by vertically cutting apart filter elements parallel to the air 
flow direction after tests at high humidity and design flow. The dust loa
ded filter medium appears dark. The upper photo shows that the filter me
dium has been torn very close to the plywood frame. The rupture started at 
the upstream side of the filter (left) and has proceeded almost to the 
middle of the pack depth. The second photo shows how a similar tear has 
progressed completely through the depth of the pack. 
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Fig. 7: Two sections of packs cut from dust loaded HEPA filters showing 
tears (white) in the filter medium (tear initiated on the up
stream side, left). 

Both failure modes result from maximum tensile stresses in the fil
ter medium; located halfway up the pleats on the downstream side (Figure 
6) and at the top and bottom of the pleats on the upstream side of the f il
ter (Figure 7). The distribution of these tensile stresses in one side of 
a filter pleat was calculated with a mathematical model based principally 
on pleat geometry. This distribution is shown in Figure 8 for a differen
tial pressure of 1 kPa. 
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Fig. 8: Distribution of the tensile stresses in the side of a pleat of the 
filter medium at a differential pressure of 1 kPa 
(610x610x292-mm size). 

The plot of the stress distributions shows the locations of the two 
maximum tensile stresses to be the same as those observed for the initial 
ruptures in the filter medium. The maximum value on the upstream side can 
be calculated using: 

- [ bh 2 2a] /j. 
uLmax = 4Adt2 + d{f P 

(2) 

where b, h, and t are the width, the height, and the depth of the filter 
pack, d is the thickness of the filter medium, A the number of pleats, a 
the pitch of the separator corrugations, f the elongation of the medium, 
and /j.p the filter differential pressure /30/. 

The first term in the stress equation results from the differential 
pressure across the upstream and the downstream ends of the pleats lea
ding to forces in the flow direction. A vertical strip of half the width of 
the upstream pleat end, the attached side of the pleat parallel to the 
flow direction, and the one-half strip of a downstream pleat end can be mo
deled as a beam with fixed ends bearing the uniformly distributed load of 
the differential pressure. The second term results from the uniformly 
distributed load of /j.p on the side of the pleat which presses the filter 
medium against the separator enclosed by the pleat. 

Verification of Eq. (2) was performed based on numerous tests with 
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new HEPA-filter units of different sizes and manufacturers. For this pur
pose filter media samples were removed from structurally tested filter 
units for measurement of tensile strength and elongation. These values 
were used to calculate theoretical failure differential pressures using 
Eq. (2). Comparison with the measured failure limits is illustrated in Fi-
gure 9 . 30-.--------.----.----..------,----,.....--...., 

kPa e In Dry Air 

o In Humid Air 

-.E 
:::i 
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Calculated Structural Limit 
Fig. 9: Comparison of the measured failure differential pressures with 

those calculated using Eq. (2) for new HEPA filters, tested in 
dry and humid air. 

The slope of 1. 07 for the linear regression curve fit of the points 
can be considered as a quantitative confirmation of the derived mathema
tical model. The correlation coefficient of 0.90 is relatively high espe
cially considering that the filters were tested in three different f aci
li ties with dry or humid air over a time period of eight years. The filter 
elements of different series were made by various manufacturers. 

The developed model confirms the measured failure differential 
pressure of HEPA filters. It enables designers of filter units to predict 
structural limits on the basis of simple measurements of the tensile 
strength and elongation of the filter medium together with the pleat geo
metry. It also furnishes additional information on how to improve the f il
ter structural strength for the modes of failure involving longitudinal 
stresses in the pleats. 

Filter Failure by Swelling and Rupture of the Ends of Individual Pleats on 
the Downstream Side 

The third of the three major failure modes consists of swelling of 
the downstream ends of individual pleats that eventually rupture. A 
typical example of this failure mode is given in Figure 10. 
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Filter failure by swelling and rupture of the ends of individu
al folds on the downstream side (610x610x292-mm size). 

The mechanical load caused by the differential pressure creates a 
circumferential tensile stress, ere, in the end of the pleat. The magnitude 
can be calculated using: 

r 
ere =CI ~P , (3) 

where r is the radius of the end of the pleat, d the thickness of the filter 
medium, and ~p the filter pressure drop. Eq. (3) shows that with growing 
width of the swollen pleat the tensile stress increases proportionally 
and along with it the risk for filter failure. The underlying bases for 
the swelling of pleats at elevated ~p is therefore of major importance. 
It is explained by the fact that the corrugations of the adjacent separa
tors are oriented parallel to each other. Two extreme positions of adj a
cent separators with respect to each other are demonstrated in Figure 11. 
The actual geometry in conventional deep-pleat filter units consist of 
random distributions between and including these two cases. 
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Fig. 11: ][EPA-filter pack with two extreme cases for the relative geo
metry of adjacent separators. 

In the upper detail the separators support each other peak to peak. A 
re la ti ve lateral movement of the separators is not possible. In the lower 
detail the separators are supported by the filter medium in the middle of 
two peaks. In the case of increased pressure inside the pleat, deforma
tion of the filter medium can create some amount of play on both sides of 
the separator. At elevated differential pressures the total play of all 
pleats does not tend to remain uniformly distributed, thus allowing one 
or two folds to swell. Pleats located close to the filter frame are often 
particularly susceptible to swelling. 

Experimental verification of Eq. (3) proved that filter failure 
occurs on the average at values 80% below the calculated tensile stresses 
The explanation is that a mechanical interaction between the separator of 
the swollen pleat and the filter medium occurs, whereby the medium is cut 
by the sharp edges of the separator. This interaction takes place due to 
the limited ab.ility of the brittle filter medium to elongate in order to 
accommodate the increased circumference of the swollen pleat. Instead, 
the end of the pleat moves backward into the edge of the separator as soon 
as the fold widens. A very clear example of this type of damage is shown in 
the photograph of Figure 12. Depicted is a view of an unfolded end of a rup
tured pleat in front of a black background. The corrugated separator in 
the right corner appears dark. The end of the pleat has obviously been cut 
by the separator in several different places. 
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Fig. 12: Unfolded end of a ruptured pleat with cuts and imprints caused 
by the separator edges due to swelling of the pleat. 

V. The Realization of High-Strength HEPA Filters 

The tensile strength of the HEPA-filter medium is clearly the most 
important property with respect to the structural strength of the filter 
limits. Correspondingly the MIL specification for filter media /31/ in
cludes requirements for the tensile strength of new dry and wet samples, 
after exposure to heated air, after exposure to a gamma radiation dose of 
approximately 108 rad, and after folding, tested dry. The conditions of 
the media samples leave pronounced effects on the residual strength. As 
an example, Figure 13 shows the loss in tensile strength of a typical com
mercial glass fiber medium caused by folding, wetting, and the combina
tion of both. The combination of folding and wetting leads to particular
ly low residual tensile strength values. 
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Fig. 13: Loss of tensile strength of a typical HEPA-filter medium due to 
folding, wetting and the combination of both. 

A statistical analysis of results for tests of more than 2000 media 
samples revealed that wet folded samples retained on the average only 
about 10 % of the original stren~th/,32/. Additional losses can occur du
ring normal service operations /33 , and can also be expected as a conse
quence of heat exposure or irradiation. It can be further noted that some 
folded media samples removed from filter elements after normal service 
had virtually no residual tensile strength after wetting /32/. 

The mathematical models developed for the calculation of tensile 
stress make it possible to quantitatively interrelate the medium tensile 
strength with the structural limits of deep-pleat filter units. This pro
vides a basis for the revision off ilter specification requirements to re
flect the higher possible strengths . In the course of high-strength fil
ter development, a significant improvement was obtained by use of a f il
ter medium reinforced by a woven glass-fiber cloth (Lydall Inc., Grade 
3255 LV 1). The tensile strength for new samples in the dry and in the fol
ded wet condition are compared in Figure 14 with the corresponding ones of 
a conventional filter paper. 
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Fig . 14: Tensile strength of a HEPA-filter medium reinforced with a 
glass-£ iber scrim compared to that of a typical conventional 
medium. 

The unfolded dry sample is stronger than the normal medium by a fac
tor of 16. Since the strength of the reinforced medium is only sightly af
fected by folding and wetting, its strength under such conditions is 
higher by a factor of 90. Standard size HEPA filters built using this me
dium, with the glass-fiber scrim on the downstream side, exhibited struc
tural limits of approximately 30 kPa in dry air and 10 kPa after extended 
exposure to supersaturated airstreams. These relatively modest improve
ments were limited by the loosening of the filter pack and the resulting 
interaction between the ends of the pleats and the edges of the separa
tors. 

The second important modification undertaken, consisted of increa
sing the stability of the filter pack in order to prevent its loosening 
and hence the resultant swelling of individual pleats. Consequently, da
mage to the ends of the pleats via mechanical interaction with the sharp 
edges of the separators could be eliminated. This was achieved by using 
separators with corrugations that are inclined, e.g. by 150, with respect 
to the airflow. The separators are arranged in the filter pack in such a 
way that the corrugations of adjacent separators form a crosshatch pat
tern. Vi th such a configuration, the transmission of lateral forces with
in the pack takes place via the contact points on the peaks of the inter
secting corrugations. A geometry of adjacent separators that relies on 
the bending stiffness of the filter medium to maintain pack tightness is 
avoided. Thus even under elevated differential pressure pack tightness 
can be largely preserved, since the separators deform only slightly and 
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the filter medium is only minimally compressed at the points of contact. 

The structural limits for prototypes built with this type of separa
tor and a conventional filter medium were measured in dry air to be 48 kPa. 
After extended operation under fog conditions failure occurred first at 9 
kPa and the filter pack showed virtually no sign of loosening. 

The improvement in the stability of the pack not only leads to higher 
failure pressures but also acts in a beneficial way on the flow resistance 
characteristics in dry and in supersaturated air. Earlier investigations 
had shown that at high filter entrance air velocities, above 15 m/s for 
filters of the mini-pleat design and over 35 m/s with the conventional 
deeply pleated filters, the flow resistance and as a consequence the 
stresses in the filter medium increase very steeply. This behavior is at
tributed to deformations in the filter pack /29/. Such deformations are 
avoided by the use of separators with inclined corrugations. Figure 15 
shows a typical flow resistance curve that increases appreciably less 
steeply than those of the other designs. The inherent advantage is that 
very high differential pressures can occur only at the higher air veloci
ties. The risk of filter failure a.t a given flow is reduced. 

60 Deep Bed High Strength 
Metal Fiber 

kPa Conventional Deep Pleat 

Deep Pleat 
a. 
0 40 .... Mini Pleat c 
Cl> I .... I ::J 

"' I 
"' Cl> I .... 
a. 20 
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Average Velocity at Filter Inlet 

Fig. 15: Flow resistance curves of different HEPA-filter designs com
pared to that of high strength units containing separators 
with inclined corrugations and reinforced medium 
(610x610x292-mm size). 

At filter operation under fog conditions the filter differential 
pressure will eventually approach a constant maximum value which is part
ly determined by an equilibrium state between the incorporation of water 
and the drainage. In the modified HEPA-filter units the inclined separa
tors lead to lower flow resistances compared to filters of the conventio
nal design, as seen in Figure 16. 
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Fig. 16: Time dependent increase of differential pressure for con
ventional and high- strength HEPA filters with pleats oriented 
vertically (610x610x292-mm size). 

It can be concluded that the use of separators with inclined corruga
tions not only considerably improves the structural strength but addi tio
nally increases the safety margins with respect to failure by reducing 
the mechanical loads on the filters at a given flow. 

KfK has successfully developed a machine for the continuous and au
tomatic production of separators with inclined corrugations. An example 
of the aluminum separators with inclined corrugations and folded safe 
edges is shown in Figure 1 7. 
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Fig. 17: Example of aluminum separators with inclined corrugations ar1d 
folded edges. 

In the realization of high-strength filter units both measures, a 
reinforced filter medium and separators with inclined corrugations were 
implemented. Additionally, a number of minor modifications were incorpo
rated. Filter units of this design show that no failure resulted during 
testing in the existing facilities BORA and TAIFUN. Prototypes with woo
den frames and adhesive sealants were tested in BORA with dry air at diffe
rential pressures as high as 56 kPa and in TAIFUN under extended exposure 
to fog conditions at 15 kPa without showing any unacceptable decreases in 
removal efficiency. It is assumed that the actual structural limits are 
considerably higher than these values. The actually measured figures for 
high-strength filter units are compared with those of the conventional 
designs in Figure 18. 
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Fig. 18: Structural limits of high-strength HEPA filters compared to 
those of the conventional designs (610x610x292-mm size). 

In cooperation with three major European filter manufacturers the 
know-how gained has been transferred into practical application. These 
companies have added the high strength version to their product lines of 
HEPA filters. Three new KVU (Siemens - Kraftwerksunion) nuclear power 
stations of the CONVOY series with 1300 MWe have already been fully 
equipped with HEPA filters of this improved type. KfK also will use high
strength HEPA filters for all air cleaning systems in its nuclear instal
lations. German licensing authorities are considering their requirement 
specifications in accordance with the advanced technical state. 

At the time being the high-strength filter units will cost roughly 
twice as much as the conventional versions. The most important factor of 
additional costs is determined by the reinforced filter medium which is 
about two times more expensive than the standard media. Due to the in
creased thickness of the separator foil more aluminum is needed and final
ly the production costs for the separators will be somewhat higher. The 
additional measures contribute only minor additions to the overall 
costs. 

VI. Quality Assurance 

In view of assuring the quality of the high strength filters a preli
minary procedure for testing their structural limits was implemented. It 
includes an oven test at 130 oc, a high pressure test in dry air in the test 
facility BORA, and a test at rated airflow for extended duration under fog 
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conditions in the test facility TAIFUN. Upon completion of the test 
cycle, each filter unit has to meet the removal efficiency specified for 
new filter units. The details of the test sequence are summarized in Table 
II. The high strength filters are able to withstand the entire series of 
tests without damage. 

Table II: Procedure to test the structural performance of new HEPA fil
ters. 

Test step Characteristic tested Test Method & Conditions 

1 Initial Filtration DIN 24 184 or equiv. 
Efficiency 

2 Static resistance to oven 
elevated temperature 23h, 13ooc 

3 Structural strength BORA 
in dry air Rise in Llp to 25 kPa in 30 s 

Dwell of Llp at 25 kPa for 60 s 
Fall in Llp to 0 kPa in 30 s 

4 Resistance to fog TAIFUN 
20 h, 30 oc, 5 g H20 per m3 of 

saturated air 

5 Final Filtration DIN 24 184 or equiv. 
Efficiency 

The test procedure makes up part of the filter purchasing specifica
tion of KfK and KWU. It is used as a tool for type testing as well as a con
trol of filter suppliers. Since the test facilities BORA and TAIFUN are 
needed, it can only be performed at KfK. It is additionally time consuming 
and rather expensive. In order to overcome these disadvantages a simpli
fied version employing a low cost test facility is being developed at KfK. 

VII. Conclusions 

Through the establishment of the failure mechanisms and the develop
ment of a technique for the production of separators with inclined corru
gations it has been proven possible to manufacture high strength HEPA
filter units in a cost effective way. This type of filter is now commer
cially available and already in use in German nuclear installations. 
Since it was possible to maintain the standard frame size and design flow 
rating, existing filter banks and housings can be equipped with the high 
strength version of the filters. With this development a contribution to 
improved margins of safety in the confinement of particulate radioactivi
ty could be achieved. 
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DISCUSSION 

LIFSHUTZ: How is the reinforcing matrix at-
tached or laminated to the media itself? 

RUEDINGER: This is a development of an American 
Company. I do not know the details, it is a proprietary source. 

GILBERT: What company in Germany is producing 
the filter now? 

RUEDINGER: There are three companies. A company 
named Atex, another named Confill, and a third is Volks in England. 

SMITH, P.: Have you tested any of your new 
filters in your catastrophic test rig at high pressure differentials 
and to shocks? 

RUEDINGER: We did, and we were able to apply 
half an atmosphere or a little more without producing any minor change 
in filtration efficiency or structural damage. 
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SMITH, P.: How about shock waves? 

RUED INGER: We did not do that. We intend to, 
maybe at your test facility. 

MEDDINGS: Has the dirt holding capacity of the 
new high strength filters been determined? 

RUEDINGER: The filter medium is the same as that 
in conventional HEPA filters so the dust holding capacity is not 
different. 
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STRUCTURAL ACrIVATED CARBON-CARBON COMPOSITE .MEDIA 
FCR FABRICATION OF AIR AND WATER FILTERS 

G.W. Brassell, Nuclear Filter Technology, Inc. 
Golden, Colorado 

Abstract 

An activated structural carbon bonded carbon Siber composite 
exhibiting surface area values in excess of 800 m /g, compressive 
strength values of 30 to 150 psi and macro porosity (>l 
micrometer) values of 65 to 95% has been developed and patented. 

As a result of the structural stability of the activated carbon 
composite, air and water filters fabricated with this media can 
survive overpressures caused by mishandling or a large pressure 
surge. 

The carbon composite media also will perform as a dual 
gas/particulate filter (adsorption of hazardous g·ases and 
entrapment of particulates). Tests performed on the media reveal 
that the material can be manufactured to exhibit a filtering 
efficiency of greater than 99.97% when DOP tested. 

I Introduction 

The use of activated charcoal filters for life support in hostile 
environments is common pl ace. Commercially available activated 
carbon used to fabricate this type of filtration system is 
produced from several different precursors such as coconut, coal 
and hardwood. The ~ublished surface area values range from 1000 
to more than 1500 m /g with the micropore size ranging from 5 to 
20 angstroms and macropores greater than 500 angstroms. 

The capability of charcoal as a sorbent is based on charcoal 
characteristics which are not well understood. Studies have 
revealed that charcoal's ability to adsorb different gas 
molecules depends as much on the precursor as on the distribution 
of micro and macro pores. Adsorption of water molecules onto 
activated charcoal, which is dependent on micropore size, 
decreases the available sites for other gas molecules. Thus 
activated charcoals containing a large volume of micropores less 
than 20 angstroms in size perform better in humid environments. 

Chemical/gas filters, which are designed for adsorption and 
removal of toxic agents from the air, usually are fabricated by 
placing activated charcoal powder between substrates such as 
paper, metal or plastic screens. If the substrate holding the 
particles together ruptures .due to either mish~ndling or a large 
pressure surge, containment of the charcoal powder is lost 
resulting in a spill and in potentially hazardous exposure to the 
user. 
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Activated charcoal filters designed for adsorption of toxic gases 
are usually not very effective at filtering out (capturing) sub
micron particulates. In cases where exposure to both gases and 
particulates is anticipated, a filter canister containing a HEPA 
filter and activated charcoal is necessary. This type of 
construction can result in a heavy and awkward filter exhibiting 
a large pressure drop. Also, activated charcoal filters have a 
tendency to produce small dust particles during exposure to 
vibration or movement because of the charcoal particles rubbing 
against each other. This undesirable characteristic becomes 
potentially hazardous to the user when activated charcoal is 
chemically treated to enhance adsorption of specific gas 
molecules. 

The primary objective of this study was to develop a porous 
structural carbon composite of high surface area and low dusting 
characteristics for use in construction of a dual gas/particulate 
filter. Effects of materials and processing parameters on 
composite morphology (macro and micro pore size distribution and 
geometry), density, strength, surface area, and particulate 
filtering performance (efficiency, flow rate and pressure drop) 
were investigated. 

II Experimental 

Fabrication of the activated carbon composite can be separated 
into three different steps: 1) Fiber Preparation, 2) Composite 
Molding and 3) Carbonization/Activation. A flow diagram of this 
process is presented in Figure 1. The effects of fiber 
acti va ti on techniques and process variables on composite 
density, porosity, compressive strength, surface area, and 
particulate filtering performance (efficiency and air flow) were 
studied. Process variables investigated included fiber 1 ength, 
fiber-to-resin ratio, and composite carbonization/activation 
profile. 

Fiber Preparation 

The carbon fiber used to fabricate composite specimens was 
obtained by carbonizing rayon fiber precursor. The rayon fiber 
was carbonized at 700 - 900°c in an inert atmosphere to prevent 
degradation. The carbon fiber was then sized to the desired 
length by processing through a wiley mil 1. In this particular 
study, fiber lengths of 0.025" and 0.005" were used. 

Composite Molding 

Composite molding consisted of preparing a mixture of carbon 
fibers and phenolic powdered resin in a dilute water slurry and 
using pulp/vacuum molding techniques to form a solid cake of the 
desired configuration. The wet cake was dried/cured at 130°c for 
12 hours which allowed the resin to flow and create a bonding web 
between the carbon fibers resulting in a rigid structure. 
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In this study, composite specimens were fabricated while varying 
fiber length and percent resin independently. The fiber length 
was varied from 0.005" to 0.025" while the resin content was held 
constant at 30%. The resin content was then varied from 30 to 50 
percent while holding the fiber length constant at 0.025". The 
effects of both fiber length and resin content on composite 
properties are discussed in Section III. 

Composite Carbonization 

The carbonization cycle consisted of subjecting the composite to 
a temperature in excess of 700°c in an inert atmosphere to 
prevent oxygen-induced degradation. This operation resulted in 
transformation of the phenolic resin to carbon with the resin 
shrinking and losing about 50% of its original weight. 

Composite Surface Activation 

The surface area of carbon bonded carbon fiber composites 
fabricated and carbonized as described is quite low (<10m2/g). 
However, high surface area values can be obtained by exposing 
either the starting fibers (carbon or rayon) and/or the final 
composite structure to a controlled oxidizing atmosphere. 

In this study, experiments were conducted in which commercially 
available rayon fiber and final composite structures were exposed 
to different amounts of air and carbon dioxide while at 
temperatures in excess of 700°c. The results of these 
experiments are discussed in Section III. 

Composite Properties 

The composite properties of interest include: density, porosity, 
compressive strength, dusting characteristics, hygroscopy, 
surface area, and particulate filtering properties. The density 
and porosity values were determined by using volume and weight 
relationship. Compressive strength values reported were measured 
using an Instron Tensile testing machine. Dusting characteristics 
of the material were determined by testing to Mil Std. 1246 A and 
found to have a contamination level of ( < 500); the specified 
limit is (< 750). The affinity for water was determined by 
placing weighed samples of the activated carbon corr\posi te and 
samples of a commercially available activated charcoal ( 1/4" 
size) in a humidity chamber for 24 hours. The samples were then 
reweighed and percent of weight gain was calculated. The surface 
area measurements were conducted using a Digisorb Model 2600 BET 
analyser utilizing nitrogen as the adsorbent. 

The particulate fi 1 tering performance of the activated carbon
carbon composite was determined by placing activated carbon 
composite disks measuring .75 inches in diameter by .60 inches in 
thickness in a housing and then using DOP testing procedures. 
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The DOP testing was conducted using an ATI photometer ( 'l'DA-2D) 
and a cold polydispersed aerosol generator (TDA-6A). The filters 
were tested at a pressure drop of l" water with penetration 
(filtering efficiency) and air flow reported. 

III Discussion of Results 

Fiber Preparation 

Carbon fiber was prepared for use in fabrication of composite 
specimens in which effects of fiber length and % resin on 
composite properties were studied. The carbon fiber used was 
obtained by subjecting a rayon precursor to 800°c for six hours 
in an argon atmosphere. The carbon fiber was milled to produce 
two different sizes of fiber 0.005" and .025". The s~rface area 
of the short fiber (.005) exhibited a value of 1.19 m /g and the 
s~rface area of the longer fiber (.025) exhibited a value of 0.75 
m /g. 

Effects of Fiber Length 

The effects of fiber length on composite properties of interest 
was studied by fabricating composite specimens with long fiber 
(.025") short fiber (.005") and a 50/50 mixture. The resin 
content was held constant at 30% and the composite specimens were 
all subjected to 700°c for 3 hours and 3 % carbon dioxide in an 
argon carrier gas. 

The effect of fiber length on density, compression strength and 
surface area is shown in Figures 2, 3 and 4. The composite 
density appears to be inversly proportional to the fiber length 
with the long fiber resulting in a composite density of 0.14 g/cc 
( 9 3% porosity) and the .short fiber resulting in an increase of 
composite density to 0.33 g/cc (84% porosity). 

The most significant fiber-length-induced change in properties is 
that of compressive strength. The compressive strength increased 
from 55 psi for the long fiber composite to 294 psi for the short 
fiber material, representing a change of more than 700%. This 
behavior is significant since the dusting characteristics of the 
fibrous composite are directly related to strength and structural 
stability. 

The compos~te disks fabricated exhibited a surface area of 310 m2 

and 380 m for the long and short fibers respectively. This 
change is attributed to the inherently larger surface area per 
unit volume of the small fiber due to the larger number of 
fibers. 

The effects of fiber length on the filtering performance of the 
composite material are plotted in Figure 5 and 6. The air flow 
rate through 1/2 in. 2 · of material having a thickness of 0.6 
inches was increased from 300 ml/min. at 1 11 H2o Delta P to 500 
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ml/min. w~en the fiber was increased from 0.005" to 0.025". The 
penetration of DOP smoke particles increased from 0.004" to 
0.020" which translates into filtering efficiency of 99.996% and 
99.980% respectively. Both of these values are within the 
required values for the filter to qualify as a High Efficiency 
Particulate Air (HEPA) Filter. 

Extrapolation of the penetration slope to a penetration of 0.030% 
results in a fiber length of 0.036". When the flow rate slope is 
extrapolated to a fiber length of 0.036", a flow rate of about 
0.620 liters per minute is obtained. Thus, in order to obtain a 
flow rate of 3 CFM at a delta P of one inch water and still 
retain the 99.97% efficiency, a disk measuring 0.6" thick by 
about 9" in diameter is required if the same formulation is used. 

Effects of Resin Content 

The effect of resin content on the composite properties was 
evaluated by fabricating disks with 30, 35, 40, and 50 weight 
percent resin. This resin system will lose about 50 to 60 
percent of its original weight when pyrolyzed at temperatures in 
excess of 700°c. The effects of resin content on density 1 

strength and surface area are plotted in Figures 7, 8, and 9. As 
expected, the density and compressive strength of the composite 
increases with resin content while the total porosity decreases. 

The effects of resin content on surface area is significant in 
that the surface area of the disk increased from 310 m2/g to 460 
m2/g when the resin content was increased from 30% to 50%. This 
behavior indicates that the phenolic resin used in this process 
can be more easily activated, than the fibrous carbon material. 

The effects of resin content on filtering performance are plotted 
in Figures 10 and 11. The rate of air flow through about 1/2 
square inch of material having a thickness of 0.6 inches 
increased from 0.500 l/m to 0.620 l/m and the penetration of DOP 
smoke particles increased from 0.016% to about 1% when the resin 
content was increased from 30 to 50%. It appears that the resin, 
which shrinks during the carbonization cycle, is resulting in the 
formation of large macro voids. 

Carbonization/Activation 

As described in the experimental section, the activation 
techniques used in this study consisted of exposing the starting 
fiber and carbon composite to a controlled oxidizing atmosphere 
at a temperature of 700°c. Experiments were designed to 
determine the optimum conditions (temperature, time and %C02 ) for 
activation of the composite structures. In the first experiment, 
composite specimens were fabricated using carbon fibers obtained 
from a rayon precursor. The surface area of the fiber used was 
0.75 m2/g. The composite specimens were fabricated with resin 
contents of 30% and 50% and a fiber length of 0.025. The 
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activating operation was performed at 700°c for a period of 3,6, 
and 9 hours in an atmosphere of 3% co 2 in argon. The surface 
a5ea values, ~hich are reported in Table 1, increased from 310 
m /g to 807m2/g for composites having 30% resin and exposed for 3 
hours and 9 hours respectively. 

Scanning Electron Microscopy ( SEM) photomicrographs of several 
specimens shown in Figures 12-13 reveal the macrostructure of the 
composite as well as the rough, crater-like, surface formed 
during the activation cycle. 

The composite specimens containing 50% resin and activated in 2he 
same run exhibited surface area values of 450 m2/g and 911 m /g 
when exposed for 3 hours and 9 hours respectively. The results 
of this experiment reveal that the composites fabricated with 50% 
resin exhibit larger surface area values. This is an indication 
that the phenolic resin is more easily activated than the carbon 
fiber. 

Also, higher surface area values were obtained by increasing the 
exposure time from 3 hours to 16 hours. However, the increase in 
surface area does not appear to be a linear function of exposur9 
time. 

TABLE 1 
Surf ace Activation Parameters 

Fiber Length %Resin Temp. %COf Time Surf a5e Area 
(inches) ( % ) (oC) ( % Hrs. (m /g) 

0.025 30 700 3 3 310 
0.025 30 700 3 6 510 
0.025 30 700 3 9 807 
0.025 50 700 3 3 450 
0.025 50 700 3 6 600 
0.025 50 700 3 9 911 

Experiment two consisted of exposing samples of carbon fiber 
obtained from rayon and untreated rayon fiber to 700°c and 3% co 2 
for 9 hours. ·The surface area of tpe previously carbonized fiber 
increased from 1.19 m2/g to 621 m /g while the surface area of 
the rayon fiber carbonized and activated simultaneously increased 
from < 1 m2/g to 775 m2/g. Thus it appears that higher surface 
area values are obtained when the rayon precursor is carbonized 
and activated simultaneously. 

The third experiment conducted consisted of fabr:i.,cating a 
composite specimen using high surface area fiber (775m 2 /g)and 30% 
resin. The composite was exposed to 700°c and 3% co 2 for 9 
h~urs. The surface area exhibited by this composite was 822 
m /g, an increase of about 6% over the composite fabricated with 
low surface area fiber. It appears that the phenolic resin flows 
and forms a coating which covers some of the micropores on the 
carbon fiber, thus negating the high surface area of the starting 
fiber material. 
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A piece of the activated carbon composite having a surface area 
of 822 m2/g and a sample of commercially available activated 
charcoal were placed in a humidity chamber set at 100% RH and 
90°F for 24 hours. The amount of water adsorbed (weight gained) 
was measured at 14.7% and 29.2% for the composite and commercial 
charcoal respectively. Thus it appears that for gas adsorption 
applications in humid environments the activated carbon-carbon 
composite may exhibit superior performance. 

IV Conclusions 

A structural activated carbon composite that can be used in 
construction of a dual gas/particulate filter has been developed 
and patelilted. 

The activated carbon-carbon composite media developed possesses 
high surface area, structural strength, low dusting 
characteristics and a low affinity for water. However, the 
composite media needs to be optimized with regards to air flow 
and pressure drop and requires further testing by exposing it to 
different challenging agents. The carbon composite filter 
element also possibly could be regenerated for re-use by using 
vacuum heat treatments. 

The activated carbon composite potentia 11 y can be used in many 
different applications including: changeable activated carbon bed 
filters, radon testing kits and filters, ozone filters, water 
filtration, helium getter in cryogenic applications, and liquid 
cryogen containment. 
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FIGURE 12: SEM PHOTOMICRoGRAPH OF LOW SURFACE AREA COMPOSITE 
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?IGURE 13: SEM PHOTOMICROGRAPH OF HIGH SURFACE AREA COMPOSITE 
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DISCUSSION 

GILBERT: Did you say what the base material 
for the string was? 

BRASSELL: In this particular case we started 
off with a rayon precursor and an insoluble phenolic powdered resin. 

GILBERT: Have you tried activating this after 
carbonization but before you put the resin in? 

BRASSELL: We did some studies where we 
activated the fiber and had a surface area of about 700 to 900 m2/g. 
At that point, we put the resin in it and without further activation 
the composite surface area decreased to about half of what it was. 
The reason is that the resin flows and covers up the voids on the 
fiber itself. 

GILBERT: 
m2/g is a high activation. 

I wonder if you consider that 325 
It seems rather low. 

BRASSELL: That one is low. The materials we 
activated later had values of about 900 to 1,000 m2/g. That was on 
the last slide that we showed. We exposed the material for nine 
hours at 3% co2 and attained 900-1,000 m2/g values. 
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AEROSOL FILTRATION KINETICS - A CONCEPTUAL APPROACH 

Leonard A. Jonas 
Hughes Associates, Inc. 

Wheaton, Maryland 

Abstract 

In the past the study of aerosol filtration by fibrous 
filter mats has concentrated on the elucidation of the 
mechanisms of filtration, delineating the fractional 
contributions of diffusion, impaction, and inertia to the 
overall filtration efficiency. A conceptual approach is 
offered which would study the kinetics of aerosol filtration, 
concentrating on determining the aerosol filtration capacity 
arid aerosol filtration rate constant of the filter mat. 
Since all physical systems can be characterized by two 
fundamental properties, namely a quantity factor and an 
intensity factor, it is expected that the filtration capacity 
and filtration rate constant will relate respectively to 
these two properties. 

Using the basic relationships originally derived from a 
continuity equation of mass balance, and a methodology 
analogous to that used to study the kinetics of gas 
adsorption, an equation was developed which should permit the 
determination of the aerosol filtration capacity and rate 
constant values for various filter mats from a series of 
life-thickness plots for the mats. By plotting the 
protective life in minutes, required to produce a chosen 
fractional exit to inlet aerosol penetration ratio, against 
the mat weight or thickness, a straight line should result 
from which one should be able to determine respectively the 
filtration capacity and filtration rate constant of the mat • 

. The effect of superficial linear velocity on the capacity and 
rate constant parameters can also be determined by the same 
methodology. 

Aerosol and filter mat variations in size and type can 
be factored into a test program matrix to fully assess the 
kinetics of aerosol filtration. 

INTRODUCTION 

A. Background 

Aerosol filtration or the removal of particulate matter 
in aerosol form by fibrous filter mats has been studied for 
many years, and reported on extensively in the.scientific 
literature [1-6]. When electrostatic forces are absent, and 
the removal of aerosols has been due only to mechanical 
forces the mechanisms responsible for the removal and 
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retention of aerosols by filtering fibers have generally been 
ascribed to diffusion, interception or impaction, and 
inertia. Great interest in the study of aerosol filtration 
was shown by the military during and after World War II 
because of the many screening and hazardous materials that 
could be dispersed on the battlefield in aerosol form. 
Initial testing of newly developed filter media during the 
early 1940's was with methylene blue, a solid submicron-sized 
aerosol, which was removed from the air stream almost 
entirely by the most upstream portion of the filter mat, 
-resulting in a "cake" of methylene blue build-up on the 
initial filtering fibers with a concurrent abnormal increase 
in the air resistance of the filter, Thus, although the 
filter exhibited a decrease in methylene blue penetration 
with time its resistance increased at a faster rate and 
therefore its "figure of merit," the aerosol removal power 
per unit of air resistance, decreased rapidly as the filter 
clogged. The change in filter testing from the use of 
methylene blue to that of DOP (di-octyl phthalate) 
represented an important step forward in the testing of 
filter media, and in addition answered the question of how 
well fibrous filter mats could remove liquid aerosols, such 
as those in oil fog screening agents, from contaminated air. 

The advantages of the use of DOP as the testing aerosol 
for fibrous filter mats were great since it permitted a 
stable reading of the aerosol penetrometer scale during test. 
In fact, test specifications and directives of the military 
indicated that the reading of DOP penetration of the filter 
should be taken when the penetration scale pointer became 
stable, which occurred within a few seconds after the aerosol 
was introduced into the filter material. This test procedure 
was generally referred to as a time-independent test of 
filter media. The other great advantage of the use of DOP 
was that it was generated-in the 0.3 micron diameter size, a 
size which was considered by Langmuir [7] to be the most 
penetrable size for fibrous filter mats. Thus, the military 
felt that in this test procedure it had both a stable test 
and one which indicated the maximum aerosol penetration which 
could occur in the filter, since any other size aerosol would 
exhibit a lower penetration. 

All data were obtained at steady state or at least quasi 
steady state, and values were reported for a filter mat as 
percent of the inlet aerosol penetrating tha mat at a 
specific superficial linear velocity under which conditions 
the mat exhibited a specific pressure drop. Experimentally 
determined percent penetration values for filter mats were 
generally noted without any reference to the test time. 

B. Analogous Air Cleaning 

Since gas adsorption by activated carbon represents the 
_stripping or removal of a gas from a contaminated air source, 
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and has been studied both under steady state and kinetic 
conditions, it is logical to study the analogous system, 
namely aerosol filtration by filter mats which strip aerosols 
from a contaminated air source, both under steady state and 
kinetic conditions. To date, the preponderance of 
experimental data on the aerosol filtration properties of 
filter mats have been under steady state conditions. 

C. Nature of Removal Process 

In gas adsorption by activated carbon·the gas molecules, 
stripped from the air stream, are held by Van der Waal forces 
on the internal surfaces of a carbon granule, the active 
surface having been generated internally in the carbon by a 
heat activation process. In aerosol filtration, although the 
aerosols are also held by Van der Waal surface forces they 
are held on the outer rather than the inner surfaces of small 
filtering fibers. Thus, in a carbon granule system the 
continual removal of a gas from an air stream does not alter 
the intergranular distances in the bed because the adsorbed 
gas remains internal to the granule, whereas in an aerosol 
filter system the continual removal process results in an 
aerosol build-up on the outer surface of the fiber and 
affects the interf iber distance and consequently the 
resulting pressure drop or resistance to mass air flow. 

Therefore, since each succeeding wave of gas entering a 
granular carbon bed sees the bed geometry invariant with 
time, the adsorption could be studied as a probability 
process. However, since each succeeding wave of aerosols 
entering a filter mat sees a varying geometry, the filtration 
must be studied as a stochastic process. Aerosol filtration 
has been studied in this form by Clarenburg [8]. 

D. Proposed Concept 

It is proposed in this conceptual paper to develop, by 
analogy with gas adsorption in granular carbon beds, the 
mathematical relationships that could guide the study of the 
kinetics of aerosol filtration by fibrous filter mats. 

THEORY 

A. Aerosol Filtration 

A simplistic aerosol filtration equation can be derived 
by assuming that filtration is a first-order removal process. 
Thus, 

-dn = kn 
dX 

(1) 

where n is the number density of aerosol particles (no./cm3),, 
X is the filter thickness, and k the constant of 
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proportionality. Integrating over appropriate limits we get: 

(2) 

or 

-ln n2 = kA. (3) 
nl 

since A. 2 - A. 1 constitutes the boundaries of the filter 
thickness and therefore A. 1 can be set as zero. From Darcy's 
law [9] for flow of an incompressible fluid through a porous 
material of length A. , cross-sectional area A, volumetric 
flow rate q, fluid viscosity µ, and material permeability K 
one can express the pressure drop AP as 

L\P = µq = µ A. VL = k2 A. VL (4) 
KA/A. K 

where k 2 is the ratio µ/K. In these relationships cognizance 
has been taken of the facts that VL = q/A by definition and 
that both µ and K are constants of the fluid flow and porous 
material under study. 

Combining equations (3) and (4) and recognizing that 

n2 = DOP % penetration (5) 
100 

we can form 

log DOP % penetration = -0. 01 k2 A. aVL + 2 ( 6) 

where 

(7) 

Equation (6) is used to study aerosol filtration by filter 
mats under steady state conditions. The relations obtained 
from equation (6), however, cannot distinguish between the 
filtration mechanisms of inertia, diffusion, and 
interception. 

Dorman [3,10,11] developed a semi-empirical formulation 
for expressing the relative contributions of inertia, 
diffusion, and interception to filtration of aerosols by 
fibrous filter mats. With the assumption of simple 
additivity of these contributions, the percentage 
penetration of dioctylphthalate (DOP) is expressed by 
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% penetration 
x 

= -(kR AV 
L 

-y 
+ ko xv 

L 
(8) 

where kR, k0 , ki are inertial, diffusional, and interception 
filtration parameters, respectively; VL is the superficial 
linear velocity; and A is the thickness of the filter. 
Values for x and y are assigned either from fundamental 
theoretical considerations for each contribution or from 
fitting actual filtration data. 

Equation (8) predictsL and experimental data bear out, 
that there is a velocity (V~) for which a maximum occurs in 
plots of log DOP % penetration vs. VL. From the mathematical 
condition at a maximum that the derivative is equal to zero, 
we obtain · 

( 

(x+y) 
ko = kR ~) vL (9) 

With this we transform equation (8) to the form 

[ 
x x -V ( x+y) -y J log DOP % penetration = -kRX VL + y L VL 

- kiX + 2 (10) 
By equation (10) we see that plots of 

[2-log DOP % penetration] vs. [v~+ (x/y)VL(x+y) v~YJ 

are straight lines from the slope of which kR and k 0 are 
determined and from the intercept ki· This in essence 
constitutes the Dorman procedure. 

A method to simplify the determination of VL for various 
test conditions was developed by Magee et al. [5]. By means 
of the identity 

Vx = (V-y)-(x/y) 
L L 

equation (10) was transformed to 
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Taking the derivative with respect to 

and then, approximating the derivative by finite differences 
in the aerosol penetration and superficial linear velocity 
data, one obtains 

~log DOP % penetration 
~v-Y 

L 

= k_ X (~) [v (x+y) - v (x+y) J 
-"R y L(m) L 

and the mean velocity defined by 

V = VL(l) + 
(

-y 

L(m) 2 

-y )-1/y 
VL(2) 

where VL(i) bracket the finite velocity difference. 

(13) 

(14) 

It has been shown [5] that the conditions for x = 1 and 
y = 2/3 demonstrate the best straight line fit for the 
relationship of ~log penetration/ ~ VL -2/3 as a function of 
VL(m) to the X + 2/3 power. 

Although the above set of equations can provide the 
relative contributions of inertia, diffusion, and 
interception to the overall filtration process they do not 
provide information on the filter capacity or rate of aerosol 
filtration. 

B. Gas Adsorption Kinetics 

Great strides were made in understanding the kinetics of 
gas adsorption by activated carbons after derivation of the 
adsorption kinetics equation by Wheeler [12]. The modified 
Wheeler adsorption kinetics equation, originally derived from 
a continuity equation of mass balance between the gas 
entering an adsorbent bed and the sum of the gas adsorbed by 
plus that penetrating through the bed, can be shown in the 
form of [13,14] 

tb = we [w - PBQ ln(C /C >] 
C

0
Q kV o X 

(15) 

where tb is the gas breakthrough time in minutes at which the 
concentration Cx appears in the exit stream, C0 the inlet 
concentration in g/cm3, Q the volumetric flow rate in 
cm3/min, PB the bulk density of the packed bed in g/cm3, kv 
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the pseudo first order adsorption rate constant in min-1 , W 
the adsorbent weight in g, and We the kinetic saturation 
capacity in g/g at the arbitrarily chosen ratio of Cx/C0 • 
In equation (15), PB is determined as a property of the 
granular size of the adsorbent when filled by gravity 
settling in a container column, and the parameters C0 , Cx and 
Q are set by the conditions of the test. Values of tb 
plotted as a function of W yield a straight line curve from 
whose slope and x-axis intercept the properties We and kv can 
be respectively calculated. 

The critical bed weight, We, defined as that weight of 
carbon just sufficient, under the test conditions 
established, to reduce the inlet concentration to that of the 
chosen exit concentration, can be .shown as 

w = c (16) 

In a plot of tb versus W, We will be identical with the x
axis intercept, and will represent, that bed weight which must 
be exceeded in order to result in positive values of tb. 
Thus, tb > O only when W > We. 

C. Aerosol Filtration Kinetics 

In a manner analogous to the derivation of the Wheeler 
gas adsorption, and considering a continuity equation of mass 
balance for an aerosol filter mat between the aerosol 
entering the filer mat and the sum of the aerosol filtered by 
plus that penetrating through the mat, the aerosol filtration 
kinetics equation can be constructed as follows, assuming a 
homogeneous concentration of spherical particles. 

XAP m 

ni7Td
3
Pa/6 

ne7Td
3
Pa/6 (17) 

where tb is the breakthrough time in minutes at which 100 
ne/ni percent penetrates the mat [ne/ni = n 2;n1 as used in 
equations (2)-(5)], Wf is the aerosol filtering capacity of 
the mat in g aerosol/g mat at a chosen filtration factor 
ni/n~, ni is the number density of aerosols challenging the 
mat in no./cm3, ne is the number density of aerosols 
penetrating the mat in no./cm3, 7Td3/b is the volume of a 
sphere in cm3, Pa is the density of the aerosol particle in· 
g/cm3, Q is the volumetric flow rate in cm3/min, Xis the 

.thickness of the filter mat in cm, A is the area of the 
filter mat in cm2, Pm is the bulk density of the filter mat 
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in g/cm3 , ln (ni/ne) is the natural log of the filtration or 
protection factor, and kf is the aerosol filtration rate 
constant in min-1. 

Equation (17) can be simplified to: 

t = b 
XAP - m 1 e 

[ 
P Q ln(n./n ) ] 

m kf 
(18) 

In this form if tb were plotted against XAPm, the slope 
of the line would equal Wf/ni(~d3/6)PaQ, the x-axis 
intercept would equal (PmQ/kf)ln(ni~ne), and the y-axis 
intercept would equal -(Wf Pm/ni(~d /6)Pakf)ln(ni/ne)· From 
the slope and either intercept the respective parameters Wf 
and kf can be determined. 

Since the product XAPm is the total weight in g of the 
filter mat under test, the x-axis intercept (Pm Q/kf) 
ln(ni/ne) can be considered the critical weight of the mat 
or that weight which is just necessary to attenuate the 
initial number density of aerosols to the chosen value of the 
exit number density. 

By multiplying the RHS of equation (18) by APm/APm, we 
can show that: 

tb 
WfAPm [ X - -ik ln(n./n ) ] (19) = 

ni(~d3/6)PaQ f 1 e 

or since Q/A = v , the superficial linear velocity in cm/min, 

(20) 

Wf and kf can also be obtained from equation (20) by 
plotting values of tb as a function of X and calculating the 
parameters from the slope and intercept of the resulting 
straight line curve. In this plot the slope and x-axis 
intercept (identical with that of Xe, the critical 
thickness) can be shown as 

slope = 
(21) 

.and 

We = x-axis intercept (22) 
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TEST PROCEDURE AND DETERMINATIONS 

The following aerosol test procedure is proposed. 

Determine experimentally the thickness (A), weight (W), 
and area (A) of the filter mat to obtain the mat density 
(Pm)· Determine the aerosol density (Pa)· 

Determine the time it takes in minutes (tb) to obtain 
three different DOP % penetration values for each of three 
different thicknesses and at three different superficial 
linear velocities (VL) for each thickness (total of 27 single 
value tests) . 

Calculate Wf and kf from data plots of tb vs. X for each 
VL and each DOP % penetration value, using equations (20) -
(22) (total of nine discrete values of Wf and k+>· Determine 
Wf and kf as functions of VL and DOP % penetration. 

Calculate VL for each X and DOP % penetration value 
using the three velocities and applying equations (13) and 
( 14) • 

Calculate kR and ki for each X and VL using equation 
( 10) • 

Calculate kD from the kR values for each condition using 
equation (9) . 

Determine kD, kR, and ki as functions of the parameters 
X , VL, and DOP % penetration. 

Determine the contribution of kD, kR, and ki to Wf and 
kt for all conditions of test. 

FIXED FILTER THICKNESS 

The form of equations (20-22) applies to aerosol filter 
mats which can easily be layered to vary their overall 
thickness so that· the time tb for a chosen exit to inlet 
number density ne/ni to occur can be plotted against the mat 
thickness. Where the mat or filter thickness is invariant 
and it is impractical to vary mat thickness by layering or 
other techniques, equation (20) can be algebraically 
transformed to: 

(23) 

Equation (23) can be plotted as log (ne/ni), that is using 
various values of ne/ni, versus time t and the resulting 
straight line should exhibit a 
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slope n. (7rd3/6) Pa kf (24) = l 

2.303 wf Pm 
and 

kf .\ y-axis intercept = - (25) 
2.303 VL 

CANADIAN GLASS FIBER FILTER 

A study on the penetration of 0.3 micron diameter DOP 
aerosol through a Canadian pleated glass fiber filter element 
as a function of time was reported by Cavanagh [15] and 
showed a typical nonlinear penetration versus time response. 
A portion of the experimental data, obtained from Cavanagh 
[16], is shown in Table 1.and plotted in Figure 1 in accord 
with equation (23). A regression equation of the straight 
line showed: 

log fractional penetration= -3.473 + 0.000419 t (26) 

with a coefficient of correlation of 0.984, and where time t 
was in minutes. 

Information from reference [15] and [16] indicated that 
the mean thickness of the filter X was 0.03175 cm, the 
superficial linear velocity VL was 42 cm/min, and the inlet 
DOP concentration, equal to ni (7rd3/6) Pa, was 100 x 10-9 
g/cm3 . Assuming that the mat density Pm was 1 g/cm3, and 
applying similarity' considerations between equation (26) and 
equations (24) and (25), it was determined that the filter 
aerosol capacity Wf was 0.1096 g/g and the aerosol filtration 
rate constant was 1058 min-1 under these test conditions. 

DISCUSSION AND CONCLUSIONS 

Because of the fact that the fractional contributions of 
the filtration mechanisms of diffusion, impaction, and 
inertia to the overall aerosol removal by a fibrous filter 
mat filter will be affected by the velocity of aerosol flow, 
as well as by changes in filter pressure drop, filter 
porosity, and interfiber distances, it should be necessary to 
incorporate these relationships into the equations developed. 

It appears reasonable to conclude that, to a first 
approximation, the kinetic method of analysis described in 
this report may be satisfactorily applied to the study of 
aerosol filtration by fibrous fiiter mats. 
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Table 1. DOP Penetration of a Pleated Glass Fiber Filter 

Fractional 
Penetration 

0.00039 

0.00040 

0.00046 

0.00052 

0.00054 

0.00058 

0.00068 

0.00065 

0.00065 

0.00063 

0.00077 

0.00079 

0.00086 

0.00094 

0.0013 

0.0012 

0.0014 

0.0016 

0.0016 

Time 
(min) 

240 

360 

420 

480 

540 

600 

660 

720 

780 

840 

900 

960 

1020 

1080 

1140 

1200 

1260 

1320 

1380 

969 

Fractional 
Penetration 

0.0016 

0.0016 

0.0016 

0.0016 

0.0017 

0.0018 

0.0020 

0.0021 

0.0020 

0.0021 

0.0023 

0.0026 

0.0026 

0.0027 

0.0028 

0.0029 

0.0031 

0.0032 

Time 
(min) 

1440 

1500 

1560 

1620 

1680 

1740 

1800 

1860 

1920 

1980 

2040 

2100 

2160 

2220 

2280 

2340 

2400 

2460 
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DISCUSSION 

BERGMAN: The use of gas filtration as a model 
for particle filtration leads to an equation that predicts particle 
penetration will increase as particles build up on the filter. This 
does not occur with solid particles. For liquid particles, there is 
an increase in particle penetration, but the mechanism is due to the 
spraying of droplets from the exit of the filter. An illustration of 
that is given in my paper 13-4. In either case, the gas model does 
not apply because. the theory does not include the effects of particle 
deposits. 

JONAS: This is my first attempt at using the gas 
adsorption model. However, I had published more recently on gas 
desorption. In a sense, I think what you are indicating is a pos
sibility of the model being further explored to relate spraying off 
from the filter analogously with a desorption process. In other 
words, what enters the filter may be held, but what comes off may be 
something that had previously been held on the granule or the fiber. 
So, I feel that since this model is the first attempt at the kinetics 
for air filtration, it could be enlarged or modified to take care of 
the desorption effects. 

BERGMAN: To make another comment on the same 
topic, the future studies that you do should incorporate the fact tnat 
what exits from the filter is a transformation of what entered, it is 
a completely different mechanism. In gas adsorption, the same mole
cular species is desorbed. For liquid spraying from a filter, you 
have the intermediate step of filter saturation. What Dr. Jonas may 
have pointed out is a very critical and important problem in the 
nuclear industry when you operate filters that are wet. It recalls to 
mind a study done a number of years ago at Rocky Flats and reported 
in these Proceedings where they found deposits up to four stages 
behind the initial stage where liquid had penetrated to each stage in 
series and had sprayed off into the subsequent stage. The problem is 
very important and I think Dr. Jonas is in the right direction. · I am 
just trying to steer him a little bit in a more correct course. But I 
think it is a very appropriate and important problem. 

DORMAN: I have been interested in the deposition 
of solid particles on fibers and I would like to ask Dr. Jonas whether 
he has any information on the change in penetration and the increase 
in pressure drop with particles of submicron sizes? 

JONAS: I do not have such· information immediately 
available to me. However, I believe that some information on this may 
have been obtained by Anderson in the 1950s at NRL which has not been 
published in the open literature. It seemed to me that when setting 
up a model the liquid aerosol problem would be easier to solve con
ceptually and I wanted to solve the easy problem first. The fact that 
the liquid aerosol moves.essentially into the filter rather just being 
held on the outer face seemed more analogous to gas adsorption which 
also moves to the inside. 

DORMAN: I am pleased to hear that other people 
find difficulty with solids as well. 
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A GENERAL CORRELATION OF DOP PENETRATION WITH FACE VELOCITY 
AS A FUNCTION OF PARTICLE SIZE USING THE FTS-200 

M. Pierce, R . . Guimond, N. Lifshutz 
Hollingsworth and Vose Company 

West Groton, Massachusetts 

Abstract 

The FTS-200 is a flat media filtration test stand built 
by TS!, Inc. of St. Paul Minnesota. The test stand incorp
orates: (1)-aerosol generation by atomization and evaporation 
techniques, (2)-particle size selection by electrostatic 
classification and, (3)-particle counting using a condensa
tion nucleus counter (CNC). The stand is capable of accu
rately determining filtration efficiencies as high as 
99.99999~ for narrow particle size fractions in the diameter 
range of o.os to 0.4 microns. In addition, it measures the 
pressure drop across the flat media samples at accurately 
determined face velocities ranging from o.s to 15.0 cm/sec. 

A study was carried out measuring DOP penetration on a 
broad series of flat filtration media samples at various 
particle sizes and face velocities. The sampling consisted 
of both commercial HEPA and ULPA media as well as binderless 
handsheets prepared from individual grades of microfiber 
glass. The effects of face velocity on the most penetrating 
particle size were studied. 

In this paper we present a useful correlation between 
DOP penetration and relative face velocity, utilizing par
ticle size as a parameter. Similar correlations relating 
'alpha' and 'figure of merit' rating to relative face velo
city are described. Finally, we explore the use of these 
correlations as predictors of DOP penetration and most 
penetrating particle size at application face velocities, and 
their impact on filter design and media selection. 

Introduction 

For the past four decades the Q-12 7 penetrometer has 
been the standard instrument for characb~rizing HEPA filter 
media along with a host of higher and lower efficiency media. 
This instrument was chosen because the hot DOP aerosol gene
rated by it was thought to be monodisperse with a 0.3 micron 
mean particle size, and 0.3 microns was considered the most 
penetrating particle size (MPPS) for HEPA filter media. 1 The 
0.3 micron particle size was also the smallest particle size 
detectable by white light optical particle counters. 
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In 19 7 8 Hinds. et al. reported finding that hot DOP 
aerosol was not monodisperse as originally thought. 2 They 
questioned the ability of the Q-127 to give accurate 
penetration measurements on HEPA media. Advances in optical 
particle counting utilizing laser• and CNC 4 technology have 
since shown that the most penetrating particle for HEPA 
filter media is less than 0.2 microns at typical design face 
velocities of 1.5 to 3.0 cm/sec. 

The demand for improved particle filtration for special
ized clean rooms is ever increasing. For some applications, 
such as micro-chip manufacturing, the required filtration 
efficiency is as high as 99.9999+S. The measurement of such 
high efficiencies is clearly beyond the capability of the Q-
127 penetrometer. In order to obtain meaningful measurements 
of such high efficiencies, we purchased an FTS-200 filter 
test stand manufactured by TSI, Inc. 

Figure 1. 
FTS-200 Filter Test Stand 
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The FTS-200 (Figure 1) is 
an integ::ated filter test 
stand that measures flat 
media efficiency as a 
function of particle size. 
A heterodisperse DOP aero
sol is generated from an 
alcohol solution by atom
ization and evaporation. 
Passage through an elec
trostatic classifier• al
lows a nearly monodis
perse slice of this aero
sol to challenge the me
dia. Upstream aerosol 
concentration and down
stream particle counting 
are obtained by a contin
uous flow condensation 
nucleus counter (CNC)'. A 
dedicated microcomputer 
controls the test and 
provides data aquisition. 
In a single test, effi
ciency determinations 
greater than 99.9999~ on 
up to ten particl~ sizes 
ranging from o. os to o. 4 
microns can be made. The 
unit also accurately 
measures pressure drop 
across the sample at face 
velocities ranging from 
o.s to 15.0 cm/sec., which 
it measures. 
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Procedure 

Fifteen different samples of commercial media were 
tested spanning over six orders of magnitude in filtration 
efficiency values. The basis weight of these samples ranged 
from 35 to so lbs. per 3000 sq. ft. with a corresponding 
thickness range of 0.012 to 0.019 inches as measured by Tappi 
T 543. Replication was obtained by testing at least two 
samples of each commercial grade. 

In addition. binderless laboratory handsheets of indi
vidual microfiber glass grades in the approximate diameter 
range of .45-.65 microns were formed at a basis weight of 
30 lbs. per 3000 sq. ft. 

Each sample was challenged by DOP aerosol particle sizes 
ranging from o. OS to o. 3 microns and tested at 1. oo. 1. 7 s. 
2.54. 5.34, and 7.50 cm/sec. The minimum downstream particle 
count goal of each test was 100 for each particle size. In 
general this was obtained with the exception of very high 
efficiency media at the lower face velocities. Under those 
conditions the test time was unduly long to obtain 100 counts 
for .os micron and 0.3 micron sizes. so a minimum count of 10 
was accepted. 

FTS-200 Test Results 

Figure (2), which uses log-log coordinates. illustrates 
the effects of face velocity and aerosol particle size on the 
% penetration values for a typical HEPA filter medium. By 
measuring several particle sizes on a single sample. a pic

% Penetration 
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Figure 2. 
Velocity Dependence of Penetration and 

MPPS on Typical HEPA Fiiter Media 
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ture of the '*i pene
tration curve is gen
erated showing maxi
mum % penetration 
between 0.10 and 0.20 
microns for this 
medium. The '*' pene
tration drops drama
tically with decreas
ing face velocity 
while the location of 
the maximum of each 
curve increases with 
decreasing face vel
ocity. The FTS-200 
thus yields a picture 
of the increasing 
contribution of the 
diffusion mechanism 
of filtration at 
lower face velo
cities'. 
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Analysis 

Development of the Empirical Model 

Studies we performed in 1986 and 1987 with our Q-127 
penetrometer on glass filter media at varying face velocity 
showed that our entire spectrum of glass filter media behaved 
according to the single relationship: 

Where PEN = Penetration fraction at face 
velocity, V 

(1) 

and PEN = Penetration fraction on the same sample 
r at the reference face velocity, Vr 

That data, in which velocity ranged from 1. 3 to 14. 2 
cm/sec, fit Eq.(1) extemely well with a value of N equal to 
-0.19 when the reference velocity was taken as S.34 cm/sec. 
one goal of the present study was to determine if the pene
tration values measured by the FTS-200 would also fit Eq(l). 

The FTS-200 data on each commercial sample or laboratory 
handsheet were least squares fit to Eq.(1) for each selected 
particle size. Several typical data sets are shown in Figure 
3, which uses log-log coordinates for each fit. The indi
vidual correlation coefficients were all greater than 0.994. 
In this manner, we obtained values for N and ln PEN for each 
sample and each particle size. Upon inspection rof the N 
values, it became clear that they vary linearly with particle 
size as given by Eq.(2). 

N = No + M D (2) 

where D = particle size (microns) 
M = slope 

N = 
0 

intercept 

Good linear fits to this relationship were obtained on 
each sample in the study. Typical results are shown in Fig
ure 4. The 0.05 micron penetration data clearly deviate from 
the line and were. not included in the calculations. The 
average Rs value for all samples was 0.986, and the lowest R• 
obtained was O. 969. Close examination of the curves in 
Figure 4 shows some curvature about the best fit line, but 
the correlation coefficients are sufficiently high to 
c.gnsider Eq.(2) as valid for particle sizes from 0.075 to 
0.30 microns. 
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Referring back to Figure 2, it appears that the shape of 
the penetration curve is parabolic. This suggested that the 
values of ln PENr obtained by regression of the data for each 
sample on Eq.(1) might be fitted to a quadratic equation: 

ln PENr = A(ln n> 2 
+ B(ln D) + c ( 3) 
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Such regressions were 

performed and values 

for A, B, and C were 

generated for each 

sample. Figure 5 il

lustrates the good

ness of fit of the 

data to Eq.(3) for 

three samples. The 

average Ra value for 

all samples was .995. 
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Substitution of Eq.(2) and (3) into Eq.(1) gives the 
model for predicting penetration as a function of particle 
size and face velocity: 

ln PEN= [A(ln 0) 2 + B(ln D) + C](V/V )MD+ No (4) 
r 

Thus, the penetration of any particle size within the 
range of 0.075 to 0.30 microns may be determined at any face 
velocity· once the five parameters No, M, A, B, and C have 
been obtained for a sample. Table 1 gives a listing of these 
parameters for the samples in this study. We also calculated 
the % standard error for the measured penetration about the 
fit to Eq. ( 4 > , and these results are presented in Table 2 . 
The average % standard error about the model was less than 
s. 7% for all particles except O. OS microns. It is not sur
prising that the error for the smallest particles is so 
large, since their data was deliberately excluded from the 
determination of No and M because of lack of fit. 

Table 1. Table 2. 
Penetratjoo earameters Penetration - 'ii Error from Emplrlcal Model 

SAMPLE M No A B 0 0.05 42.46 

1 .6751 -.0602 -2.6984 -11.7463 -24.7144 
2 .7218 -.3722 -2.6926 -11.6661 -24.2027 0.075 8.85 

3 ·.6942 -.3612 -2.4794 -10.4242 -20.4242 
4 .7320 -.3880 -2.6077 -11. 16H5 -21.7246 0.12 8.12 
6 .8106 -.4068 -2.1000 -8.9001 -16.6281 
6 .6802 -.4166 -2. 1772 -8.8516 -16.0684 
7 .6340 -.4100 -2.1806 -8.9520 -16.4226 
8 .6296 -.4169 -2.2669 -9.2662 -16.9560 

0.15 4.91 

g .8007 -.4108 -uneo -8.0610 -14.Q917 
10 .7894 -.4112 -1.9767 -8.0698 -14.9970 
11 .8113 :...3662 -2.7013 -11.4703 -21.9673 

0.18 8.48 

12 .92136 -.C3920 -2.0004 -9.6090 -17.9767 
13 .9207 -.3882 -2.4001 -10.1780 -18.6644 
14 1. 1932 -.4646 -1.1000 -4.2268 -6.9010 

0.28 7.20 

16 1.2726 -.6017 -1.1767 -4.5207 -7.3841 
16 1. 1014 -.4431 -2.2062 -9.0991 -17.0918 
17 .8218 -.3418 -2. 1410 -9.4699 -22.1460 

o.so 8.28 

18 .9673 -.3863 -2.2845 -9.6202 -18.9064 
19 .8616 -.2786 -1.70413 -7.8168 -20.7006 

FTS-200 Data ~At 
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Performance Parameters 

Over the years performance parameters have been used to 
define the ability to achieve a certain penetration per unit 
of pressure drop.• 

Let us define the performance parameter alpha by the 
following equation: 

a = (-ln PEN)/AP ( s) 

where AP = Pressure drop, mm a2o 

Darcy's law states that the pressure drop across a 
porous media sample should be proportional to the face vel
ocity. Substituting Darcy's law in Eq.(1) yields: 

a = 

where ar = 

a (V/V ) N-l 
r r 

value of a on the same sample 
at the reference face velocity 

( 6) 

Regression analysis on the a data from this study gave 
values for N for each sample and particle size. The 
correlation coefficients for these fits were somewhat better 
than for the penetration data, but the average values for N 
were virtually identical to those obtained from the 
penetration data. 

It should be noted here that the recently published Fig
ure of Merit', F, is a function of a and Vas follows: 

F = -ln PEN/(AP/V) = aV 

Solving for a and substituting into Eq.(6) we get: 

F = Fr(V/Vr)N 

where Fr m value of F on the same sample 
at the reference face velocity 

(7) 

(8) 

Clearly, the regression of the data about Eq.(8) would give 
identical results to those obtained with Eq.(6) or Eq.(1). 
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Predicting the Most Penetrating Particle Size 

The value for the MPPS may be obtained by taking the 
partial derivative of the natural log of the penetration with 
respect to particle size and setting it equal to zero. 

The partial derivative of Eq.(4) is given by: 

a lo PEN = 
a D 

[[2A(ln
0

D)+B]+[A(ln Dl
2

+B(ln D)+CIM lo ~][~]MD+No 
( 9) 

The point of maximum penetration occurs when the deriv
ative is zero so that Eq.(9) becomes: 

• • 2 • • 
ln(V/Vr) = -[2A(ln D )+B]/[{A(ln D) +B(ln D )+C}MD] (10) 

• where D = MPPS 

For the special case where the measured velocity is 
equal to the reference velocity, the equation for MPPS 
reduces to: 

V/Vr 
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Figure e. 
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(11) 

If we know M, A, B, 

and C'for a grade, 

we can calculate 

the relative face 

velocity as a func-

tion of the MPPS. 

Figure 6 is a graph 

of this relation-

ship for three of 

the samples in this 

study. 
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Conclusions 

It has been show~ that the FTS-200 filter test stand can 
be used to effectively characterize aerosol penetration for a 
range of face velocities and particle sizes of interest. 

The natural logarithm of aerosol penetration fraction is 
related to face velocity by a power law model. The exponent, 
N, defined by this relationship is linearly related to par
ticle size with slope M and intercept No, while the reference 
penetration curve defined by this relationship can be fitted 
to quadratic equations on natural log of aerosol particle 
size, with coefficients A, B, and c. 

Knowing the five parameters M, No, A, B, and C for a 
given sample, the penetration of any particle size within the 
range of 0.075 and 0.30 microns at any face velocity may be 
predicted with a high level of confidence. 

It is evident that the MPPS is 
velocity. Partial differentiation 
tion model with respect to particle 
·Of MPPS vs. relative face velocity. 

a strong function of face 
of the empirical penetra
size allows calculation 

The empirical expressions derived to describe and pre
dict the MPPS and penetration values at any face velocity 
from five parameters can be a useful tool to steer the media 
supplier to the proper grade for a given application. 

The strong 'order of magnitude' dependence of 
penetration values on face velocity makes it of prime concern 
in filter pack design for specialized applications. Although 
the empirical models show very low error in predicting flat 
media penetration, effects of filter pack design were not ex
plored· in this study. It is felt that the FTS-200 filter 
test stand can effectively guide both the media supplier and 
filter p'ck manufacturer in their mut&al quest to optimize 
filter pack design for all applications. 
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DISCUSSION 

With the instrument that you are using, 
verify the information that you are getting? It is obvious 
self consistent since you are getting such nice smooth 
how do you verify the accuracy of your particle size? 

PIERCE: The electrostatic classifier has been 
calibrated by the manufacturer and there have been several publica
tions on the quality of the particle sizing. Quite frankly we are 
relying on the expertise of other people to verify it. 

FIRST: How do you verify from day to day that 
your instrument is functioning correctly? 

PIERCE: We have control samples which we periodi-
cally test and the replication error is extremely low, less than 2%. 

983 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

PREDICTION OF HEPA FILTER PRESSURE DROP AND REMOVAL 
EFFICIENCY DURING DUST LOADING 

P. Letourneau, Ph. Mulcey, J. Vendel 
Commissariat a l'Energie Atomique 

Institut de Protection et de Surete·Nucleaire, Departement de 
Protection Technique, Service de Protection des Installations 

NuclPaires, Section d'Etudes Industrielles de Protection 
CEN/Saclay, bat. 389 - 91191 Gif-Sur-Yvette Cedex, France 

Abstract 

The challenge of the HEPA filter is to predict the evolution 
of the pressure drop as a function of the conditions of filtration. 
The crucial factor in analysing the service life of HEPA filters 
resides in determining the pressure drop and the efficiency as a 
function of the mass deposited on the filter. 

An experimental program has been developed to estimate the 
service life of a filter as a function of its clogging. The study 
was carried out on plane filters clogged with a fluorescein soda 
aerosol at different rates of filtration. 

A method of peeling was developed to determine the profile of 
particle deposit within the filter and to demonstrate its 
feasibility. 

Comparison between the experimental results and the clogging 
model developed by Bergman reveals a satisfactory correlation. 

I. Introduction 

The High Efficiency Particulate Air (HEPA) filters used in the 
nuclear industry to remove radioactive airborne contaminants are 
extremely effective. However, HEPA filters generate a significant 
volume of radioactive waste. 

The most crucial factor in the analysis of service life of the 
HEPA filters lies in the pressure drop and efficiency 
characteristics versus dust loading. 

A program has been carried out to determine pressure drop and 
efficiency versus dust loading in order to predict service life of 
HEPA filters. To determine the particle deposition profile in the 
filter media, a peeling technique has been developed. 

II. Experifental apparatus 

The experimental apparatus used to achieve the test progam is 
shown in figure 1. The test has been carried out on plane filters. 

Test aerosol was soda fluorescein (uranin), generated by a 
pneumatic generator. The aerosol concentration was measured and 
kept constant during each test. Filter efficiencies were determined 
using French standard method (NF-X-44.011) /1/. Pressure drops 
across the filter were recorded during the test. 
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G 

Ap f'i/ter 

Figure 1 
Experimental apparatus 

III. Test Program 

The dust loading tests were carried out at different 
filtration velocities (2, 5, 10 and 20 cm/s). During the test, all 
the experimental conditions are maintained constant. 

The filter efficiency was measured at different.time intervals 
for increasing pressure drop conditions. during each test. The dust 
loading tests were carried out with soda fluorescein ; the aerosol 
characteristics were : average mass median diameter (ammd) 
0.15 µm and geometric standard deviation : 1.6. 

The filter characteristics are given in table 1. 

Table 1. Plane filters characteristics 

Plane filter Thickness 

Fl 0.054 

F2 0.0450 

F3 0.0540 

F4 0. '0520 

985 

(cm) GSM ( g/m 2 ) 
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75 
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IV. Pressure Drop Theories for Clean Filters 

We have considered the theories that agree with Darcy's law, 
which states that the pressure drop per unit flow velocity is a 
constant at any velocity. 

Several models have been developed that include the 
interaction from neighboring fibers : Kuwahara /2/, Happel /3/, 
Spielman and Goren /4/. 

The pressure drop for all the models can be described by 
equation (1). 

L\P 4 a ll v x 
4l (a) = (1) 

R"" 

where : L\P = pressure drop (Pa) 

a = volume fraction of fibers 

p = viscosity of gas (PL) 

v = velocity of gas (m/ s) 

x = filter thickness (m) 

R = fiber radius (m) 

4l (a) = function of a 

From experimental data, Davies /5/ has proposed an empirical 
equation that obeys equation (1) : 

3/2 
L\P = 16 _a_ (2) 
µVX R2 

This equation shows how the pressure drop changes according to 
the filter characteristics. 

V. Comparing Experimental Measurements with Theory 

The pressure drop across the four plane filters (Fl, F2, F3, 
F4) has been measured at various face velocities to illustrate the 
pressure drop variation according to the filter characteristics. 
The data are shown in figure 2. 

From Davies' empirical equation (2) and experimental pressure 
drop measurements (figure 2) we can deduce the fiber diameter (df) 
for each filter. The results are given in table 2. 

Table 2. Fiber diameter from Davies' equation 

Filter 
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df (µm) 

1 

1.1 

1.1 
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In fact, the filters are made from a mixture of different 
sized fibers. In this way Davies' equation gives only an effective 
fiber diameter. 
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Figure 2 

FILTER f'4 

• 

14 

Pressure drop as a function of flow velocities 

VI. Pressure Drop Theory for Loaded Filter 

16 

Bergman /6/ has developed a filter loading model. It is an 
extension of the theoretical treatment of filter pressure drop for 
unloaded filters. It treats captured particles as new fibers. 

If we consider a filter loaded with particles as a mixture of 
two types of fibers, one representing the original clean fibers and 
the other representing the trapped particles, the pressure drop 
across a loaded filter can be described by the equation (3) 

( ) 1/2 CF • ) tiP aF a 
pVX = 16 :-I + --¥ - + ___£ (3) 

R r R r 

where : aF = volume fraction of original fibers 
a = volume fraction of trapped particles p 
R = radius of original fibers (m) 

r = radius of particle trapped (m) 
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Since a is directly proportional to the mass of the particles 
collected onPthe filter, by hypothesis it can be expressed that : 

a (4) 
p 

where m = mass of particles collected (kg) 

pp = density of particles (kg/m3) 
Vf volume of filter taken up by particles (m3) 

If we replace in equation (3) a by its expression (4), the 
pressure drop of the filter is then P: 

( 
aF m ) 

1
I

2 
( aF m ) ~P = 16 P x 2 + 2 R + P v-F r v 

R pp Vf r P ~ 
(5) 

Equation (5) ·is used for calculating the variation of the 
pressure drop of a filter as a function of both the mass collected 
and the filtration velocity. 

VII. Experimental Results 

Loading tests were carried out on plane filters type Fl using 
soda fluorescein aerosols. The pressure drop across the filter was 
measured as a function of the mass of particles deposited on the ' 
filter for different filtration velocities. The results are given 
in figure 3. 

V•2(cm/s) V•5(cm/s) V•10(cm/s) V=-20(cm/s) 

• 
DP-DPo (doPo) 

800 

700 

600 

500 

400 

300 

200 

100 

0 
0 10 

-
20 

0 

,fY 
,/ 

/Y' 

-·-

,/ 

• 

,.,, 
,/ 

y 

_. __ _ _._ 
---------

30 40 50( 6)0 
MASS mg 

70 

0 

80 90 100 

Figure 3 
Dust loading test at different filtration velocities 
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For the experimental testing conditions given in figure 3, the 
theoretical pressure drop of the filter can be evaluated, on the 
basis of equation (5). The comparison between the results and the 
values supplied by calculations are given in figure 4. 
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Comparison of theoretical and experimental pressure drops 
during dust loading 

The results given in figure 4 indicate a good correlation 
between the experimental results and the theoretical values deduced 
from the equation (5). 

If we consider a as directly proportional to the mass of the 
deposited particles cFelation (4)), the Bergman's model can be µsed 
for evaluating the evolution of an HEPA filter pressure drop during 
its loading process. 

can, 

The general equation (5) : 

1/2 

(aF m ) (aF L\P = 16 p X z + 2 R + 
R pp Vf r 

in the case of the HEPA filter, be simplified as 

ICif m 
L\P = 8P

0 
+ 16 µ V X ~R ~-----~

Pp vf r 

where 8P = pressure drop of clean filter. 
0 
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for low values 0£ deposited mass, i.e. 

2 
p V+ r 

m << aF P .... 
R2 

(7) 

This condition is only realised in the first few moments of 
loading process. 

VII:. Peeling Method 

In parallel, a study was carried out to determine the 
distribution of particles within a filter during filtration 
process. The technique is based on the principle of the cutting off 
a filter into its thickness, in slices of equal dimension (peeling 
method) (7). Each sample formed in this way is then analysed 
according to the method corresponding to the deposited aerosol. 

Filter peeling is obtained by applying a piece of adhesive 
tape with uniform pressure onto all or part of the filter surface. 
The adhesive tape is then lifted away and pulls a film away with 
it. The operation is then renewed until the filter medium is 
exhausted. This method makes it possible to obtain an almost 
constant number of film layers for a given type of filter. In the 
case of Fl type filters, 16 layers were obtained. 

This method has been applied to Fl type filters during the 
loading phase by a soda fluorescein aerosol, at various filtration 
velocities. Fluorometric analyses of each filter sample determine 
the mass of particles collected at a given thickness. The 
photograph of figure 5 indicates qualitatively the evolution of 
aerosol penetration into the filter as a function of the filtration 
velocity. This photo reveals that the penetration of the aerosols 
is more extensive when the filtration velocity increases from 
2 cm/s to 20 emfs. 

The curves of figure 6 quantitatively represent the mass of 
aerosols loaded onto each slice of the filter. 

The percentage of the mass deposited (T) is defined by the 
equation below : 

m. 
T. = - 1

- 100 
J. }:m. (8) 

J_ 

in which m. is the mass deposited onto layer i. 
J_ 

These results reveal that, for filtration velocities of less 
than 20 cm/s, less than 10% of the total mass of aerosol collected 
enters into the filter. They confirm the fact that, for HEPA 
filters, filtration is mainly applicable to the surface of the 
filter and not to its depth. 
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PENETRATION A TRAVERS LE MEDIA FILTRANT 

- papier fibre de verre D350 (e ~ 360 µm) 

MEDIA FILTRANT 

(e ~ 360 µm) 

- colm;tage a l'uranine 

Figure 5 
Evolution of aerosol penetration as a function of the 

filtration velocity 
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Penetration of aerosols as a function of the filtration velocity 
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IX. Filter Efficiency 

The efficiency o= the filters was measured during each loading 
test. Figure 7 presents the experimental results obtained during 
loading tests at different filtration velocities. 
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Efficiency as a function of deposited mass 

Note that, if efficiency increases rapidly &t the beginning of 
loading, it seems to tend toward a limit value when the mass 
deposited is greater than 20 mg or so. This modification in 
behavior could be due to modifications in the filter structure 
(fractures, micro-breaks, ... ). 

X. Conclusion 

The results of the test program on the effects of clogging 
regarding the pressure drop and efficiency of an HEPA filter have 
demonstrated that the model developed by Bergman can be applied to 
HEPA filters if we consider the a term as being directly 
proportional to the mass depositeH on the filter. 

Knowing the characteristics of the filter and those of the 
aerosol to be filtered, this model should make it possible to 
determine the service life of an HEPA filter. 
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The hypothesis currently admitted that the efficiency of the 
filter increases with loading is checked at the beginning of 
loading. Note that, for a pressure drop of more than 1500 Pascal, 
the filter appears to sustain modifications in its structure, thus 
limiting the evolution of its efficiency. 

In addition, the feasibility of a filter peeling method has 
been demonstrated. This technique will make it possible to evaluate 
the distribution of an aerosol within the filter layer. In 
addition, it is revealed that, in the case of an HEPA filter, 
filtration essentially takes place at the surface of the filter. 

With this technique, a series of complementary work was put 
underway in order to refine the proposed model, in particular 
taking account of the distribution of the aerosols at the surface 
and within the filter. 

This method appears to be applicable to the studies of 
radioactive aerosol migration within a filter medium in normal or 
perturbed operating situations (temperature rise, high levels of 
humidity, ... ). 
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CLOSING COMMENTS OF SESSION CHAIRMAN GILBERT 

To summarize these papers briefly, Dr. Singh of Flanders told us 
about a new design of separatorless filter which has improved ef
ficiency and dust holding capacity beyond their previous design of 
separatorless filters and obviously greater than filters from manufac
turers X and Y. In the case of the updating that Mr. Pratt brought to 
us from UKAEA at Harwell, he has given us a new method, an easier 
arrangement, for mounting the circular filter element. There is a 
recent bank of manifolded circular filters which has been installed 
and brought into service at another location. The matter of easier 
disposal was compared with the rectangular filter. Dr. Ruedinger told 
us of a new HEPA filter which has improved strength, mainly due to a 
scrim-backed filter paper and tapered separators. Strength is repre
sented as greater than other designs of filters. In response to 
questions following his discussion, he indicated that the new design 
had not yet been subjected to tests which the other filters had 
undergone. Mr. Brassell told us about a composite material which is 
both a filter and an adsorber. He indicated that rayon fibers were 
carbonized and potted with a resin. They were activated with co2 and 
can be used for water filtration, air filtration, or as a helium 
getter. I am also aware that the material is used in the bung cap of 
waste drums to provide a filter for venting the drum during shipment 
and storage. This summarizes the first four papers. 

CLOSING COMMENTS OF SESSION CHAIRMAN BERGMAN 

Dr. Jonas described a theory of aerosol filtration that was devel
oped based on an analogy to gas filtration. His particle filtration 
theory predicts that particle penetration will increase over time in 
the same fashion as gas penetration in gas filters. Unfortunately, 
the theory does not agree with most experimental observations where 
filter penetration decreases over time because of particle deposits. 
However, when filtering liquid aerosols with thin filter media, the 
liquid can flow through the filter and be sprayed out on the down
stream side. This type of filter penetration is important when 
filtering wet process exhaust. Dr. Jonas has raised a critical issue 
showing that penetration by liquid aerosols increases with time. This 

_ is an important subject that needs additional work. 

Mary Pierce presented the results of her study on filter penetra
tion of various HEPA and ULPA media using a new commercial filter 
tester from TSI that measures filter penetration as a function of 
particle size. She then fitted the data to an empirical model and 
showed excellent agreement with a relatively simple equation. She 
also showed that decreasing air velocity from 7 to 1 cm/s not only de
creases penetration over 100 times, but also shifts the particle size 
of maximum penetration from 0.15 µm to 0.25 µm. The results of her 
study are important, not only for the data she generated, but also to 
show the state-of-the-art in filter media testing. I should add that 
this filter test method cannot be used for evaluating full size 
filters because the tester cannot generate monodispersed aerosols on a 
large enough scale. 
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OPENING COMMENTS OF SESSION CHAIRMAN FRIEDRICH 

We have two different topics in this session. We shall have five 
papers on testing of activated carbon and adsorber installations. I 
do not want to spend time to explain the significance of this field 
within this group of experts. I would rather emphasize that when 
testing carbon adsorbers the in situ methods become more and more 
important. There are well known and widely used laboratory methods 
for testing carbon samples for both research and routine test pur
poses, but these methods cannot substitute for the in-place testing of 
adsorbers as a whole due to several reasons. The most important of 
these reasons are the difficulties in taking representative samples 
from the carbon bed, the need for testing leakages, gaskets and 
possible channels in the bed, and the difficulties in simulating the 
real physical and chemical conditions in a laboratory apparatus. The 
increasing importance of the in situ tests is also indicated by the 
fact, that the majority of the coming presentations deal with this 
topic. 

We will hear two further reports on the conditioning, storage and 
disposal of airborne radioactive wastes. During the previous sessions 
many questions and comments have already arisen: what is intended to 
be done with the collected airborne wastes and contaminated filters? 
No doubt there is a rather urgent need to develop safe and reliable 
techniques for the conditioning and long term storage of airborne 
wastes and spent filter materials, especially with those contaminated 
with high activity, long lived isotopes. Let us hear some recent 
developments also in this area. 
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RADIOIODINE TESTING OF USED NUCLEAR GRADE ACTIVATED CARBON: 
PENETRATION RESULTS FROM SAMPLES TESTED WITH AND WITHOUT MOISTURE 
EQUILIBRATION ACCORDING TO A DRAFT REVISION OF ASTM D3803. 

w. Peter Freeman 
Nuclear Consulting Services, Inc. 

Columbus, Ohio 43229 

Abstract 

Testing experience in our radioiodine laboratory has shown that used 
nuclear grade carbon samples tested according to ASTM D3803 Method A 
without the sixteen hour equilibration period (with 95% relative 
humidity air at 30°C) give consistently lower penetration values 
compared to the penetration values obtained with equilibration 
(required for testing new carbon). The results of the recent second 
NRC/INEL inter laboratory comparison confirmed·· our experience. 
Penetration results obtained using the non-equilibrated test method 
can thus provide misleading information regarding the quality of the 
carbon installed in nuclear air cleaning systems. 

Based on the above, a program was initiated in this laboratory to 
test used nuclear grade activated carbon samples from various . 
utilities that had first been tested without equilibration (i.e., 
following ASTM D3803). The test method followed was a draft 
revision of ASTM D3803 based essentially on the protocol developed 
during the second NRC/INEL interlaboratory comparison. This test 
requires sixteen hours of "pre-equilibration" followed by an 
additional two hours of "equilibration". Differences in the 
penetration results were at times dramatic (less than 10% 
penetration for the "non-equilibration" test, greater than 20% 
penetration.for the equilibration test). Additional tests were 
performed on samples generally tested at higher temperatures than 
30°C, although usually "equilibrated" at the temperature and R.H. of 
the test. When compared to penetration results obtained at 30°C and 
95% R.H., some striking and disturbing results were found (e.g., a 
methyl iodide penetration of less than 1% when a used sample was 
tested at 130°C and 95% R.H. compared to a methyl iodide penetration 
greater than 40% when tested at 30°C and 95% R.H.). Results of the 
above testing program are discussed in terms of using the revised 
ASTM D3803 (with equilibration of used carbon samples as well as new 
carbon samples at 30°C and 95% R.H.) as the method of choice for 
judging the quality and performance of nuclear grade activated 
carbons. 

Introduction 

Method A of ASTM D3803 (1986) (1) requires that used carbons be 
tested without an "equilibration period" of sixteen hours as 
required for new carbons. The rationale for making this distinction 
between new and used carbon was the belief that during the 
equilibration period of sixteen hours, contaminants adsorbed by the 
carbon in normal plant use would be removed and thus the methyl 
iodide removal efficiency obtained would not be a true indication of 
the condition of the used carbon sample. However, the most recent 
results from the NRC/INEL testing program (2), show that 
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equilibration of used carbons with 30°C, 95% R.H. air before 
challenging the carbon with methyl iodide provides a more sensitive 
indication of the condition of used carbon samples. This paper 
presents results of additional tests on used carbon samples from 
nuclear power plants in the United States. 

Test Method 

The test method followed was that of a 1987 draft revision of ASTM 
03803(2). This method was modified to include different 
temperatures (30°C, 80°C and 130°C) and different relative 
humidities (95% and 70%) • 

Results 

In Table 1 are presented methyl iodide removal efficiencies of used 
carbons tested at 30°C and 95% R.H., with and without equilibration. 

TABLE 1 

Methyl Iodide Removal Efficiency 30°C, 95% R.H. 

Sample 

PBl 
PB2 
PB3 
SHl 
SH2 
SH3 
CEl 
CE2 
CE3 

Non-Equilibrated 

99.03% 
98.11% 
99.20% 
98.34% 
99.03% 
99.21% 
97.36% 
99.58% 
99.48% 

Equilibrated 

67.81% 
73.26% 
99.01% 
62.10% 
84.30% 
99.10% 
96.40% 
67.35% 
74.37% 

In Table 2 are presented methyl iodide removal efficiencies for used 
carbons tested at 30°C and 70% R.H. with and without equilibration. 

Sample 

BSl 
BS2 
PSl 
PS2 

TABLE 2 

Without Equilibration 

98.47 
90.95 
99.92(4" Test Bed) 
99.03 

With Equilibration 

90.21 
84.26 
87.25(4" Test Bed) 
90.03 

In Table 3 are presented methyl iodide removal efficiencies for a 
used carbons tested at 130°C and 95% R.H. and then tested at 30°c 
and 95% R.H., and for a used carbon tested at 121°C and 95% R.H. and 
then tested at 30°C and 95% R.H. with and without equilibration and 
for used carbons tested at 80°C and 70% R.H. and then tested at 3o•c 
and 95% R.H. with equilibration. 
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TABLE 3 

Methyl Iodide Removal Efficiencies for Used carbon 

sample Test Removal Efficiency (%) 

BGl 130/95 Equil. 99.70 
BGl 30/95 Equil. 97.29 
BG2 130/95 Equil. 99.27 
BG2 30/95 Equil. 58.46 
MTl 121/95 No-Equil. 99.87 
MTl 30/95 No-Equil. 86.83 
MTl 30/95 Equil. 62.31 
FPl 80/70 Equil. 99.93 
FPl 30/95 Equil. 96.45 
FP2 80/70 Equil. 99.78 
FP2 30/95 Equil. 62.15 

Discussion 

There are two major problems with performing the 30°C, 95% R.H. 
methyl iodide removal test on used carbons without equilibration. 
First, by introducing 95% R.H. air at 30°C through a carbon bed, a 
considerable heat of adsorption is produced which raises the carbon 
temperature above the test temperature. Since methyl iodide 
efficiency increases with temperature (3), the hopeful result is 
already biased toward a higher efficiency. Also, as was seen in the 
NRC/INEL results (2), the non-equilibrated tests is not reproducible 
because each laboratory has a different test bed design and the heat 
generated during the challenge or loading period in the carbon bed 
will differ considerably from laboratory to laboratory as a result 
of the particular design and materials of construction. 

Secondly, and more importantly, the amount of moisture adsorbed 
during the equilibration period provides a greater challenge to the 
used carbon sample than low boiling contaminants that may be removed 
by the equilibration period. 

As an example, sample MTl from Table 3 had an initial volatiles 
content of 13.61 Wt %, a volatile content of 13.41 Wt % after 
testing at 30°C and 95% R.H. with equilibration, and a final 
moisture content of 24.7 Wt %. Clearly, the amount of contaminant 
removed by the equilibration was negligible, yet the added burden of 
the moisture resulted in a significant reduction in the methyl 
iodide removal efficiency. 

From a practical stand point of testing used carbons from nuclear 
power plants on a day to day basis, the current Regulatory Guide 
1.52 and 1.140 are inadequate. In fact, it is somewhat ironic that 
Regulatory Guide 1.140 is more stringent for non-ESF systems because 
it requires a 25°C and 70% R.H. test thari Regulatory Guide 1.52 is 
for ESF systems which requires a 80°C and 70% R.H. test. Clearly 
from the results presented here, a used carbon sample tested at 00°c 
an,d 70% R.H. could "pass" that test but "flunk" a 2s·c and 70% R.H. 
test. Attempts by local NRC inspectors to recommend a test 
performed to "Reg. Guide 1.52 Rev. 2 1978 using the procedure of 
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ASTM 03803", merely adds to the confusion concerning testing 
requirements. Thus it is my recommendation (and hope) that the NRC 
will quickly change the existing regulatory guides and that the 
revised version of ASTM 03803 will become generally used. 

1. ASTM 03803-86 
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DISCUSSION 

BELLAMY: I think we in the NRC appreciate your 
position on what the NRC should do, but I do not think it is appropri
ate for you to say that the way to resolve the problem is to simply 
revise the regulatory guides. Anybody that has been to the Harvard 
School of Public Health In-Place Filter Testing Workshops, or has 
heard me speak elsewhere on this topic, is very aware that the NRC 
position is to rely as much as possible on industry consensus stan
dards. We need to look to industry to present appropriate guidance 
for carbon testing. I think your comments on revising the Regulatory 
Guide are appropriate and accurate and I will announce at this time 
that we have undertaken a project to revise these Regulatory Guides. 
I will make further comments on the schedule for revising the 
Regulatory Guides this afternoon during my opening statement as 
chairman of the open end session. I would also like to point out that 
we· are aware of the inconsistency of R.G. 1.52 versus R.G. 1.140 but 
it is also important to realize that there are no plant technical 
specifications now that reference or use R.G. 1.140. The document is 
there for information but I do not think you are going to find it 
referenced in any license or any technical specification. 

FREEMAN: I am glad to hear that R.G. 1.52 will 
be revised. It is eagerly awaited by the industry. I am aware of 
your position and I have seen your letters, I hope that it works. I 
think I disagree with you on R.G. 1.140. I have received numerous 
tests that refer to a technical specification, so I think it is out 
there. 
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KUMAR: I just have a comment regarding 
filter testing with equilibration at J0°C·and 95% RH. It has been 
shown by calculation that most of our systems. will not exceed 70%RH or 
that there is a heater to mitigate the condition. I prefer that . 
charcoal be tested for conditions which it will really see in the 
field. I believe that it would be preferable to test at J0°C and 70% 
RH in such cases, rather then J0°C and 95% RH, because the higher the 
humidity the less will be efficiency; and we may be throwing away good 
carbon. 

FREEMAN: I agree with you. I do not think 
that all carbon systems should be tested at 30°C and 95% RH (although 
that might make the carbon suppliers extremely happy). I do think 
that systems that will only see 30°C and 70% RH should be tested that 
way, because the methyl iodide test at J0°C and 70% RH is sensitive 
enough to be of practical use for testing these systems. 

KOVACH, J. L.: I do not understand how one can 
postulate J0°C and 95% RH conditions for a control room system or how 
the NRC accepted this postulation in a technical specification.· 

FREEMAN: I can not comment on that. 

WILHELM: I would like to make one comment. As 
far as I remember from Mr. Deuber's work on the influence of tempera
ture, he found clearly, at very low relative humidity, below 30%, that 
:i,.ncreased removal efficiency occurred at higher temperatures. . Ab.ave 
this relative humidity, the results were not very clear~ 

FREEMAN: I think you are talking about a used 
carbon sample that may only have a penetration of 1% when tested by a 
nonequilibration test procedure. That is about what the result would 
be. A small change of some parameter will affect the result a lot, so 
that one lab might get 1.5% penetration and another lab might get 0.5% 
penetration. From a statistical standpoint this is a big difference 
but it is a very small difference on an absolute scale. That is what 
I was talking about, how very difficult it is to reproduce the test 
from laboratory to laboratory. In my laboratory, I can reproduce the 
test very well since I am always just comparing it with myself. But 
when I want to compare my results to the INEL.Laboratory results, the 
results are not going to correspond to one another. I am pretty sure 
that in Deuber's work he found a linear relationship between the K 
factor and the temperature on a log plot. I thought most of his tests 
were at 70% RH, but I may be wrong. 

BILLINGE: I confirm that Mr. Deuber's work 
showed an increase in efficiency with rising temperature from 20° up 
to at least 60°C. My colleague Derek Broadbent has done similar work 
at 90% relative humidity between 20 and 60°C and found an increase in 
K factor, or decontamination factor, with temperature. One more 
comment on testing, whilst I accept the point that if it can be 
guaranteed that beds are not going to operate above 70% relative 
humidity they should be tested at that value, I assume that testers 
find it much more difficult to control at 70% RH than at 95% because 
of the shape of the isotherm. 
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FREEMAN: Thank you for the supporting informa-
tion. However, it is not true that 95% RH is easier to maintain. 

BILLINGE: I am pleased to hear it. 

FREEMAN: In fact, the opposite is true. 
Ninety-five percent RH is more difficult because at that place in the 
isotherm a small change in the relative humidity causes a large change 
in the amount of water adsorbed. But at 70% RH you are on a nice 
plateau region where a small change in RH will cause only a small 
change in the amount of water adsorbed. From a testing stand point, 
we would like to be down there because that makes our control problems 
a lot easier. 

BILLINGE: That is no water isotherm I recog-
nlze. All the water isotherms that I have seen have been extremely 
steep at 70% RH and flatten out about 90%. 

FRIEDRICH: It can be taken as a fact that CH3I 
adsorption is an exothermic process. Since the rate of exothermic 
processes usually decrease with increasing temperature, do you think 
that the explanation for the increasing retention efficiency at higher 
temperature (i.e., that it originates from the heat of adsorption) is 
relevant? 

FREEMAN: The heat of adsorption I am referring 
to results from the adsorption of the water vapor, not the adsorption 
of CH3I. The heat of adsorption produced by challenging the carbon 
with CH3I is negligible in this test (concentration 1.75 mg/m3). 
Since the removal mechanism is a chemical reaction on the surface of 
the carbon, it is not surprising that this process improves with 
increasing temperature. 
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In-Situ Testing of Carbon Filters at 
Ontario Hydro's Nuclear Generating Stations 

Alan Guest, Jon Holtorp 

Radioactivity Management and Environmental Protection Department 
Ontario Hydro 

ABSTRACT 

The current test procedure to determine the need for change-out of carbon in 
Ontario Hydro's nuclear station filters is the ASTM D3803 radioiodine 
retention test. There are concerns over this laboratory test procedure and 
even greater concern over the representativeness of the sample. 
Consequently in-situ test procedures, using freon-11 and methyl iodide as 
challenge gases, are being developed. The methods used are described and 
results are compared to the D3803 test results. 

INTRODUCTION 

As described in Paper 5-7 yesterday,(1) Ontario Hydro operates 16 large 
CANDU nuclear generating units with four more to come on line in the near 
future. These units are equipped with continuous operation and standby 
carbon filters for radioiodine removal. In common with other nuclear 
facilities, these filters must be tested regularly to demonstrate that they 
meet required performance criteria. Costs for new carbon, management of 
used carbon, and labour for carbon change will soon reach 1 M$ per annum. 
There is, therefore, an economic incentive to achieve longer carbon 
service-life. 

Several steps have been taken to achieve this(l) and it is felt that 
further savings are possible by improving the accuracy of in-service carbon 
quality test~ng. The economic concern is that the test currently used to 
determine the need for carbon change-out, ie, sampling and analysis by 
ASTM D3803, may sometimes lead to premature carbon change. 

Control of the D3803 test has been the subject of exhaustive research, which 
has been thoroughly discussed and documented at previous DOE Air Cleaning 
Conferences.(2, 3) Ontario Hydro has its own laboratory to perform the 
D3803 tests and although this laboratory has performed well in the 
interlaboratory round-robin studies, the scatter of the round-robin data 
raises considerable doubt about the analytical method. 

Even if it is assumed that the D3803 results are accurate, there is an even 
greater concern over how representative the sample is. 
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SAMPLING 

Almost all of the carbon filters in use in Ontario Hydro plants are the 
welded, gasketless type (Figure 1). Some data were presented yesterday(l) 
which showed the variation in chemical characteristics of carbon throughout 
the filter. Further evidence of potential variations of carbon quality has 
been provided by measuring velocity profiles across the filter 
outlets.(4) The velocity profile of a newly refilled filter is shown in 
Figure 2. This filter has 22 carbon cells. The velocity probes used could 
only reach half way across, therefore the velocities shown are from one 
outer wall to the centre cell. Figure 2 shows that the outer cell has a 
much lower exit air velocity and therefore much lower flow, but the air-flow 
through the rest of the filter was reasonably uniform. Figure 3 shows a 
similar set of measurements for a filter unchanged for over 2 years. This 
again shows a lower air-flow through the outer cell, but also shows a 
considerably lower flow through the bottom of the beds than through the 
top. The reduced flow through the lower portion of the bed must, 
inevitably, result in variable carbon quality. 

Of particular significance were measurements of the air-flows through the 
installed sample canisters which are normally used for the D3803 test. On 
both filters the measured face-velocities of the canisters were more than 
four times greater than the design face velocities of the filters (20 cm per 
second). This being the case, carbon in the sample canisters must be of 
poorer quality than the bulk carbon in any of the filter cells. 

ALTERNATIVE TEST METHODS 

Sampling and analysis by D3803 is still the criterion used to determine the 
need to change carbon. Since the canister samples are questionable, grab 
samples are now used rather then canisters whenever possible. The problems 
with the analytical method and particularly the extreme difficulty of 
obtaining representative samples have led us to seek a test based on the 
performance of the complete filter. Two in-situ test methods are being 
investigated: Freon and methyl iodide desorption. 

Freon Desorption 

Taylor of the British CEGB has published data(5) which shows that a good 
indication of carbon quality can be obtained by examining the desorption 
profile of a freon pulse. A freon pulse test is currently used in Ontario 
Hydro as a carbon filter leak test, so the only additional work required is 
to leave the instrumentation running, coupled to a chart recorder or data 
logger, after the leak test is performed. Typical chart recordings of 
desorption profiles obtained from in-station tests are shown in figures 4 
(a), (b), (c), (d). These profiles are as expected from Taylor•s published 
data. 

In order to quantify the data and provide a numerical value which relates 
the desorpt\on profile to carbon quality a "freon-11 Desorption Index" 
(fEDI) has been defined. The three-component index is calculated from the 
four parameters which can be read-off the chart-recorder output. The 
components are shown in Table 1. 
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Examples of data generated for ventilation filters at the Pickering and 
Bruce plants are shown in Table 2. The FED! contributions calculated from 
these data are listed in Table 3 and comparisons with D3803 laboratory 
analysis of grab samples are shown in Table 4. The current D3803 test 
criteria for acceptable carbon quality are < 3% penetration for the Unit 
ventilation filters and < 5% penetration for the fuel bay ventilation 
filters. from the data in Table 4, it appears that a FED! of 1 or 2 min-1 
is likely to be the appropriate acceptable performance limit. A FED! value 
could not be obtained for the Pickering Unit 4 or fuel Bay-A filters because 
the desorption began before the bypass leakage peak had decayed. Samples 
from both the filters failed the D3803 test badly and it seems likely that 
any filters which begin to desorb freon-11 in less than l minute contain 
carbon of unacceptable quality. This may be a second performance criterion 
which will need to be applied. 

There are two factors which complicate comparison of D3803 test results with 
the FED!. The first, as already mentioned, is the sample not representing 

· the bulk carbon in the filter. Secondly, it is known from the CEGB 
work(5) that freon desorption increases with increase in relative 
humidity. The first problem should be resolved by collecting sufficient 
grab sample data to make a good statistical analysis and effectively 
calibrate the FED! against D3803 analyses. To avoid major humidity/freon 
desorption problems, it is planned that tests will not be performed in the 
summer (high humidity) or the winter (very low humidity)·. Spring and fall 
testing should allow the tests to be performed at humidities between 20% and 
50%. Research work is planned to determine how the three components of FED! 
vary through this humidity range, so that corrections can be applied. 

More development work is required, but this CEGB initiated test method 
appears to be potentially very useful. 

Methyl Iodide (CH3I) Desorption 

The safety analyses required in the Canadian licensing process include 
statements of the desorption rate of radioiodine which has been trapped on 
carbon filters. The desorption rate allowed is defined in terms of the 
percentage of the total radioiodine which has been trapped on the filter 
which will desorb in a 24 hour period. Currently, compliance with the 
performance claimed in the safety analysis is not demonstrated directly but 
must be inferred from the D3803 laboratory tests. A direct measure of this 
parameter would be more appropriate. 

In several European countries 131.1 labelled methyl iodide is used in-situ 
to test carbon filter effectiveness.(6,7,8) Labelled methyl iodide is 
necessary because isotopic exchange with the potassium iodide used as 
impregnant, is the major means of trapping gaseous radioiodine. Ontario 
Hydro's exclusive use of TEDA impregnated carbon, which traps methyl iodide 
by quarternary ammonium salt formation, allows non-active methyl iodide to 
be used as the challenge gas. In order to measure the desorption over a 
24-hour period, a known mass of methyl iodide is added to the carbon as a 
pulse and then the downstream air is sampled for a 24-hour period. 

In the several filters tested this way, the contents of a pressurized 
nitrogen cylinder containing a certified concentration of methyl iodide have 
been injected upstream. 
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Very sensitive analysis of the downstream sample is required and two 
sensitive analytical methods are being applied. In the first, the 24-hour 
downstream sample is collected on a new TEDA impregnated cartridge. The 
cartridge is then broken open, the carbon thoroughly mixed and a portion of 
the carbon analyzed for iodine by neutron activation analysis* using the 
University of Toronto Slowpoke reactor. This analytical method is easily 
capable of detecting a few micrograms of iodine, but is currently restricted 
to a detection limit of about 40 micrograms due to the difficulty of finding 
a source of low background iodine sample cartridges. The best commercially 
available cartridges found to date have a blank iodine content of about 
30 micrograms. We are continuing to seek a source of low iodine carbon or 
some other iodine-free methyl iodide absorbent material with which we can 
fabricate sample collectors. 

The second method under development is sample collection on various 
proprietary reusable organic vapour collection tubes, which are marketed as 
part of a temperature programmable injection system for gas-chromatographs. 
By rapid thermal desorption into a gas-chromatograph, detection limits of a 
few picograms of methyl iodide are achievable in the laboratory. To date 
these detection limits have been far f~om achievable for samples collected 
in the field; other organic compounds collected on the sample tubes have 
seriously interfered with the gas-chromatographic analysis. Work is 
continuing in our research laboratories to improve the selectivity of both 
the sampling device and the analytical method. 

A few methyl iodide desorption test results have been obtained. These data 
are compared to the freon-11 Desorption Index and 03803 data in Table 4. 
Although analytical problems need to be resolved, the results again indicate 
that the method is feasible.· 

Conclusions 

In-situ testing of filters provides a direct measure of bulk carbon quality 
and is, therefore, a more appropriate demonstration of filter performanie 
then laboratory analysis of questionable carbon samples. 

The in-situ test methods described have been shown to produce results which 
give a good indication of carbon quality. More development work is 
required, but in-situ testing should soon replace sampling and 03803 
laboratory testing as the criterion for determining the need to change 
carbon in Ontario Hydro's carbon filters. 
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* The nuclear reactions involved are: 

127 I 
(100% abundance) 

(n,y) > 128 
(~ = 6.2) I 

B decay 128 
(t l = 25 min~ Te 

2 

The 443 Kev y - peak of 128I is counted. 
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TABLE 1 

Definition of "Freon-11 Desorption Index" (FED!) 

Parameter 

Initial Desorption Rate 
+ Upstream Concentration 

Maximum Desorption 
+ (Upstream Concentration 

X Time to Maximum) 

1 + Time to Start 
of Desorption 

Units 

(ppb min-1 +ppm) = min-1 

(ppb . ppm x min) = min-1 

(1 + min) = min-1 

B 

c 

TOTAL FED! = A + B + C 
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TABLE 2 

freon II Desorption Tests of In-Service Carbon filters 

Upstream 
cone 

FILTER ppm 

Unlt l 19.6 
Unlt 2 39.2 
Unlt 3 35. 7 
Unlt 4 
Unlt 5 · 29.2 
Unlt 6 
Unlt 7 25.4 
Unlt 8 37.3 

Fuel Bay-A 23.3 
Fuel Bay-B 18.3 

Unlt l 29.4 
Unlt 2 20.2 
Unit 3 37.4 
Unlt 4 36.0 
Unlt 5 
Un\t 6 
Unlt 7 24.6 
Unit 8 24.3 

Fuel Bay-A 21.2 
Fuel Bay-B 15. l 

Fuel Bay-Filter 7 9.5 
Fuel Bay-Filter 9 20.7 

Pickering NGS - November 1987 

Max nme to 
nme to Breakthru' Max 

Breakthru' Value Breakthru' 
min ppb min 

No desorption observed in 50 minutes 
<l. 406 14 
6. >18 32 

-84 ppb after 24 min "It:#(. 

No desorption observed in 22 minutes 
NOT TESTED 

<l. >39 >35 
6. >17 >61 

<l 400 3 
<l 110 17 

Pickering NGS - Hay 1988 

0 >40 
<l. 250 4 
6. 10 21 

218 ppb after B min "lt:lf. 

NOT TESTED 
NOT TESTED 

<l. 20 40 
0 >40 

400 ppb after 14 min "lt:lf. 

<l 212 14 

Bruce NGS-B - July 1987 

l.5 
l.9 

30 
40 

9 
10 

"lt:lf.Initial Desorption Was Sw~ed By High Bypass. 
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Inltial 
Desorp 

Rate 
ppb/min 

69 
0.3 

3.6 
0.3 

100 
13 

0. 
53. 
0.3 

3.3 
0. 

25 

4.0 
5.0 

RH 
~ 

25 

37 

71 

33 
35 
27 
26 

31 
24 

BO 
59 

37 
37 

Temp 
~ 

32 

31 

26 

28 
26 
31 
32 

23 
20 

24 
23 

26 
26 
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Filter 

Unit 1 
Unit 2 
Unit 3 
Unit 4 

Unit 5 
Unit 6 
Unit 7 
Unit 8 

Fuel Bay-A 
Fuel Bay-B 

Unit 1 
Unit 2 
Unit 3 
Unit 4 

Unit 5 
Unit 6 
Unit 7 
Unit 8 

Fuel Bay-A 

Fuel Bay-B 

Fuel Bay Filter 7 
Fuel Bay Filter 9 

TABLE 3 

FEDI Calculation From Table 2 Data 

Pickering NGS - November 1987 

_A_ B c --

1. 7b 0.74 >1.0 
0.008 0.02 0.2 
Initial desorption swamped by high bypass 
after 24 min 

0.14 0.04 >1.0 
0.008 0.07 0.2 

4.29 5.7 >1.0 
0.7 0.35 >1.0 

Pickering NGS - May 1988 

0.0 0.0 0.0 
2.6 3 .1 >1.0 
0.008 0.01 0.2 
Initial desorption swamped by high bypass 
after 8 min 

0 .13 0.02 >1.0 
0.0 0.0 0.0 

Initial desorption swamped by high bypass 
after 14 min 
1. 7 1. 0 

Bruce NGS-B - July 1987 

0.4 
0.2 

0.3 
0.2 

1009 

>1.0 

0.7 
0.5 

FEDI 

> 3.5 
0.2 

- 84 ppb 

>1.2 
0.3 

>11 .0 
>2 .1 

0.0 
>6.7 
0.22 

- 218 ppb 

>1.2 

- 400 ppb 

0.0 

3.7 

1.4 
0.9 
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TABLE 4 

Comparison of In-Situ Tests with 03803 Laboratory Tests 

Methyl iodide 03803 
FEDI Desorption Laboratory Test 

(min-1) (% per 24 hr) (Penetration%) 

Filter Pickering NGS - November 1987 

Unit 1 <0.1 0 .1 
Unit 2 >3.5 <0.1 0.3 
Unit 3 0.2 <0.1 0.3 
Unit 4 *** 2 .1 0 .1 
Unit 5 <0.1 0.2 
Unit o <0.1 0 .1 
Unit 7 >1.2 <0.1 0.04 
Unit 8 0.3 <0.1 0.8 

Fuel Bay A >11. 4.2 3.4 
Fuel Bay B >2 .1 Not Done 0.6 

Bruce NGS-B - July 1987 

Fuel Bay - Filter 7 1. 4 <0.3 2.8 
Fuel Bay - Filter 9 0.9 <0.3 3.3 

*** Although bypass leakage through the carbon swamped the desorption, by 
inspection a FEDI greater than unity is indicated. 
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FIGURE 2 

Velocity Profile of Recently Filled filter Unit 
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FIGURE 3 

Velocity Profile of Filter Unit In-Service For 2 Years 
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FIGURE 4 TYPICAL FREON 11 TEST PROFILES 
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DISCUSSION 

VAN DAM: Dr. Guest, what drew my attention was 
the increasing pressure of the filter by settling of the activated 
carbon. Do you have any quantitative idea about the loss of total 
adsorption capacity for methyl iodide in your filter over time due to 
settling of the carbon? The second part of my question is, do you 
see an advantage in using a more uniform carbon in terms of size 
distribution of carbon? 

GUEST: We do not know how big the problem 
is, the only data available have been included in the paper. I do not 
think any of us are really satisfied that we have good methods to 
determine adsorption capacity. There is the D3803 test and the in
situ tests we are trying to develop. I do not think any one of them 
is perfect and it is difficult to use them to look for variations in a 
parameter such as settling. There are a lot of other factors involved 
which determine how well the carbon adsorbs. I do not know how we 
could quantify the loss of adsorption capacity due to settling. 

I assume you refer to little beads of extruded carbon. Yes, I think 
there probably would be some advantage in using a carbon of more 
uniform size distribution to get around the problem. But first, we 
really have to get a better idea about how big a problem it is in 
order to see how much advantage there would be in going to something 
of a more uniform size. 

BILLINGE: Thank you for your complimentary 
remarks about the work of my colleague, Steve Taylor, which I will be 
happy to pass on. Steve would be the first to acknowledge that his 
introduction to this method (chlorofluorocarbon injection) and the 
equipment came via NUCON in USA. 
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FIELD TEST RESULTS OF IN-PLACE CHARCOAL ADSORBER LEAK-TESTING 
BY PULSE MODE HALIDE INJECTION 

Bela J. Kovach, Robert R. Sommer II, and Eric M. Banks 
NUCLEAR CONSULTING SERVICES, INC. 

Columbus, Ohio 

ABSTRACT 

current recognized practices for adsorber in-place leak tests in 
the nuclear industry are by the use of intermittent sampling gas 
chromatographs, or by continuous sampling and continuous read-out 
halide detectors. Both test methods normally utilize the 
continuous halide injection technique when testing to ANSI/ASME
N510, "Testing of Nuclear Air-Cleaning Systems". 

The use of continuous reading halide detectors and pulse mode 
halide injection has made in-place leak testing of charcoal 
adsorber banks possible, where short halide delay times caused by 
high humidity and/or high airflow and where the release of 
contaminants from the adsorber surface interfere with data 
interpretation and subsequent test results. 

Interpretations of response curves from actual field measurements 
are given as examples, where leak test data acquired by previously 
described methods could not give a definite interpretation. 

The pulse mode halide injection method with continuous reading 
halide detection also provides additional information about 
available adsorbent surface sites and utilizes significantly less 
fluorocarbon, an already suggested practice. 

INTRODUCTION 

The in-place leak tests of charcoal adsorber banks in the United 
States are normally performed according to -ANSI/ASME N510 
1975/1980. Par 12.2 of the standard states: "A refrigerant tracer 
gas is injected into the air stream upstream of the adsorber bank, 
tracer concentrations are determined downstream and upstream of 
the bank, and penetration (percent leakage) is determined from the 
ratio of downstream to upstream concentration at the time 
zero .•. 11 , also Par. 12.4.1 Tracer Gas states "R-11 is 
preferred •.. ". 

While the commonly used test methods were: 

A. Continuous injection with noncontinuous detection 
(usually alternating sampling Gas Chromatograph). 

B. Continuous injection with continuously monitoring 
detectors. 

In recent years, a third method has been introduced: 

c. Pulse mode injection with continuously monitoring 
detectors. 
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This paper describes in-place charcoal adsorber leak test results 
and their interpretation, as well as the advantages and the limits 
of pulse mode injection with continuously monitoring detectors. 

FIELD RESULTS WITH CONTINUOUS INJECTION 

The injection method per ANSI/ASME NSl0-1980 par. 3.29 requires 
"Any means of consistently injecting a known amount of tracer gas 
into a flowing stream." 

Figure 1 illustrates the recorded signal from continuous reading 
detectors with continuous R-11 injection on a clean two inch 
charcoal bed with a face velocity of 40 FPM at 62% relative 
humidity. Curve "A" indicates the upstream concentration in VPPM 
while curve "B" indicates the downstream concentration in VPPB. 

Figure 1 

Although a clean bed of charcoal is desired, charcoal adsorber 
beds in nuclear power plants are often found to be contaminated 
with cleaning solvents, dry-cleaning agents, refrigerant leakage 
from defective air conditioners or accidental releases from halide 
based fire extinguishers. In addition to these various 
contaminants, the locations of various air treatment units within 
the plants and/or the site locations of power plants often subject 
the charcoal beds to a high humidity environment. 
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The influence of relative humidity on the charcoal bed performance 
has been discussed in previous articles under controlled 
conditions and illustrated with test data acquired by NUCON* test 
engineers in the field (Figure 2). 

It can be seen that VPPB concentrations can be reliably detected 
on used and surface contaminated charcoal adsorber banks even in 
35°c and 63% relative humidity conditions. In Figure 2, peak 
number 1 indicates the mechanical leak in the adsorber bank. 
Peaks 2 and 3 indicate the first and second peaks of desorption 
respectively. 

Figure 2 

The ANSI/ASME-N510 standard par 12.5.4 states: "If downstream 
interference is indicated, purge the bank with system airflow 
until interference is reduced to an acceptable level." 

In many cases, a request to suspend activities such as dry 
cleaning or use of halide based cleaners in order to purge an 
adsorber bank, often interferes with plant activities and/or 
schedules. 

An example of a downstream response curve of contaminated charcoal 
adsorbers in combination with high humidity condition is 
illustrated in Figure 2. It is important to note that a worse 
case situation would be a saturated adsorber bed when the delaying 
effect could not be achieved. 

* Trademark of Nuclear Consulting Services, Inc. 
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one solution which enables a leak test to be performed on such a 
carbon bed is to inject one to two hundred VPPM of R-11 for 
several minutes and allow the bank to purge until the interference 
is reduced to an acceptable level. The injected R-11 acts as a 
"Dry-cleaning" agent and, in some cases, purges off low molecular 
weight contaminants from the adsorbing surface of the charcoal. 
Upon re-test, this then enables an adequate delay time of R-11 on 
the charcoal bed to perform an in-place test. 

THE SHORT TIME AND PULSE MODE INJECTION 

As described bys. J. Taylor (2), with the 55% relative humidity 
and 30°c test conditions, the R-11 desorption pattern (or break
through) begins in less than one minute on non-contaminated K-I 
impregnated charcoal. Actual in-place tests on nuclear air 
treatment units in the United States during summer months are 
often performed at a higher temperature and relative humidity 
condition than the aforementioned. The combination of short 
breakthrough time with the possible release of contaminants, often 
requires a shorter time of injection, (usually less than 30 
seconds) in order to distinguish between breakthrough and 
mechanical leak. 

A new type of R-11 liquid injection generator, with rotating 
cavity, was designed to perform "single shot" injections (Figure 
3). A ball valve was redesigned to form two separate 0.5 cc 
cavities on the opposite side of the ball. When placed in the 
vertical position, liquid R-11 from the tank fills the aligned 
cavity in the rotating ball by gravity. The liquid is transferred 
to the lower space by turning the ball lao0 . After a 
predetermined number of turns, the collected liquid is injected 
into the air stream of the air treatment unit in a "single shot", 
using compressed air. As the liquid R-11 rapidly transforms into 
gas, the detector records the upstream concentration as a short 
pulse. The corresponding pulse on the downstream detector 
indicates penetration. This procedure is repeated as necessary to 
achieve the required number of readings to determine percent 
penetration of the adsorber bank, which is indicated by the ratio 
of the two peaks. 

The test results are shown on Figures 4.a, b. & c. 

According to the ideal gas law, and the molecular weight of R-11, 
at 25°c (77°F), 1.077 cc evaporated liquid will produce a 10 VPPM 
concentration in a 1000 SCFM air stream. This concentration will 
be decreased roughly 0.1% by an increase of 1°c in the range of 
o-4o 0 c. 

During the tests, the 1 cc per 1000 SCFM pulse injection resulted 
in an approximate 25 VPPM upstream concentration, indicating that 
the evaporation time was approximately 0.4 second. 
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R-11 PULSE INJECTION GENERA TOR 

MODIFIED 
BALL VALVE 

WITH TWO CAVITIES 

FILL PORT 

R·11 TANK 

AIR IN 

• 
4 WAY BALL VALVE 

Figure 3 

Generally, the higher the temperature, the shorter the evaporation' 
time, which in turn reduces the required volume of liquid R-11 to 
perform a test. This is an advantage when the higher tempetatures 
cause a shorter breakthrough time. 

Figure 5 shows the recorded curves of a test where the 
chromatograph column effect delays and expands the injected pulse. 
Although the breakthrough is nearly instantaneous~ the downstream 
peak extends approximately two.· minutes. The repetitive time of 
injection was selected to coincide with the delay time of the 
adsorber bank. The short 1 VPPB.peak caused by mechanical leak is 
superimposed over the extended desorption curve, but easily 
distinguished by it's duration. The peak produced by mechanical 
leak is the first one following the injection, while the 
desorption peaks are delayed. 
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Figure 4 
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Figure 5 

B-l)Upstream injection peak 

B-2)Downstream leak peak from B-1 injection 

B-3)Desorption curve from B-1 injection 

C-l)Upstream injection peak 

C-2)Downstream leak peak from C-1 injection 

C-3)Desorption curne from C-1 injection 

D-l)Upstream injection peak 

D-2)Downstream leak peak from D-1 injection 
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CONCLUSION 

The pulse mode injection test can be utilized to perform a series 
of multiple tests, with repeatable data, which then provides a 
higher confidence level of test results. 

The test results can be interpreted by viewing the charcoal bed as 
a chromatograph column, and can generate information in regard to 
available adsorbent surface sites. The method has been proven as 
a viable test procedure when continuous injection methods were 
unable to discern definitive interpretation of test data. In 
addition, pulse mode injection of R-11 tracer gas during in-place 
leak testing significantly reduces the amount of Fluorocarbon 
introduced to the atmosphere. 
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DISCUSSION 

LAGUS: It was a very interesting paper. Could 
you clear up your Figure 2 for me. In your paper you say that the 
small peaks shown there, which you labeled 2 and 3, are desorption 
peaks, and that peak number 1 is a mechanical leak. I believe I heard 
you say in your talk that peak number 2 is from mechanical leakage. 
My question is, which is it? 

KOVACH: It is as written in the paper. 

LAGUS: What, then, is the origin, in your opin-
ion, of the second and third peaks? 

KOVACH: Different solvents on the charcoal. 

LAGUS: You are assuming that peak number 1 is 
Freon? 

KOVACH: Yes. 

LAGUS: If you had a more labile contaminant on 
the carbon, could peak one, in fact, be desorption by something else? 
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KOVACH: Yes, we had several desorptions. It works 
like a gas chromatograph. 

LAGUS: You made the assertion that the first peak 
through is mechanical breakthrough. I am sure you have thought about 
this, but it is not clear to me how you can make that assertion if you 
are unfamiliar with the particular solvent loading that your charcoal 
has on it. How do you know which peak is due to Freon 11 and which is 
due to other solvents, since you are using a continuous monitor? 

KOVACH: By repeating the test several times, you 
see whether you can wash it off. 

LAGOS: In other words, you have not tried to do a 
more complete analysis of what you are offgasing just to be certain 
that, in fact, your assertion is correct. 

KOVACH: You need a gas chromatograph to do that. 

LAGOS: I understand; I am quite familiar with the 
principle of your detector. I think I hear you saying that you never 
have documented fully that the first peak is the breakthrough peak of 
Freon 11. 

KOVACH: 
company. 

This is done on the test charcoal at our 

LAGOS: But, if the carbon was clean, what is 
desorbed in the third peak? 

KOVACH: It was not clean, it was already con-
taminated. We inserted it in the test rig and tried to find out how 
it behaves under such conditions. We have seen that it releases 
different solvents that are on the charcoal and different Freons that 
are on the charcoal. When you repeat it several times, it slowly 
cleans up and you can find out the clean carbon leakage. 

LAGOS: If I understand correctly, when you are 
doing this test in an operational context, you assume that the first 
peak through is Freon 11 but you would not know it. 

KOVACH: Sometimes you would not until you had 
repeated the test several times. Try to picture the installed carbon 
bed as the column in you chromatograph. The Freon 11 peak is recog
nized the same way as you assert it's connections in a peak obtained 
in a chromatograph. A chromatograph also uses a continuous detector 
except that it is incapable of working with continuous injection. If 
your column in a chromatograph had a "bypass", probably you could also 
identify it as a leak. 

ANON: In Figure 5, you show large response peaks 
(10 ppb) with a small tailing peak on each. What is the origin of 
this tailing peak? Why does it not appear at the same relative time 
on each large peak? 
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KOVACH: The mechanical leak is the first peak 
immediately following the injection peak. Figure 5 also shows the 
effect of repeated consecutive injections without full stripping in 
between. Normally, the repeat test is performed only after desorption 
takes place and the desorption peaks do not interfere with the leak 
peaks. 

KOVACH, J.L.: I may add to the discussion that it is 
exactly the same problem as we have with the chromatograph; when the 
peak comes out from a used carbon, we do not know what it is. 

LAGUS: That is not a true statement. 

KOVACH, J.L.: Do you mean that when you inject something 
you always know what is coming out from used carbon? Then you have a 
very unusual instrument, I would like to buy one of them right now. 

LAGUS: That statement is not 100% correct. 
However, you do know unambiguously in the case of the chromatograph 
which is Freon 11 and which may be other solvents simply because of 
the elution characteristics of the chromatograph. That is my whole 
point. 

KOVACH, ~.L.: There are many compounds that come out at 
exactly the same time that the Freon 11 comes out. 

LAGUS: That is generally not true, if one is 
sufficiently clever in the choice of columns, at least in the case of 
halogenated solvents. 

KOVACH, J. L.: 
honorable disagreement. 

Let us discuss this later, we have an 

KUMAR: Regulatory Guide 1.52 calls for carbon 
testing after painting, a chemical release, or a fire has taken place 
in the areas served by the ESF units. If there has been very little 
painting in the area, is it possible to purge the carbon bed of 
"poisons" using the pulse injection method and Freon 11 instead of 
pulling out a sample and sending it to the lab? 

KOVACH,· B.: It helps. Whether you can get rid of all 
the poison completely, only a test will show, but it helps, especially 
in the beginning. When you repeatedly purge with Freon 11 and the 
picture is always changing, it is very confusi~g. You can see that 
the Freon 11 you are injecting is purged off and is different from 
other solvents. Although the pulse of Freon 11 may remove some light 
molecular weight contaminants from the adsorbent surface, this does 
not relieve the client from performing a methyl iodide laboratory test 
of the adsorbent in the case of painting, fire, or chemical release in 
the areas served by the ESF unit. 
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IN-PLACE LEAK TEST OF CARBON FILTERS USING A PULSE INJECTION METHOD 
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Institut de Protection et de Surete Nucleaire, Departement de 
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Nucleaires, Section d'Etudes Industrielles de Protection 
CEN/Saclay, bat. 389 - 91191 Gif-Sur-Yvette Cedex, France 

Abstract 

The limits of in place testing of iodine filters with 131 IcH3 
led to develop a complementary method aiming at delivering specific 
information about packing and mounting quality of such filters. 

The choice was made of a pulse injection method using Freon 12 
(CC1 2F2) and either an electron capture or a flame ionization 

detector. 

This method was qualified on the STRATUS test rig at Saclay 
and was successfully applied to various situations such as 
acceptance tests in PWR's, assistance to manufacturers and 
expertise of a poorly efficient iodine filter train. 

I. Introduction 

The French in situ standard test for iodine filters is an 
efficiency test using a radioactive tracer (methyl iodide labelled 

with 131r) (1). This practice, commonly adopted by European 
countries, was widely described in the past. A discussion about 
advantages and disadvantages of such a method compared with the U.S 
freon leak test (2) is not the purpose of this paper. 

The limits of a global efficiency test made it necessary, in 
the beginnings of the eighties, to develop a complementary specific 
non radioactive leak test. The main reasons for this development 
were 

- inaptitude of the global efficiency test to discriminate 
between low adsorption performances of the carbon bed and a 
leakage when a poor result is obtained, 

- requirements from the regulatory authorities to perform 
tests with a non radioactive tracer for the iodine traps 
installed on circuits the releases of which are not 
continuously monitored (Control Room on PWR's for example), 

- unsuitability of the global efficiency test to give precise 
design information on a leakage location when qualifying 
prototypes of iodine adsorbers. 

A study was initiated to, firstly, evaluate various tracer 
gases and monitors taking into account a wide range of criteria 
and, secondly, to develop and qualify a leak test method. 
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II. Tracer Gases and Detectors Investigation 

The objective of the study was to find a pair : tracer gas + 
detector optimized regarding a lot of criteria and to select an 
injection mode. 

II.l. Tracer gas criteria 

The main criteria that the tracer gas has to meet are listed 
below : 

. non radioactive, 

. non corrosive, 

. non (or at least very weakly) toxic, 

. safe handled, 

. easily detectable at low concentrations, 

. long residence ttme in the carbon beds at ambient 
temperature, 

. non poisoning for the active carbon used at nuclear 
facilities, 

. sufficient loading capacity of the active carbon 
without change on its iodine trapping efficiency, . 

. sufficient vapor pressure at ambient temperature, 

. suitable for a simple injection design, 

. easily available at a reasonable cost. 

II.2. Gas detector criteria 

were 
On the other hand, the selection criteria for the detector 

. response for the tracer gas as specific as possible, 

. high sensitivity for the tracer gas monitored, 

. continuous and real time measurement, 

. suitable for in situ operation. 

II.3. Injection mode selection 

Three possibilities were investigated 
injection and random injection. 

II.3.1. Pulse injection 

pulse injection, step 

This consists of injecting upstream from the carbon filter to 
be tested a sufficient quantity of the tracer gas over a very short 
period of time (about 1 sec.). If a packing or a mounting defect of 
the carbon filter exists, a leak pulse, having a similar shape than 
the injection pulse, takes place after a period of time 
corresponding to the air transfer time between injection and 
detection points. This leak pulse will be detected if the residence 
time of the tracer gas in the charcoal bed is large enough compared 
to the.transfer time mentioned above. A continuous real time 
measurement is ~equired in this case. 

II.3.2. Step injection 

This consists of injecting the tracer gas upstream from the 
carbon filter to be tested at a constant rate for a long period of 
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time. The packing or mounting leak rate of the filter is derived 
from an extrapolation of the desorption profile of the tracer gas 
on the very beginnings of the injection. This injection mode has to 
be used if a continuous real time measurement of the tracer gas is 
not possible but exhibits several disadvantages such as important 
loading of the carbon and consequent impossibility to perform 
successive injections during the same test. 

II.3.3. Random injection 

This more sophisticated technique was investigated in the 
beginnings of this study but rapidly abandoned as inadequate for 
filter leak testing. 

III. Tracer Gas, Detector and Injection Mode Selection 

III.I. General 

A series of tracer gases easily detectable with continuous 
real time detectors were investigated refering to the previously 
mentioned criteria. These were : helium (He), sulfur hexafluoride 
(SF6), methyl chloride (CH3Cl), Freon 11 (CC13F) and Freon 12 

(CC12F2). 

Each of these gases (or vapors) are easily detectable at low 
concentrations by continuous real time detectors. Apart from He 
which is specifically detected by mass spectrometry, the detection 
of the other gases and vapors are liable to interferences. These 
can be reduced if necessary by using, for example, an electron 
capture detector. 

A summary of the characteristics of the tracer gases and 
corresponding detection methods investigated with reference to the 
main already mentioned criteria is given in table 1. 

G 
A 
s 

D 

Toxicity 
Easy Detection 
Residence Time(3) 
Poisoning 
Loading Capacity 
Vapor Pressure 
Easy Injection 
Availability 

Nature 

He 

no 
yes 

1 
no 

yes 
yes 
yes 
yes 

M. S 

Table 1. 

SF6 CH3Cl Fl2 Fll 

no yes no no 
yes yes yes yes 

2 3 4 5 
no no no 

yes yes 
yes no 
yes 
yes 

E.C 

E ~~~~~~~~~~-t--~~~-¥-~~~~-J.-:::~~~~----f ...:::....~~~-..,..1~~-'--~-
T 
E 
c 
T 
0 
R 

Specificity 

Sensitivity 
(ppm) 

total 

(1) 0.1 
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Table 1 (cont.) 

M.S. =Mass Spectrometry, E.C. =Electron Capture, F.P. =Flame 
Photometry, F.I. =Flame Ionization 

(1) continuous real time detection 
(2) these values refer to a "Fuitmetre II" type apparatus. Higher 

sensitivities could be obtained with an open diode sensor 
(3) see Section III.3.1 

Apart from methyl chloride (CH Cl), none of the tracer gases 
investigated have to be specifica111 taken into account from the 
point of view of toxicity ; they are all easily available, and they 
are not referred to be a poison for the active carbon used in the 
iodine filters. 

Apart from Freon 11 (CC13F), their vapor pressure at ambient 

temperature is sufficiently high so that the corresponding 
overpressure can directly be used in the injection process, leading 
to a simple injection technique. 

Apart from helium (He), all gases are detectable at least by 
two different methods. In all cases the presence of halogen atoms 
in the gas molecule allows a more specific measurement by electron 
capture detectors although their detection limits are similar when 
using classical sensors. The open diode sensor described by Kovach 
and collab. (3) would probably greatly lower the detection limits 
for that sort of gases but experience shows that th~s advantage 
would only be useful for very high flowrates (2.10 m3 /h and 
more). 

III.2. Selection of the injection mode 

A pulse injection mode was rapidly preferred to a step one 
because repeatability of the test after a period of time as short 
as possible was thought essential in most applications. 

III.3. Selection of the tracer gas 

Among all characteristics, two were particularly investigated 
the residence time of the tracer gas and its loading capacity for 
the active carbon. 

III.3.1. Residence time of the tracer gas 

This parameter appeared rapidly to be a fundamental one, 
especially if a pulse injection is to be used. Numbers referring to 
residence time given in table 1 represent a comparative 
classification. 

For a given active carbon the residence time of a given gas 
(or vapor) is roughly correlated to its boiling point : the higher 
the boiling point, the longer the residence time will be. For the 
gases and vapors selected for this study, relative residence time 
(RT) are ordered as follows : 

RT (He) <RT (SF6) <RT (CH3Cl) <RT (Fl2) <RT (Fll) 
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In fact, this classification corresponds to ideal conditions. 
Two parameters have a predominant influence on both residence time 
and desorption profile : water vapor content and equilibrium, and 
ageing state of the active carbon. A rapid desorption is observed 
if the carbon has not reached the hygrometric equilibrium. 
Moreover, the lower the hygrometric equilibrium, the longer the 
residence time will be. 

Very rapid desorption is also observed, even for a low water 
content, when testing a degraded carbon. In this particular case 
the desorption profile can give information on the quality of the 
carbon. All of these elements made evident the choice of Freon 11 
or 12 to perform a leak test with a pulse injection technique for 
which the residence time have to be as long as possible thus 
avoiding the leak peak to be masked by a too fast desorption. 

III.3.2. Vapor pressure of the tracer gas 

The vapor pressure of the investigated tracers are shown in 
figure 1. From the corresponding curve it can be seen that Freon 11 
is unsuitable for a direct injection in a ventilation duct from its 
vapor overpressure. 

The best compromise between residence time and easy injection 
was obtained with Freon 12. 
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III.3.3. Loading capacity of the carbon 

It is sometimes interesting to perforni successive injections 
in order to get more information on a filter leak rate. This is 
particularly the case when an attempt is made to locate a leak on 
large filtration units the upstream side of which is accessible. 

Figure 2 illustrates the behaviour of a 5 cm bed depth 
standard filter (610 x 610 x 292 mm) submitted to successive 
injections of Freon 12. 
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A first Freon 12 injection of about 9 grams was performed 
corresponding to about 5 standard injections (defined as the amount 
of Freon 12 to be injected in order to detect a 0.01% leak rate). 

A second131 rcH~ efficiency measurement performed during Freon 
12 desorption has sfiown a penetration of 0.01%. 

A second Freon 12 injection of 51 grams (corresponding to 
about 25 standard injections) was then carried out. 

1030 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

The final 131 rcH1 efficiency measurement also performed during 
Freon 12 desorption has shown a penetration of 0.011 %. 

These results demonstrate that many standard injections can 
be performed successively on the same unit and confirm the lack of 
i~terf~rence het e 131TCH1 adsorption and Freon 12 loading and 
migration througW tRe actrv~ carbon. 

III.4. Selection of the detector 

Two different apparatus available in the laboratory were used 
to detect Freon 12 

- an electron capture detector (Fuitmetre II from Syst0 mes 
Analytiques, France) especially designed for leak finding, 

- a flame ionization detector (T.H.M Model 470 from Carlo 
Erba, Italy) operating in a continuous real time measurement 
mode. 

Each of these two detectors has a sensitivity to Freon 12 
better than 0.1 Vppm. The electron capture is much more specific 
than the total hydrocarbon detector but the available model was 
more difficult to steady because of a permanent zero drift. 

On the other hand, a total hydrobarbon detector allows an 
analysis of any possible desorption from the carbon taking place 
for example when heating air to lower its water content. 

For this last reason, the total hydrocarbon detector was 
preferred in most applications. 

As a summary, the investigation undertaken about tracer gas, 
gas detector and injection mode led to select a pulse injection 
technique applied to Freon 12 (CC1 2F2) detected by either an 

electron capture or a flame ionization detector. 

VI. Qualification of the Test Method 

IV.1. Test rig description 

The qualification of this test method was performed on the 
test rig STRATUS as schematized in figure 3. 

The STRATUS test rig operate with laboratory air at flowrates 
ranging between 300 and 3000 m3 /h. It is not humidity controlled 
but a heating of the air entering the test rig is possible (total 
power up to 12 kW). Inactive and radioactive tracers can be 
injected upstream from a filter unit composed of two standard 
(610 x 610 x 292 mm) filter housings in series. Sampling points are 
available upstream and downstream from the filter unit. 

Air temperature, humidity and flowrate are continuously 
monitored during tests. 
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IV.2. Calibration tests 

The objective of the test is to obtain a leak peak well 
separated from the desorption profile. An ideal situation is shown 
in figure 4. In practice this situation will be observed for a 
tracer gas with a long residence time when a hygroscopic 
equilibrium is reach at low humidity. In this case, it is even 
difficult to detect any desorption of the tracer gas when the 
iodine filter is packed with a good quality carbon. Calibrated 
leaks were created by by-passing the filter housing at known 
flowrates. Leak rates ranging from 1% to 0.01% were obtained with a 
transfer time through the by-pass line of about 1 sec. 
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Figure 4 

Time 

The leak rate evaluation was first performed by integrating 
both leak peak and desorption profile surfaces, the result being 
independent of the quantity of tracer gas initially injected. 

This technique does not need any previous calibration but 
requires a lot of time and is only applicable if the desorption 
profile is sufficiently pronounced to be integrated with a 
satisfactory precision. 

The use of long residence.time tracers led to calculate the 
leak rate of a filter by comparing the leak peak to calibration 
peaks obtained by previous injections of small known quantities of 
the tracer gas downstream from the filter to be tested. A precise 
knowledge of the tracer gas amount injected for the test is 
necessary in this case to evaluate the leak rate. 
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This technique was finally retained as the only valid one in 
most of our applications. Its sensitivity (when using the apparatus 
mentioned in table 1) can be expressed as : 

f . = 2.5.lo- 8 .Q(m3/h) min 

in which : 
f . is the minimum detectable leak rate, min 
Q is the main flowrate of the circuit (m3/h). 

V. Test Procedure 

V.l. Conditions prior to test 

It is always asked to the plant authority to line and start 
the circuit the day before test and to adjust the humidity 
controller at 40% RH. 

This particularly applies to normally by-passed carbon filters 
in order to generate a release of organics previously trapped in 
the carbon and to guarantee that the hygrometric equilibrium is 
reached prior to the test. 

V.2. Calibration of the detector 

This initial calibration is performed by injecting known 
volumes of pure Freon 12 downstream from the carbon filter and 
upstream from the detector sampling point. 

This calibration is carried out by means of calibrated 
syringes. The shape of the calibration peaks thus generated is very 
similar to those corresponding to leaks ; this is due to the· 
similar duration of both injection processes and transfer time from 
injection to detection points. 

V.3. Freon 12 injection 

Freon 12 (CC12F2) is available in metallic bottles containing 

about 1 liter of liquid Freon. Its important vapor pressure 

(4.91.105 Pa at l5°C) allows it to be directly injected in a 
ventilation duct from the bottle at a mass flowrate of a few grams 
per second (1 g of Freon 12 = 217 cm3 of gas at l5°C and 1 
atmosphere). · 

Freon 12 is carried along by compressed air during the opening 
of the bottle in order to sweep the injection line and to reduce 
the transfer time from the bottle to the duct. The exact injected 
mass is obtained by weighing the bottle before and after injection. 
A precision of 0.1 g is required. 

For circuits with flowrates less than 1000 m3/h the Freon 12 
inj ec ti on can be performed by means of a 1 o·o cc syringe. 
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V.4. Leak rate evaluation 

The aims of the test are more to detect a leak, to give an 
approximative value of the leak rate and, where possible, to locate 
the mounting or packing leaks than to derive a very precise value 
of the leak rate. 

As a consequence, the leak rate can easily be evaluated from 
the maximum amplitudes of the leak and calibration peaks. 

The calibration constant for a given circuit is defined by 

k = veal (m 3 ) 

cal Acal(m) 

in which : 

veal is the volume of Freon 12 injected for calibration, 

Acal is the maximum amplitude of the calibration peak obtained 
in specified output conditions (specified measurement 
range of both detector and chart recorder). 

For the same output characteristics of detector and chart 
recorder, the leak rate can be expressed by : 

f = Aleak · kcal 
v. . 

inJ 

in which : 

Aleak is the maximum amplitude of the leak peak for identical 
output conditions (m), 

V .. is the volume of Freon 12 injected upstream from the 
inJ carbon filter (m 3 ). 

VI. Applications 

This pulse injection Freon 12 leak test has been successfully 
applied to three different kinds of problems during the past two 
years. 

VI.1. In situ regulatory tests 

This method is routinely used at EDF PWF_'s 1300 MWe plants 
(Belleville/Loire and Nogent/Seine) to perform acceptance tests of 
Control Rooms (DVC) and Safety Blocks (DVU) circuits the releases 
of which are not continuously monitored (the test of these circuits 
with radioactive tracers being no more allowed). 

Four tests were performed. In each case the leak rate was 
found lower than about 0.01%. 
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VI.2. Assistance to carbon filters manufacturers 

A test was recently performed to qualify a new design of 
standard (610 x 610 x 292 mm) carbon filter. 

A global test on each of the 3 delivered units has first shown 
a leak rate of about 1% for each filter. Local injections performed 
iri specific parts of the front size of the filters allowed to 
locate systematic defects due to a bad tightness between the carbon 
grains and the sealant on definite parts of the filters. 

Figure 5 illustrates the series of tests performed on such a 
filter. The total duration of the test, including calibration, was 
about 15 min. 

Figure 5 
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VI.3. In situ expertise of a large iodine filtration unit 

The same procedure (global + local injections) has been 
applied to two large alternatively operating iodine filters (10 cm 
bed depth, 20,000 m3 /h each) that had been shown for many years an 

unexplainable poor efficiency for 131 IcH3 (about 99.8%) and medium 
efficiency for 131r 2 (about 0.02%) although the active carbon of 
these two units were periodically changed. 

A global injection confirmed for these two units the results 

obtained with the 131rcH3 tests. Local injections have shown that, 
in most parts of the filter, no Freon release could be detected 
but, in some definite parts, an important and immediate release was 
observed. 

The explanation of this odd behaviour was finally found in the 
pneumatic unloading procedure. The removal of the carbon was first 
very rapid but at the end of unloading was very slow. A complete 
unloading of the central part of the filter was only possible if 
the unloading procedure was maintained for a l,png time. 
In fact, the unloading procedure followed by the plant staff always 
led to a partial change of the active carbon, a small part of 
which, being in place from the first loading of the units more than 
6 years ago, was completely degraded. 

VII. Conclusion 

The Freon 12 leak test using a pulse injection mode and 
coupled to either an electron capture or a flame ionization 
detector wa·s shown to be very useful as a complementary test method 
when the standard test using 131IcH3 is not suitable or is unable 
to bring information on the packing or mounting quality of a carbon 
filter. Some improvements are however envisaged : calibrated 
injections from the bottle could be carried.out with a time delay 
electrovalve ; better sensitivity and specificity could probably be 
obtained by detecting Freon.12 with an open diode sensor if larger 
flowrates and/or lower leak rate detection limits are to be 
considered. 

The method in its present state of development is sensitive 
enough to detect leak rates of about 0.01% and has been 
successfully used in various applications such as : regulatory 
acceptance tests, assistance to manufacturers and in place 
expertise. 
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BELGIAN EXPERIENCE IN OPERATION AND TESTING 
OF GASKETLESS CHARCOAL ADSORBERS 

ABSTRACT ·-----·---· ----·· 

A.VANDEWALLE 
VINCOTTE 

BRUSSELS - BELGIUM 

Since the 80's, almost all filtration systems installed in the 
new Belgian Nuclear Power plants have been equipped with gasketless 
charcoal adsorbers. Depending on the architect engineers and 
applications, different options were chosen, using e.g. several bed 
depth (from 50 mm up to 100,mm), with or without guard beds, with or 
without pneumatic loading systems. This paper presents a synthesis 
of more than 1000 adsorber system-years of experience obtained from 
the periodic testing of this particular type of filters. 

The testing method used in Belgium (injection of I131 tracer in 
the form of either methyliodide or molecular iodine) allows to 
gather valuable informations about the behaviour of those gasketless 
adsorbers in actual working conditions. 

In addition to the particular testing method, an extrapolation 
technique is used to be able to determine an expected 
decontamination factor in design operating conditions (higher 
relative humidities higher air flow rates). Finally, several 
testing, design and working problems encountered with those type of 
adsorbers are discussed. 

1 INTRODUCTION ---·---------

Since more than 10 years, VINCOTTE performs the reception 
tests as well as the periodic tests of the filtration systems of the 
Belgian Nuclear Power Plants. These tests cover both the HEPA 
filters and the charcoal adsorbers. The testing method used for 
charcoal adsorbers is based upon the method developed by the CEA in 
France. This meth.od has been adapted to allow the determination of 
by-pass leakage by use of elemental iodine. Furthermore, the test 
results are extrapolated to determine the assumed decontamination 
factor of the tested equipment under design conditions. 

2 GASKETLESS ADSORBERS USED IN BELGIAN POWER PLANTS 

2.1 General 

Gasketless charcoal adsorbers were proposed by the suppliers to 
the architect engineers of the Belgian power plants in the 70's. 
This type of charcoal adsorber has been intensively ,used in the 
design of the four nuclear power plants that were planned at that 
moment. 
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Due to design improvements, two different types of such 
adsorbers were installed (named later on as type 1 and type 2). As 
demonstrated by the test results presented hereafter, the 
behaviour regarding the evolution of their decontamination factor 
in function of the time is significantly different. In addition to 
the construction differences between the two types, several bed 
thicknesses have been used varying from 50 mm up t.o 200 mm, for air 
flow rates ranging from 960 m3/h to 60000 m3/h and corresponding 
stay times from 0.22 to 1.56 seconds. At the present time, all the 
adsorbers are loaded with charcoal impregnated with 1 % 
potassiumiodide. In first instance, the adsorbers have been loaded 
with coal-base charcoal. However, due to the poor hardness of this 
material and subsequent dust produced during the loading process, 
this charcoal has been progressively replaced by coconut-base 
charcoal which has better physical properties. 

The so-called type 1 adsorbers consist of vertical charcoal 
beds separated by perforated stainless steel sheets. The bed 
thicknesses vary from 50 mm to 75 mm. The 75 mm bed thickness is 
obtained by two separate beds of respectively 25 mm and 50 mm. Each 
of these beds can be replaced separately. This particular design was 
originally foreseen to provide for a guard bed of 25 mm, which could 
eventually be loaded with unimpregnated charcoal. Actually, this 
guard bed was never used as such but rather considered as an 
increase of the global bed thickness. The corresponding stay times 
(thus considering the total bed thickness) range from 0.22 to 0.46 
seconds. 

The loading process is particular to this type of charcoal 
adsorber : the vertical beds are gravity-loaded by use of a hopper 
installed at the upper part of the adsorber, after removal of the 
upper cover. The hopper is filled up with charcoal from drums by 
use of a pneumatic fluidization transport system. This very simple 
loading process, although giving sometimes lots of problems due to 
the dust production, has the advantage to allow a direct 
verification of the correct loading of each of the charcoal beds. 
Furthermore, as the upper cover has to be removed for the loading 
process, it is very easy to verify that the unloading process was 
well completely achieved before the loading of new charcoal. 

2.3 Type 2 adsorbers 

Although based upon the same construction, the so-called type 2 
adsorbers are somewhat newer in design. As for the type 1, the 
charcoal beds are placed in vertical layers the thickness of which 
varying in this case from 50 to 200 mm. No provisions have been made 
for the installation of guard beds and the given beds thicknesses 
always consist in full plain charcoal. The stay times range from 
0.22 to 1.56 seconds, while the nominal air flow rates range from 
960 to 45500 m3/h. 
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The loading process differs radically from the type 1 
adsorbers. It uses a fully pneumatic system which projects air 
fluidized charcoal through an nozzle located at the upper side of 
the adsorber. The charcoal is distributed over the different beds by 
use of a perforated steel sheet. During the whole loading process, 
one or two vibrators are put in service to improve charcoal 
distribution as well as the filling up of the beds. The loading 
process is currently ended when charcoal becomes visible through 
the sight glasses at the upper part of the adsorber. The unloading 
is obtained by a similar fluidization process in conjunction with a 
vacuum system taking the charcoal from a fixed hopper installed in 
the bottom of the adsorber. In the same way as for the loading, one 
or two vibrators are operating to accelerate the unloading. The 
unloading process is currently ended when the operator verify 
through a specific sight glass that no more charcoal flows into the 
unloading system. 

3 TESTING METHODS 

3.1 General 

As already mentioned, the decontamination factor of the 
charcoal adsorber is determined by a direct measurement method, 
based upon in-place injection of iodine 131. Figure 1 shows the 
general principle which is used. The tests are usually performed by 
use of organic iodine in the form of methyliodide obtained by the 
reaction of dimethylsulf ate on a solution of natriumiodide were 
iodine is the isotope 131 of this element. Two samples are taken, 
the first one upwards the adsorber, after satisfactorily 
homogenization of the injected iodine, the second one downwards the 
adsorber. Each sample line is equipped with a retention system 
consisting of a paper filter followed by two impregnated charcoal 
beds of 50 mm thickness. The air flow is identical for both 
sampling lines and kept constant during the whole test. The 'global 
decontamination factor of the adsorber, corresponding to the tests 
conditions, is then determined by gamma spectrometry of the 
retention systems. The adsorber to be tested is put into continuous 
service at least 16 hours before the test to assure satisfactorily 
hygrometric equilibrium between the air flow and the adsorber. 

Although this method has the advantage to be a . direct in-place 
measurement of the retention capability against methyl iodide of the 
whole system, problems are sometimes encountered. Indeed, the 
determination of very high decontamination factors . would 
necessitate the use of important activities in form of iodine 131 
to be able to achieve measurable activity on the downwards retention 
system (the lower measurable activity limit is considered to be 
about 1 Bq). For obvious radio-protection reasons, the injected 
activities are limited, resulting in the determination of the 
decontamination factor by default (when no activity can be measured 
on the downwards retention system, it is assumed to be equal to 
0. 74· Bq) . 
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Another objection that could be made to the use of such a 
direct method is the potential for release of radioactive iodine 
into the environment. Experience shows that the maximal calculated 
releases represent less than 1 % of the annual releases in I131, 
which amount to less than 200 MBq. 

As known, the retention capacity of charcoal adsorbers for 
organic iodine is influenced by number of factors such as 
temperature, relative humidity, stay time, air velocity. However, 
the tests are mainly performed under quite fair conditions at least 
for what the relative humidity is concerned. Experience shows that 
the average relative humidity in test conditions is equal to about 
40 % while most of the adsorbers are rated for a maximum relative 
humidity of 70 % and in some circumstances 100%. 

Considering that the tests results have to be compared with the 
acceptance criteria in the design conditions, an extrapolating 
formula is used, based on the following assumptions : 

- the performance index K remains constant in function of the global 
air flow rate going through the adsorber, anything else being 
constant (the performance index is defined as K = LOG DF /t - with 
DF = decontamination factor and t = stay time) 

- the evolution of the performance index in function of the relative 
humidity for a given charcoal adsorber corresponds to the results 
obtained in laboratory conditions from the same batch of charcoal, 
and do not vary significantly with ageing 

With such assumptions, the evolution of the performance index 
in function of the relative humidity can be approximated by the 
following law : 

LOG K(l) = LOG K(2) + a * ( HR(l) - HR(2) ) 

where K(l), K(2) are the corresponding performance indexes 

HR(l), HR(2) are the respective relative humidities 

- a is an experimentally determined coefficient (a<O ) 

Taking these assumptions into account, the uFed extrapolation 
formula can be written as follows : 

where 

LOG DFO =LOG DFT * QT/QO * 10 m*(BRo - ~RT) 

DFO, DFT are the corresponding decontamination 
factors (0 stands-for design Operating conditions, 
T stands for Test conditions) 
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QT, QO are the respective flow rates 

- a is the experimental coefficient characterizing the 
evolution of the retention capacity in function of 
the relative humidity 

HRO, HRT are the respective relative humidities 

The formula neglects the effect of temperature which is known 
to improve the adsorber performances when increasing as well as the 
effect of frontal velocity changes. For current testing conditions, 
both effects should increase the calculated decontamination factor. 
This value can be thus considered as relatively conservative . 

The current values adopted for the a coefficient is equal to 
about --0.5 for coal-base charcoal and -1 for coconut-base charcoal. 

The extrapolation explained above is merely describing the 
evolution of the intrinsical performance of the charcoal rather than 
the behaviour of the entire filtration system and cannot strictly be 
used in case of by-pass leaks of the adsorber section. Experience 
shows that those by-pass leaks can be due to the following causes : 

leaks through the by-pass isolation de•ices 

- leaks through the charcoal beds (in case of poor loading of the 
charcoal beds) 

- leaks through any other possible by~pass of the adsorber section 
such as instrumentation lines 

The evaluation of those by-pass leaks is usually determined by 
injection of molecular iodine instead of organic iodine. The same 
general testing installation is used except that the organic iodine 
is replaced by molecular iodine obtained by isotopic exchange 
between !127 and either !131 or !123. The use of !123 allows to 
combine both tests with organic iodine and molecular iodine, using 
the same sampling systems. The discrimination between the two 
different decontamination factors (for molecular and for organic 
iodine) can be made during the gamma spectrometry, taking into 
account the most significant peaks of !131 and !123 (respectively 
364 keV and 159 keV) . 

Although the use of molecular iodine has been proven efficient 
to· determine by-pass leaks as defined above, this method failed in 
some intricate cases as we will explain it further on (see 4.4). 
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The test results that have been collected for gasketless 
than 1000 filter-years of experience in 

As presented in Table 1 and 2, the 
calculated for each adsorber tested : 

adsorbers represent more 
periodic filter testing. 
following values have been 

- DFT MEAN : average decontamination factor under test conditions 
determined over the complete lifetime of the adsorber 

- DFO MEAN average calculated decontamination factor extrapolated 
to design operating conditions over the same period 

- KT MEAN average performance indicator under test conditions 
determined over the complete lifetime of the adsorber 

- KO MEAN average performance indicator determined from the 
corresponding DFO value over the same period 

Although they are calculated in the same way as for the performance 
indexes (K = LOG DF /t) , the performance indicators mentioned above 
should not be confused with them. Indeed, the way the performance 
indicators are determined is completely different they are 
calculated from in-place test results which implicates that some 
bypass leaks could be present as well as poor settling of some 
charcoal beds. Anyhow .the comparison between those performance 
indicators appears to be interesting. 

As we will observe it when analyzing the informations in 
details, in addition to those informations, the type of charcoal 
which has been used is to be taken into account. This information is 
mentioned as : 

CC coconut-base charcoal used only 

CA coal-base charcoal used only 

CA+CC : use of both coal~ and coconut-base charcoal during the 
lifetime of the adsorber 

Finally, the tables are completed with the corresponding stay time 
which gives a valuable tool to appreciate the performances of each 
adsorber and facilitates the comparisons. 

4.2 50 mm bed thickness adsorbers 

The following comments can be made if we examine the values of 
Table 1 : 

The comparison between items Ax and Cx demonstrates that the 
average DFO MEAN is substantially higher for the latter, the same 
phenomenon can be observed when we compare the KO MEAN average 
values. This can be due to two reasons, firstly, the different type 
of adsorbers which have been used (type 2 adsorber, equipped with 

1044 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

vibrators, favors the settling of the charcoal), secondly, the 
different type of charcoal used. The influence of the charcoal base 
can also be confirmed within the Ax items results, where it appears 
clearly that the adsorbers loaded with coal-base charcoal have 
their performance indicators less decreased betweeri test and 
design operating conditions than coconut-base charcoal. The latter 
presents however a generally better performance indicator in test 
conditions. 

The comparison between Bx and Dx tests results, the adsorbers of 
which have been loaded with the same type of charcoal, demonstrates 
a significant advantage of the type 2 adsorber. If we further 
examine the Bx results, we can see that some of these adsorbers have 
performances comparable with those of the Dx adsorbers. This is the 
case for small units with limited bed height. 

_ The comparison between Cx and Dx tests results confirms the 
importance of the charcoal type used. Coal-base charcoal presents 
better characteristics in matter of the evolution of its 
decontamination factor in function of the relative humidity, while· 
coconut-base is superior in testing conditions. 

The following comments can be made if we examine the values of 
Table 2 : 

The comparison between the average values of Ax and Cx item 
appears to be completely different from the results of 50 mm bed 
thickness adsorbers. This can be explained by different reasons. At 
first, as already mentioned, the 75 mm bed thickness of type 1 
adsorbers are obtained by two separate charcoal layers : the 
separating perforated plate sheet could improve the contact between 
the air and the charcoal thus increasing the overall retention 
capability. Secondly, the Cx adsorbers presented here are more 
subject to dynamic ageing than the Ax ones. At last, the Cx results 
are distorted by the values obtained for C6 and C7, both adsorbers 
which, as we will see it later, were subject to poor performances 

As for 50 mm bed thickness adsorbers, the comparison between two 
identical adsorber types (Ax and Bx items) puts into evidence the 
influence of the charcoal base. The same conclusions can be applied. 

4.4 100 mm bed thickness adsorbers 

The results obtained for 100 mm adsorbers have been collected 
only from one specific power plant where such bed thicknesses have 
been used. According to this bed thickness and to the corresponding 
stay times, the obtained decontamination factor are pretty high 
(DFT values greater than 45000 and DFO values greater than 600 are 
currently obtained). However, in this particular case, the results 
are distorted by the testing limitations. As already mentioned, due 
to the limitation of the injected activity, very high 
decontamination factors cannot be determined by such in-place 
testing. This means that the values obtained for the adsorbers with 
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very high stay times must be considered as a lower limit. The actual 
decontamination factor would lie probably much higher. In the same 
way, the performance indicators would be likely underestimated. 

4.5 The ~P.ecific case of C6 and C7 adsorbers 

These two adsorbers deserve special attention because they 
presented both a specific failure which had not been considered 
before. These adsorbers, from the type 2, present a bed thickness of 
75 mm , a nominal air flow rate of 17900 m3/h and a corresponding 
stay time of 0.38 seconds. They are installed in a ventilation 
system exhausting air from hot laboratories, one of them is 
permanently inserted, resulting in rather important dynamic aging. 
Originally, the adsorbers were loaded with coal-base charcoal, they 
were later on loaded with coconut-base charcoal to reduce dust 
produced during the loading process. As we can see it from Figure 4 
which presents the test results for C7, the values had never been 
very high and this tendency was increasing with time, although the 
charcoal had been replaced. At last, a combined test was performed 
on both charcoal adsorbers to try to determine a potential by-pass 
leak. The obtained results were the following ones 

- methyl iodide 

C7 

DFT = 350 
DFO = 7 

- molecular iodine : DFT = >6400 

C6 

DFT = 206 
DFO = 5 

DFT = >4200 

These results obviously showed that no by-pass leak was present but 
the decontamination factors for methyliodide were very poor, 
although new charcoal had been loaded. In the assumption ·that the 
charcoal could have been poisoned, a sample was tested in laboratory 
to verify its retention performances. These tests confirmed the 
results previously obtained from the factory for the same batch of 
charcoal (K = 11.7 at 70 % relative humidity). Finally, a by-pass 
leak test was performed by the CEA using a freon pulse injection 
method. In first instance, these tests have been performed on the 
entire adsorber system. Although they demonstrated that freon was 
not satisfactorily adsorbed by the system, it could not be 
distinguished between either poor charcoal performance or by-pass 
leaks. Finally, freon which has been injected locally in front of 
the charcoal layers, showed that some of them did not held the freon 
at all! It was then decided to unload the adsorbers completely, with 
special attention to the concerned layers. During the unloading 
process, it was noticed that two of the median charcoal beds 
remained hanged in the adsorber, precisely where the freon test 
showed the retention failures. After full completion of the 
unloading of the adsorber the hanged charcoal was identified as 
coal-base charcoal while the presently loaded charcoal was 
coconut-base. A chemical analysis of this charcoal showed that it 
was saturated with a plenty of organic solvents (painting had been 
performed just before the last replacement of the charcoal). 
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The subsequent analysis of the installation showed that the 
vibrators had to be adjusted to improve their efficiency. 
Furthermore, the loading and unloading procedure have been adapted 
to assure, on the one side, that the adsorbers is well completely 
emptied from any old charcoal, and on the other side, that all the 
beds of the adsorber are well filled in an appropriate manner. These 
corrective actions resulted in a significant improvement of the 
performances of the adsorbers, as demonstrated by the last tests 
results {for methyliodide) 

4.6 Conclusions -----------

C7 

= 12957 DFT 
DFO = 44.5 

C6 

= 14097 DFT 
DFO = 90 

The experience resulting from the in-place testing of 
gasketless adsorbers can be summarized by the following important 
topics : 

- Although exempt from gaskets, permanent single unit adsorbers can 
be subject to by-pass leaks. 

- The in-place test method using molecular iodine is not suitable to 
detect "hidden" by-pass leaks caused by spent or poisoned charcoal 
(the freon leak test method could likely fail under similar 
conditions). As a corollary, very high decontamination factors for 
molecular iodine can be obtained even with poisoned charcoal. 

- The filling method used for these types of adsorbers greatly 
influences the performances. The use of vibrators should be 
recommended to improve filling and settling of the charcoal. 

- More attention should be paid to the loading and the unloading 
procedures to prevent partial unloading {which leaves old charcoal 
remaining in the adsorber) or partial filling {which could cause 
by-pass leaks). 

- Although this should be studied in more details, it seems that the 
use of separate charcoal beds could improve the decontamination 
factor of the adsorber, without increase of the charcoal bed 
thickness. 
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TAB~E 1.- TE~T RESULTS FOR 50 MM BED THICKNESS ADSORBERS - MEAN V~LU~~ 

I 

ITEM I DFT MEAi I DFO MEAi I KT MEAi I KO KEAi !STAY TIMEI CHARCOAL IADSORBER 
(S-1) (S-1) (S) TYPE TYPE 

Al 
A2 
A3 
M ... 
A5 
A6 
A7 
AS 
A9 
AlO 
All 
Al2 
A13 

AVG 

Bl 
B2 
B3 
B4 
BS 
B6 
B7 
BB 
B9 
BlO 
Bll 
B12 
B13 

AVG 

Cl 
C2 
CJ 
C4 
C5 

AVG 

Dl 
D2 
D3 
D4 
05 

AVG 

GKIER!L 
AVERAGE 

I 

178,64 
636,55 . 
744,61 I 
804.17 ' .......... , ...... 
403,93 
700,75 
617,26 
622,87 
481,79 
597,15 
257,62 
277 ,18 
559,66 

529,40 

2364,19 
3375,87 
893,63 

1836,27 
3488, 43 
500,75 
320,12 

. 184,80 
125,51 
91,76 

107 ,14 
281,42 
32,75 

1046,36 

509,47 
392,26 

1683,46 
2342,93 
1785,28 

1342,68 

6716,30 
1728,50 
1111,95 
3537,60 
4033,10 

3425,49 

1585,98 

39,87 
42,84 
52,28 

104.25 ~ 

70,06 
32, 76 
75,76 
65,91 
27,54 
32,18 

102,54 
84,41 
86,28 

62,82 

20,22 
33, 63 
21,92 
75,23 
12,89 

18 
10,74 
11,01 
9,72 

20,56 
22,50 
46,16 
31,65 

25, 71 

47,34 
45,91 

109 
291,29 
241,03 

146,91 

247,75 
279,20 
11,65 
20,70 
27,85 

117 ,43 

88,22 

I 

9,12 

10,53 I 
10,55 
11.43 
9,68 I 
9,18 . 
9,21 

11,13 
7,95 
8,55 
7,24 
6,30 
7,94 

9,14 

14,96 
15,61 
11,86 
13,49 
15,81 
11,82 
8,97 
7,89 
7,61 
5, 74 
6,06 
7 ,17 
5,78 

10,21 

10,12 
9,60 

11,84 
12,32 
12,08 

11,19 

15,28 
12,60 
11,97 
14,17 
14,42 

13,69 

11,06 

6, 77 
6,91 
6,88 
7.56 
6,51 
5,49 
6,35 

! 

6. 87 I 
4,75 
5,03 
5,70 
4,85 
5, 74 

6,11 

5,62 
6,63 
5,90 
6,46 
4,57 
5,06 
3,88 
3,97 
3,79 
4,11 
4,28 
4,81 
5,65 

4,98 

6,17 
6,10 
7,50 
8,78 
6,70 

7,05 

9,55 
9,76 
4,26 
5,24 
5,77 

6,92 

6,26 
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,22 
,22 
,22 . 

CA+CC 
CA+CC 
CA+CC 
CA+CC nl 

,22 I CA+CC 
,22 CA+CC 
,22 CA+CC 
,22 CA+CC 
,27 CA 
,27 CA 
,31 CA 
,31 C!+CC 
,31 CA 

,25 

,22 cc 
,22 cc 
,22 cc 
,22 cc 
,22 cc 
,22 cc 
,25 cc 
,26 cc 
,26 cc 
,31 cc 
,31 cc 
,31 cc 
,25 cc 

,25 

,25 CA 
,25 CA 
,26 CA 
,26 CA 
,26 CA 

,26 

,25 cc 
,25 cc 
,25 cc 
,25 cc 
,25 cc 

,25 

,25 

I 

I 
I 

1 
1 
1 
1 J. 

1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

2 
2 
2 
2 
2 

2 
2 
2 
2 
2 

I 

I 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

TABLE 2 - TEST RESULTS FOR 75 MM BED THICKNESS ~DSO~J!.~~~- M~AN VA~UE~ 

ITEM DFT MEAi DFO MEAi KT MKAR KO MKAB STAY '!!ME CHARCOAL ADSORB KR 
(S-1) (S-1) (S) TYPE TYPE 

AH 1306,21 102,59 10,36 6,65 ,24 CA 1 
A15 837 I 74 90,51 9, 79 6,Rl ,24 CA 1 
A16 922,44 82,67 10,66 7,66 ,24 CA 1 
!17 I 1301,73 152,60 12,08 8,49 I ,24 CA I 1 
Al8 854,81 234, 86 6,65 4,95 I ,39 CA+CC 1 
A19 785,15 249,48 6,70 4,96 ,39 CA+CC 1 
A20 294,73 52,19 7,31 5,38 ,29 CA 1 
A21 1394,12 111, 35 9,53 6,27 ,29 CA 

I 
1 

A22 1986,55 242,19 7,58 5, 74 ,38 CA 1 
A23 2397 I 74 158,41 8,68 5,56 ,38 CA 1 
A24 282,08 27,04 7,56 4,93 ,23 CA+CC 1 
A25 332, 94 30,33 7 t 72 5,13 ,23 CA+CC 1 
A26 415,19 141,05 6,46 4,87 ,39 CA 1 
A27 532,69 80,99 6,77 4,43 ,39 CA 1 

AVG 974,58 125,45 8,42 5,85 ,31 

B14 4462,58 97 ,66 15,03 8,03 ,24 cc 1 
B15 3270,39 41, 76 14,20 6,59 ,24 cc 1 
B16 1514,45 98,20 9,22 6,80 ,29 cc 1 
B17 770,05 57,45 8,80 5,90 ,29 cc 1 
B18 681,10 23,10 5,98 2,93 ,46 cc 1 
B19 666,55 95,85 6,05 4,31 ,46 cc 1 
B20 3704,27 30,42 13,13 5,72 ,25 cc 1 
B21 997, 52 25,32 10,19 5,23 ,25 cc 1 
B22 1938,64 23,59 8,03 3,51 ,39 cc 1 
B23 2575,52 26,19 8,59 3,63 ,39 cc 1 

AVG 2058,11 51,95 9,92 5,27 ,33 

D6 1243,61 96,42 7,46 4,79 ,38 Cl+CC 2 
D7 1197 ,40 76,75 7,12 4,36 ,38 Cl+CC 2 
D8 3829,30 108,92 9,56 4,68 ,37 Cl+CC 2 
D9 4472,56 170,01 9,33 5,33 ,37 Cl 2 

AVG 2685,72 113, 03 8,37 4, 79 ,38 

GKBERlL 
AVERAGE 1906,13 96,81 8,90 5,30 ,34 
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TESTING METHOD OF CHARCOAL ADSORBERS 
- GENERAL PRINCIPLE -

FIGURE 1 
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DISCUSSION 

KOVACH, J. L.: Did your specification change after 
your experience with soft carbon to require a minimum hardness of the 
carbon to assure that this type of degradation would not reoccur? 

VANDEWALLE: As a testing company we do not give 
recommendations for carbon hardness but the utilities are aware of 
this fact. They are now trying to find charcoal with more and more 
hardness to get rid of the dusting problem. 

KOVACH, J. L.: I have seen some very soft coconut 
shell carbons, so just saying that you switch from coal to coconut 
would not be adequate. 

VANDEWALLE: The reason for this change was the 
hardness, not the kind of charcoal. The carbon hardness 
specifications were not changed, but the suppliers were asked to 
provide charcoal presenting a hardness as high as possible. This 
resulted in the change of charcoal base (from coal to coconut). 
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ADVANCED FILTERS FOR NUCLEAR FACILITIES AND 
FILTER CONDITIONING FOR DISPOSAL 

K. Jannakos, G. Potgeter, H. Mock - IT 
J. Furrer - LAF II 

Kernforschungszentrum Karlsruhe GmbH 
Postfach 3640, D-7500 Karlsruhe 

Federal Republic of Germany 

Abstract 

The paper reports about the advantages of the cylinder shape 
selected for the filter elements for aerosol and iodine removal from 
the off gas of nuclear facilities, above all in view of remote and 
manual operation and transport, conditioning and disposal. 

In order to test the conditioning of polygonal HEPA filter 
elements, several filter elements not exposed to radioactivity were 
crushed remotely and embedded in concrete in a 400 1 waste drum. The 
waste drum was subsequently saw cut in order to verify the quality 
of concrete embedding. The result of concrete embedding is satisfac
tory. 

The design is presented of a filter element capable of accom
modating gas flows up to 500 m3 /h for wet aerosol removal with a 
high removal efficiency. Also the design of a filter element for gas 
flows up to 800 m3 /h to be used in iodine removal from offgases with 
low iodine contents is described. 

In order to be able to use the cylindrical filter elements 
developed for remote handling in manual operation too, e.g., for 
cleaning low level offgases, a manually operated filter housing was 
developed. It is suited for working pressures up to 1 0 bar and 
working temperatures up to 160 °C. The filter elements are replaced 
by the usual bagging technique. 

I. Introduction 

At the Karlsruhe Nuclear Research Center filter housings have 
been developed since 1974 whose loaded filter elements or defective 
housing components can be replaced by remote handling ( 1 , 2, 3) . The 
relevant development work was terminated in 1987 after many years of 
cold testing and the successful application of the remotely operated 
filter housing (five housings) in hot operation of the PAMELA plant 
(pilot plant for HLLW vitrification). 

Meanwhile, the remotely operated filter housing has been defi
nitely envisaged for application in the German reproce~sing plant at 
Wackersdorf ( WAW) and the reprocessing plant of Japanese Nuclear 
Fuel Service (JNFS), respectively. 

Other development work which is treated in the paper includes: 

(a) further development and optimization of the filter elements de
veloped for the remotely operated filter housing to be used in 
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wet and dry aerosol as well as in iodine removal, and filter 
element conditioning for disposal; 

(b) development of a manually operated filter housing accommodating 
the filter elements developed for the remotely operated filter 
housing with a view to using these filter elements also in low 
level offgas cleaning not requiring remote operation. 

II. Filter Elements 

The filter elements developed for aerosol and iodine removal 
are cylindrical in shape. Compared with the previously used rectan
gular filter elements, the cylindrical shape offers the following 
advantages: 

(a) easy handling in manual and remote opera ti on, i.e., insertion, 
withdrawal and transfer by crane without purpose built devices; 

(b) circular gaskets with sealing surfaces largely independent of 
the filter size; 

(c) convenient in-service monitoring of tightness, both on the glued 
and clamped sides of the gasket (flat gaskets are used); 

( d) shape in conformity with disposal requirements considering the 
shielding containers and the 200 1/400 l waste drums used in the 
Federal Republic of Germany; 

(e) uniform geometric outer shape and size of the HEPA, demister and 
iodine filter elements so that only one type of filter housing 
and standardized changeouts are necessary; 

( f) reduction in volume by remotely handled crushing of the HEPA 
filter elements, if desired. 

II.1 HEPA Polygonal Filter Element 

Long-term testing of this filter type is being continued. The 
results previously obtained of the mechanical behavior of the se
lected light weight construction with variations in offgas flows and 
temperatures have been satisfactory. To reduce its volume the spent 
filter element can be crushed to one fourth of its original height 
while the diameter remains the same. For this, a device capable of 
remote handling has been developed and tested. The filter element is 
crushed with no destruction of the filter paper observable from 
outside. By crushing the upper lid of the element is sufficiently 
punctured at several points so that the air can escape from the 
filter element during embedding in concrete. 

Several filter elements not exposed to radioactivity were 
remotely crushed in order to test that mechanical step in the proc
ess (Fig. 1). Three filter elements were embedded in concrete in a 
400 l waste drum in order to test disposal of crush.ed filter ele:
ments. The waste drum was saw cut to verify the quality of concrete 
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CRUsHED HEPA-FIL TERELEMENT 

ZUSAMMENGEPRESSTES 
HEPA-FIL TERELEMENT 

I 
PROTmPE HEPA-FILTERELEMENT 

FIGURE 1 POLYGONAL FILTER ELEMENT (HEPA). 

embedding (Fig. 2). A layer of at least 50 mm concrete is provided 
both between the individual filter elements and between the filter 
elements and the waste drum wall. Concrete has penetrated also into 
the interior of the filter elements. The results of embedding in 
concrete are satisfactory. 

Up to four filter elements can be embedded in concrete and 
stored in the 400 l waste drum intended for disposal. 

II.2 Demister 

One design had been selected from several proposals elaborated 
and that design was being pursued up to construction of a prototype. 
The resulting filter element was designed, fabricated and tested. 
The layout of the filter element can be seen from Fig. 3. The gas to 
be cleaned reaches the filter element through the gas inlet, flows 
upwards, is radially deflected outside at the upper end and flows 
through the annular gap of the support plate to the filter layers, 
passes through the filter layers, while the wet aerosols are re-
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IT 1987 

FIGURE 2 CONCRETE EMBEDDED SPENT FILTER ELEMENTS. 

tained in them, is subsequently carried downwards along the inner 
and outer jackets, and leaves the filter element through the annular 
gap between the outer jacket and the sealing ring. The maximum 
volume flow rate is 500 m3 /h. Compared with the demister presently 
being used in the Federal Republic of Germany, the filter element 
described offers the following advantages: 

(a) Approximately twice the filter surface with the same 
dimensions of the filter element which means that the 
element is suite~ to accommodate higher volume flow rates. 

outer 
filter 

(b) The liquid spraying system for cleaning the loaded filter mate
rial makes part of the filter element (Fig. 4). Therefore, the 
spraying nozzles are replaced in each filter changeout. Thus, 
there is lesser probability of nozzle plugging during operation 
and it would have less · severe consequences than for a spraying 
system permanently mounted on the filter housing, because the 
remotely operated filter housing is a component designed to 
attain the same service life as the reprocessing plant. 
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¢ 580 -----COUPLING PIECE 

--- -----LID 
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"""'71"""'' ___ WIRE GRATING 

_L_ _ _:::::~~~=~F-~~~L_--THRUST COLLAR 

GAS INLET GASKET 
GAS OUTLET GAS OUTLET 

FIGURE 3 SELF-CLEANING DEMISTER. 

( c) The selected design allows light weight construction of the 
filter element so that the volume of stainless steel to be 
stored in a repository can be kept l ow. 

(d) Embedding in concrete in waste drums according to disposal re
quirements is ensured. 

It is planned t o embed the filter e lements in c oncrete in the 
waste drum without previous crushing. 

The concrete layer between the filter element and the wa ste 
drum is at least 50 mm all around. The cavities of the filter e le
ment are largely filled with c o ncrete by directed air release. 

Crushing of the filter el e ment f o llowed by embedding in con
crete in the waste drum is planned to be tested under the R&D pro
gr a m as an alternative solution. 
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FLUSHING WATER DISTRIBUTOR 

NOZZLE 

~ER GLAS WOOL (FILTER MEDIUM) 

I 

OUTER JACKET 

FIGURE 4 SELF-CLEANING DEMISTER (WITHOUT LID). 

II.3 Iodine Filter Element 

In addition to the previously developed and tested drum filter, 
an annular filter for iodine removal from nuclear facilities has 
been developed and built and is presently at the stage of trial 
operation. The AC 6120 iodine sorption material developed at KfK is 
used also in the annular filter. The annular filter is particularly 
suited to accommodate high flow rates of offgas volumes having low 
iodine contents (Fig. 5). The gas to be cleaned reaches the filter 
element via the gas inlet, passes radially through the filter layer 
and, after iodine removal, it leaves the filter element. The thick
ness of the filter layer has been chosen so that the residence time 
of the gas required for chemical sorption of the iodine on the 
filter material is guaranteed. For disposal, the filter elements are 
embedded in concrete in 400 1 waste drums. The concrete layer be
tween the filter element and the waste drum is at least 50 mm thick 
all around. The cavities of the filter element are largely filled 
with concrete by directed air release. 
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FIGURE 5 IODINE FILTER ELEMENTS. 

Maximum volume flow rate in the drum filter V = 400 m3 /h. 

Maximum volume flow rate in the annular filter V = 800 m3 /h. 

The operating temperature of both filter elements is about 150 °C. 

III. Manually Operated Filter Housing 

In order to be able to use the filter elements described before 
to filter low level offgas at reasonable costs as well, a manually 
operated filter housing was developed in addition to the remotely 
operated filter housing and is presently being tested (Fig. 6). The 
vessel type design of the filter housing allows both high and very 
low operating pressures (0 - 10 bar) to be accommodated. The maximum 
operating temperature of the filter housing is about 1 60 °C and 
depends on the gasket materials used. The filter model built for 
testing purposes has been designed to withstand an absolute operat
ing pressure of 0.7 to 1 .1 bar. 

The filter elements are replaced using the plastic bag tech
nique (Fig. 7). The maximum operating temperature under this tech
nique is around 80 °C and dependent on the material of the plastic 
bag. 

The filter elements to be installed in the filter housing are 
packed into a plastic bag and transferred by crane to the filter 
housing, deposited vertically and placed into the housing by the 
usual bagging technique. The loaded filte L· elements which have to be 
replaced are withdrawn by crane from the housing, tightly welded 
into the bag and removed from the site for further treatment. 
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============================~~"' ... 

FIGURE 6 MANUALLY OPERATED 
FILTER HOUSING. 

=======================i~llT/ ... 

FIGURE 7 MANUALLY OPERATED 
FILTER HOUSING. 

The lid of the filter housing is opened and closed by an elec
tric motor. The lid of the housing and the filter element installed 
are clamped similar to those in the remotely operated filter hous
ings by use of a toggle joint. This is not done hydraulically but 
manually via a screwed spindle and a handwheel. The filter housing 
can be installed upright or suspended. 

The tightness between the filter element and the filter housing 
(clean air and raw air sides) can be continuously moni tared after 
installation of the filter element and during operation. Also the 
tightness between the lid and the filter housing - in case that the 
bagging technique is not to be applied - can be inspected after lid 
clamping and monitored continuously during operation. 

The vessel design of the housing with its main opening at the 
top offers the advantage that the filter elements have not to be 
installed and withdrawn by hand but that a crane can do the job. 
Consequently, the operators do not have to carry or hold the filter 
elements or withdraw them from the housing and they can carry on 
with the necessary welding work on the plastic bag in every desired 
position. The inner surfaces of the filter housincg are smooth and 
easily decontaminable. The sealing surface on the intermediate 
bottom of the filter housing can be viewed well and cleaned easily 
if, e.g., residues of the glued gasket are attached on it. 
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DISCUSSION 

FRIEDRICH: Are you considering any volume 
reduction method for spent carbon inserts? 

JANNAKOS: Volume reduction is only feasible for 
the HEPA polygonal filter element and for the packed fiber mist 
eliminators because the filter medium can be compacted. The carbon 
radioiodine adsorber material and AC 6120, which is used at KfK for 
retaining the iodine from the dissolver offgas, cannot be compacted. 
This is the reason why volume reduction is not feasible for the spent 
carbon filter elements. 
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AN INTERIM EVALUATION OF THE THERMAL STABILITY 
OF Cuo.61Yo.25Kro.08 SPUTTER DEPOSITS 

E. D. Mcclanahan and E. R. Bradley 
Pacific Northwest Laboratory 

(Operated for the U.S. Department of Energy by 
Battelle Memorial Institute under Contract DE-AC06-76RLO 1830) 

Richland, Washington 

Abstract 

Pacific Northwest Laboratory (PNL) has develoQed and demon
strated a pilot process for trapping and storing 85Kr recovered and 
purified from the dissolver off-gas stream of a nuclear fuel reproc
essing plant. Ions produced in a low-pressure krypton discharge are 
implanted in a growing sputtered film of Cuo.61Yo.25Kro.08 deposited 
on the inner wall pf a krypton trapping storage device (KTSD). A 
main objective of this work is to measure the release of 85Kr 
implanted in a coppei-yttrium alloy. 

Release rates were obtained from periodic measurements of the 
krypton released from both radioactive and nonradioactive krypton
loaded KTSDs. Sampling is expected to continue as long as the 
extrapolated release rates remain acceptable for a period not to 
exceed one half-life (~10 yr). Seven tests were performed on a 
nonradioactive KTSD over the temperature range 180 to 450°C. Three 
KTSDs loaded with 80 to 150 Ci of 85Kr stored at 150, 250 and 350°C 
were sampled five times each. In addition, the release rates from 
these specimens, and the thermal stability, using differential 
scanning calorimetry and thermogravimetric analysis, were compared 
with those of other alloys tested earlier. 

The overall release characteristics of the deposits are quite 
favorable for long-term storage. Both the radioactive and nonradio
active test specimens stored at temperatures not exceeding 350°C 
have shown that the release rates measured to date are <0.1% yr-1. 
The release rates for the radioactive specimens were obtained for 
storage periods of 2.2, 1.6, and 1.6 yr for 150, 250 and 350°C stor
age temperatures, respectively. The nonradioactive specimen has 
been held at temperatures ranging between 180 and 450°C, but mainly 
at 350°C, for a total storage time of 2.5 yr. Following the ~10-yr 
monitoring period, the remaining Cu~Y-85Kr waste form should be 
evaluated to better predict overall stability for the full storage 
period (50 to 100 yr). 

I. Introduction 

Testing of the long-term stability of sputter-deposited 
krypton-metal matrix is needed to evaluate the ion implantation/ 
sputter-deposition process for immobilizing radioactive 85Kr gas. 
Current regulations will limit the ·release of 85Kr to about 15% of 
the 85Kr in light water reactor fuels or 8% of that generated in 
high-temperature gas-cooled reactor fuels. After 50 yr of storage, 
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only 4% of the original 85Kr will remain. Laboratory experiments 
using nonradioactive krypton trapped in a nickel-lanthanum sputter
deposited matrix have shown that krypton gas is released from the 
metal matrix at low rates by a diffusion process.(1,2) Gas release 
rates and the stability of the metal matrix may, however, be 
affected by the radiation field and transmutation products in an 
actual storage container of 85Kr. 

PNL is currently evaluating the thermal and radiation stability 
of ion-implanted 85Kr in a sputter-deposited matrix for the Depart
ment of Energy. Experiments are in progress to measure the release 
of 85Kr gas from three multicurie copper-yttrium-krypton deposits 
and to confirm the stability of the Cu-Y-Kr alloy at 150, 250 and 
350°C. This temperature range should bracket the anticipated long
term storage conditions. If the release rate is adversely related 
to the beta dose or the rubidium produced by decay, it should be 
detectable within one half-life. Thus a period of 10 yr was selec
ted for monitoring the krypton release. 

This report describes the storage conditions and summarizes 
2 yr of release measurements made on four KTSDs (three loaded with 
radioactive krypton and one with nonradioactive krypton). It also 
includes visual observations on the surface condition of the copper 
alloy deposit in the nonradioactive KTSD at test intervals and the 
test results obtained from differential scanning calorimetry and 
thermogravimetric analysis performed on a Cuo.79Yo.15Kro.06 alloy. 

I I. Methods 

Three multicurie and one nonradioactive Cu-Y-Kr deposits that 
are contained .in KTSDs are being tested to determine the stability 
of the metal matrix during storage at elevated temperatures over a 
period of up to 10 yr. 

Sample Preparation 

The Cuo.67Yo.25Kro.oa deposits were prepared using a direct
current triode sputtering system with cylindrical geometry. Details 
of the deposition parameters and configuration were presented 
earlier,(!) and only a brief summary is given here. Positive 
krypton ions were produced by a low-voltage thermionically supported 
discharge in the annulus between the target (copper and yttrium 
source material) and the substrate (deposit surface). The ions were 
accelerated toward the negatively charged target (2400 V) where 
atoms were sputtered from the target and deposited on the water
cool ed substrate (~25°C). Krypton was entrapped in the deposits by 
simultaneously applying a negative 240 V potential to the substrate. 
This accelerated positively charged krypton ions into the substrate 
surface, where they were covered by the sputter-deposited matrix 
atoms. Although sputtering occurred also at the substrate surface, 
the arrival rate of copper and yttrium atoms due to the large dif
ference in potential between the target and substrate is high enough 
to obtain a film containing sufficient krypton at a sensible rate to 
be considered as a practical method of encapsulation. 

1065 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

The multicurie deposits were formed in the KTSDs by first 
applying a thin layer, ~0.1 mm thick, of Cuo.61Yo.25Kro.08 using 
nonradioactive natural krypton gas. The radioactive 85Kr gas was 
then introduced into the system, and the process continued until the 
reservoir was depleted. A thin closeout layer using natural krypton 
gas was applied to two of the multicurie (150 Ci) deposits as an 
additional barrier to gas release. A short between the target and 
anode terminated the process for the third KTSD after ~82 Ci of 85Kr 
had been entrapped, and thus the closeout layer was not applied to 
this deposit. A nonradioactive d~posit using the same process 
parameters was made during a practice run and was used for accel
erated testing of the thermal stability of the Cuo.61Yo.25Kro.08 
deposit material. 

Elevated-Temperature Storage 

Temperatures of 150, 250 and 350°C were selected to bracket 
anticipated storage conditions. The four units are currently being 
stored at their respective temperatures. The krypton released from 
each multicurie sputtered deposit was measured at ~3-month intervals 
during the initial heat-up periods and at ~6-month intervals there
after. The nonradioactive KTSD is continuously monitored using a 
capacitance manometer, with gas release measurements obtained 
intermittently. 

Figure 1 is a diagram of the storage cask configuration used 
for the multicurie capsules. The cylindrical cask was made of 
stainless steel sheet and double-walled. Lead shot was used to fill 
the 3.8-cm-thick wall cavity and, combined with a solid lead lid 
(3.8 cm thick), provides the necessary radiation shielding. Radia
tion levels were reduced from about 50 R/hr at contact with the KTSD 
to less than 25 mR/hr at the cask surface. The nonradioactive KTSD 
capsule is contained in a similar configuration without the lead 
shielding. 

The KTSD is positioned within a clamshell heating element that 
is centered near the bottom of the cylindrical cask. Inlet and 
exhaust lines with valves outside the cask are provided for gas sam
pling. Prior to storage, the KTSDs were flushed with pure argon 
until no appreciable activity was detected by an in-line beta
particle detecting monitor in series with the effluent stream. The 
unit containing argon gas at 1 atm pressure is sealed off by closing 

-the valves, and the temperature is raised to the test value. The 
internal pressure of the unit is measured with a compound pressure 
gauge attached to the exhaust line. This gauge is monitored weekly 
and provides early warning of unexpectedly large krypton release 
from the metal matrix or of a leak in the KTSD. Thus a significant 
increase or decrease in pressure would indicate a problem with the 
unit, and the experiment could be terminated. For the nonradio
active KTSD, elevated-temperature storage is conducted under vacuum 
with the KTSD evacuated to <l0-4 Pa before adding heat. Pressure 
increases during storage are measured with a sensitive capacitance 
manometer. 

Temperature of the storage units is measured with chromel
alumel thermocouples and controlled with variable transformers. The 
temperature-power characteristics of each storage cask were 
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experimentally determined by spot-welding thermocouples directly to 
the side of a nonradioactive KTSD and measuring the wall and furnace 
temperatures as a function of power level. The data from these 
experiments were used to establish the proper furnace temperature 
and power level to obtain the desired KTSD wall temperature for the 
long-term storage tests. 

Procedure for Krypton-Release Measurements 

For the nonradioactive deposit, the krypton release was esti
mated from the pressure increase measured after the unit had been 
cooled to ambient temperature. The KTSD was connected to a residual 
gas analyzer, and the mass spectrum was obtained to qualitatively 
estimate the krypton content. The unit was re-evacuated before it 
was returned to its test temperature. 

Figure 2 is a schematic diagram of the gas-measuring system for 
the multicurie KTSDs. The radioactive deposit is contained within 
the KTSD, which has inlet and exhaust lines with valves for connect
ing to the gas-measuring system. The system consists of a stainless 
steel expansion chamber of known volume, a capacitance manometer to 
measure the system.pressure, two small (~20 cm3) sample containers 
for gas analysis, a dry nitrogen or argon gas source for purging the 
system, and a gas monitor calibrated for 85Kr. 

The 85Kr release measurements were based on the technique com
monly used to measure the release of fission gas from the oxide 
fuels in nuclear fuel rods. Gas from the KTSD was expanded into the 
evacuated system, and the resulting pressure was measured with the 
manometer. Volume of the expansion system was designed to provide 
subatmospheric pressure in the system even for the unlikely release 
of large quantities of krypton during storage (up to 20% for the 
150-Ci deposits). The KTSDs are typically stored under 1 atm argon 
gas (at ambient temperature), and for the expected low release of 
krypton gas the system pressure after expansion would be less than 
0.5 atm. This negative pressure minimizes the potential for acci
dental release of 85Kr from the glass sampling containers during 
transport and analysis. 

The 85Kr concentration of the gas was measured by multidimen
sional gamma-ray spectrometry of two gas samples. Sample containers 
were fabricated from 16-mm-dia glass tubing, ~10 cm long, sealed at 
one end and fitted with a vacuum stopcock and a ground glass joint 
at the other end. The volume of each sample container was deter
mined by the difference in weight between the container when it was 
evacuated and when it was filled with water. The measured volumes 
of five containers ranged from 18.8 to 19.5 cm3. 

Gas samples, removed from the system after expansion, were 
counted by multidimensional gamma-ray spectrometry. The spectrom
eter system ·was calibrated using a gas mixture of known 85Kr 
content. Identical geometries for the sample and standard gas con
tainers were used to minimize the effects of geometry on counting 
efficiency. Agreement between duplicate samples has been within 
10%, which is consistent with the estimated uncertainty of the 
counting statistics; +5%. 
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The total 85Kr gas released from the metal matrix was calcu
lated from the sample gas analysis and the combined volumes of the 
gas expansion system and KTSD by the relation 

Total 85Kr Release = C(V1 + V2) 

where C = 85Kr concentration, µCi/cm3 
V1 = Expansion system volume, cm3 
V2 = KTSD volume, cm3 

Volumes of the expansion system and KTSD were determined from the 
well-established pressure/volume relationships of ideal gases. 

Nonisothermal Stability Tests 

Differential scanning calorimetry (DSC) and thermogravimetric 
analysis were conducted to determine the approximate temperatures 
for phase transformations (e.g., amorphous to crystalline) and rapid 
krypton release on a limited number of small Cu-Y-Kr samples. The 
tests were conducted at a constant heating rate of 20°C/min to a 
maximum temperature of ~100°c .. 

III. Results and Discussion 

The thermal stability as to krypton gas release from the depos
its contained in KTSDs has been measured for one nonradioactive and 
three multicurie deposits during isothermal storage for periods up 
to 770 days. Additional information regarding the thermal stability 
was obtained by differential scanning calorimetry and thermogravi
metric analysis of small nonradioactive specimens. Results from the 
nonradioactive and multicurie deposits are presented and discussed 
separately below. 

Nonradioactive Krypton Release Measurements 

Results of the nonisothermal DSC and weight loss experiments 
indicate extensive krypton gas release occurs at temperatures above 
600°C, as shown in Figure 3. · The DSC curve shows two exothermic 
transitions, the first occurring at ~350°C and the second at ~500 to 
650°C. Based on previous studies of sputter-deposited nickel
lanthanum~krypton alloys,(3) crystallization of the amorphous 
Cuo.57Yo.25Kro.oa alloy is thought to cause the exotherm at ~3so 0 c.· 
Weight loss and DSC curves similar to those shown in Figure 3 were 
observed for the nickel-lanthanum-krypton, which suggests similar 
processes occurred in the two alloy systems. Extensive isothermal 
annealing experiments using x-ray diffraction showed the amorphous 
nickel-lanthanum-krypton alloy crystallized at temperatures between 
200 and 400°C. The temperature and the resulting crystal structures 
depended on the alloy composition but were generally consistent with 
the low-temperature exotherm observed in the DSC curves. Crystal-
1 ization of the amorphous Cuo.57Yo.25Kro.oa alloy would also be 
expected in this temperatur~ range, which is consistent with the 
exotherm at 350°C although XRD results are not available. 

Comparing DSC and weight loss curves for the Cuo.79Yo.15Kro.06 
alloy. in Figure 3 indicates no significant loss of krypton occurred 
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during the apparent crystallization of the amorphous alloy at 350°C. 
The alloy shows a slight weight increase (due to surface oxidation) 
over the temperature range 200 to 600°C with no apparent disconti
nuity at ~350°C. Rapid krypton release was observed above 600°C, as 
evidenced by the weight loss and corresponding exotherm in the DSC 
curve at these temperatures. During the rapid gas release, the 
specimen fractured into small (1 to 5 mm) pieces, each of them per
meated by smaller fissures. The measured weight loss during this 
period indicates that most of the entrapped krypton was released 
from the metal matrix during heating to 700°C. 

Previous studies have shown that the temperature at. which rapid 
krypton release occurs decreases with decreasing heating rate and 
krypton content of the metal matrix.(3) Consequently, the noniso
thermal experiments do not establish an upper temperature limit for 
storage under isothermal conditions. These experiments, however, do 
show that significant release of krypton does not occur during crys
tallization of the amorphous alloy. 

To e~tablish an upper temperature limit for safely storing the 
radioactive deposits, gas release tests were conducted on the non
radioactive Cuo.67Yo.25Kro.oa deposit contained in a KTSD. The tem
perature was increased incrementally in six steps from 180 to 450°C 
and held isothermally for periods up to 39 days. Significant gas 
release was measured at 450°C after 6 days. The temperature was 
subsequently reduced to 350°C, and long-term storage of this unit is 
continuing. 

Table 1 summarizes the gas collection results of these experi
ments. The quantity of gas collected in each test was measured con
tinuously with a sensitive mechanical manometer accurate to ~1 Pa. 
The value for the quantity collected was computed from the known 
volume of the apparatus (746.7 cc) and the final pressure measured 
in the KTSD after each cool-down phase. The total release fraction 
was computed by dividing the gas collected by 2700 cc-atm (the quan
tity of krypton trapped in the copper-yttrium deposit). The total 
release and the maximum release rate given in Table 1 were based on 
the assumption that all the gas collected is krypton. Results from 
the residual gas analyzer instrument showed the primary gases to be 
nitrogen and krypton, with lesser amounts of hydrogen and water. 
Since the residual gas analyzer employed was meant to be used as a 
qualitative indication of the gases present, the [Kr] in Table 1 is 
reported to the nearest 50%. The presence of nitrogen probably 
represents a small inleakage to the apparatus. Note that very 
little nitrogen was present in test 6, the briefest test. A gross 
leak developed in test 7 during the cool-down phase. The quantity 
of gas reported was estimated by reducing the final pressure at the 
storage temperature using Charles' Law and assuming a uniform KTSD 
temperature. 

The isothermal release data for the nonradioactive KTSD show 
minimal krypton release for storage temperatures at or below 400°C, 
with a rapid increase in krypton release at 450°C. The maximum 
release fractions (assuming all gas collected to be krypton) were 
<1 x 10-4 for isothermal storage intervals ranging from 25 to 39 
days at temperatures <400°C. Assuming steady-state release, the 
calculated maximum release rates for temperatures <400°C were 
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Table 1. Gas-collection results with nonradioactive KTSD. 

Release 
Quantity Total* Maximum* Rate I\) 

0 

Storage Storage of Gas Release Release Qualitative Corrected -::::r 

Test Temperature, Period, Collected, Fraction, Rate, Estimate for [Krf, c 
0 

No. oc days cc-atm x 105 % yr-1 [Kr], .9,: % yr- m 0 -z 
l 180 34 0 .10 3. 7 0.040 "'50 0.02 ::c 

0 
z 

2 243 26 0.15 5.5 0.078 "'50 0.04 c: 
0 r-m 

3 300 25 0.06 2.2 0.032 >50 0.02 l> 
::c 

..... ~ 0 4 350 29 0.06 2.2 0.028 "'50 0.01 -...J ::c 
w 0 

5 400 39 0.24 . 8. 9 0.083 "'50 0.04 r-m 
l> z 

6 450 6 3.2 118 7.2 "'100 7.2 z 
C) 

7 350 504 (2.4)** 89 0.064 Gross leak 0 
0 

during cool- z 
"Tl 

down phase m 
::c m 

8 350 264 1.0 37 0.05 z 
0 m 

---------------
* Assumes a 11 gas collected to be krypton. 
** Final pressure after KTSD cool-down calculated from Charles• Law assuming 

a uniform KTSD temperature. 
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<0.1%/yr and <0.05%/yr when qualitatively corrected for the krypton 
concentration in the collected gas. Even the maximum rates are 
considered well below an acceptable limit for gas release during 
long-term storage since only 1% of the krypton would be released 
after 10 yr. At 450°C, however, the measured release fraction was 
1 x 10-3 after 6 days, with the corresponding release rate being 
7%/yr. This is unacceptably high, and thus ~400°C represents the 
practical upper temperature limit for long-term storage of the 
Cuo.67Yo.25Kro.08 deposit material. 

Following the 450°C test, the nonradioactive KTSD has been 
stored at 350°C to evaluate the release characteristics for com
parison with the radioactive deposit being stored at the same 
temperature. It also p~ovides early warning of a significantly 
increased release rate so the radioactive experiment can be closely 
monitored and terminated if needed for safety considerations. 
Results to date show minimal krypton gas release after more than 
2.1 yr at 350°C, and the pressure data indicate a decreased release 
rate with increasing time at temperature. The estimated release 
rates were 0.06%/yr during the first 504 days at 350°C and 0.05%/yr 
during an additional period of 264 days at this temperature. These 
values were estimated from the internal KTSD pressures at ambient 
temperature assuming all pressure increases were due to krypton gas 
and therefore represent an upper limit to the actual release rates. 

Radioactive Krypton Releas~ Measurements 

Gas release measurements from the multicurie Cuo.57Yo.25Kro.oa 
deposits have shown ~inimal 85Kr release after. storage at 150, 250 
and 350°C for periods up to 2.2 yr. All three KTSDs have been sam
pled on five occasions, with intervals of 3 to 8.5 months between 
samplings. Table 2 summarizes the data obtained and the calculated 
release rates for each storage interval. The release rate for each 
interval was obtained by dividing the quantity of 85Kr measured by 
the total amount implanted after correction for radioactive decay 
and normalized to a 1-yr release period. 

The 85Kr release data show a marked effect of the nonradio
active Cuo.61Yo.25Kro.08 closeout layer, as seen in Figure 4. The 
deposit stored at 250°C does not contain the nonradioactive surface 
layer because of experimental difficulties, and the release rates 
were more than a factor of ten higher than for the deposit with the 
closeout layer stored at 350°C. The higher release rate is thought 
to be related to the release of 85Kr from near the surface of the 
radioactive Cuo.67Yo.25Kro.08 deposit. Applying a nonradioactive 
surface layer, 40 to 100 µm thick, provides a diffusional barrier to 
the release .of the 85Kr gas and significantly decreases the observed 
release rate to the internal gas-filled cavities of the KTSOs being 
stored at 150 and 350°C. 

Although 85Kr releases differed with a closeout layer and with 
storage temperatures, the overall release characteristics of all the 
Cuo.57Yo.2sKro.08 deposits &re quite favorable for long-term stor
age. The 85Kr release characteristics of the Cuo.57Yo.25Kro.oa 
deposits as a function of storage time are shown in Figure 5 for 
storage at 250°C and in Figure 6 for storage temperatures of 150 and 
350°C. Krypton-85 was released continuously, with the highest rate 
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Table 2. Long-term 85Kr release data obtained from a 
Cuo.61Yo.25Kro.08 deposit stored at 150 to 350°C. 

Total 85Kr Closeout 
Storage Implanted Storage 85Kr Release Layer of 

KTSD Temperature, 9-22-85, Period at Date Released, Rate, Nonradioactive 
No. oc Ci TemQ. 1 y_r Analy_zed Ci x 104 {%)y_r-1 KryQton 

1 150 146.5 0.27 1-22-86 2.38 0.00061 Yes N 
0 .... 
:::::r 

1 150 146.5 0.26 4-30-86 1.14 0.00031 Yes c 
0 
m -

1 150 146.5 0.70 1-14-87 2.19 0.00022 Yes z 
lJ 
0 

1 150 146.5 0.39 6-10-87 1. 74 0.00033 Yes z 
c: 
0 

1 150 146.5 0.55 1-07-88 1.02 0.00014 Yes 
r-
m 
)> 
lJ 

t--' 
)> 

0 
-...J 2 150 146.5 0.27 1-22-86 2.47 0.00067 Yes lJ 
\J1 0 r-

2 250 146.5 0.26 4-30-86 3.52 0.00094 Yes m 
)> 
z 

2 350 146.5 0.70 1-14-87 11. 21 0. 0011 Yes z 
C> 
0 

2 350 146.5 0.39 6-10-87 3.28 0.00062 Yes 0 z 
'"T1 

2 350 146.5 0.55 1-07-88 2.92 0.00040 Yes m 
lJ 
m z 
0 

3 150 80.7 0.27 1-22-86 15.96 0.0072 No m 

3 150 80.7 0.26 4-30-86 58.3 0.028 No 

3 250 80.7 0.70 1-14-87 98.7 0.018 No 

3 250 80.7 0.39 6-10-87 13.03 0.0044 No 

3 250 80.7 0.55 1-07-88 16.51 0.0041 No 
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Figure 5. Release of 85Kr from an 82-Ci Cuo.57Yo.25Kro.08 
sputter deposit during elevated-temperature storage. 

occurring during the first storage period at the respective tempera
ture. Maximum 85Kr release occurred for the deposit without the 
closeout layer, where 0.013 Ci of 85Kr was released during storage 
at 250°C for 602 days. This corresponds to a release fraction of 
only 1.6 x l0-4, with an average rate of ~0.01%/yr. The average 
release rates for the two deposits with closeout layers were 
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0.0007%/yr and 0.0003%/yr, respectively, for storage at 350 and 
150°C. 

These extremely low release rates preclude an unambiguous 
determination of the release kinetics being made. The measured 
release data from all three KTSDs fit a square root of time depen
dence after the initial storage period. This form of time depen
dence would be expected for diffusion from a semi-i~finite medium 
(Crank 1975). Within the experimental uncertainty, however, the 
release data after the initial storage period can als .. .p be fit to a 
linear time dependence. The low release rates result··in small dif
ferences in total krypton release between the two time dependencies 
fo~ storage times of less than 4 yr. The differences in total 
krypton release increase with time and thus, additional data at 
longer storage times will clarify the release kinetics if the 
release mechanism(s) remain constant. 

To date, there is no evidence of an adverse effect of self
irradiation or rubidium buildup on krypton gas release from the 
Cuo.61Yo.25Kro.oa deposits. The release rates of the multicurie 
deposits compare favorably with the nonradioactive KTSD and also 
with the release rates reported by Whitmell for nonradioactive 
copper-krypton sputter deposits.(~) The effects of self-irradiation 
of the copper-krypton deposits were studied by electron irradiation 
in a high-voltage electron microscope and gamma irradiation in a 
spent fuel pool.(4,5) No changes in microstructure or significant 
gas release were reported for doses equivalent to 100 years' stor
age. These results suggest self-irradiation will not significantly 
affect gas release, which is consistent with present results. The 
incremental release rates have decreased with time (Figure 4), which 
suggests no significant effect of rubidium buildup after 3 yr of 
85Kr decay. However, because rubidium ingrowth by radioactive decay 
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increases with time, the present results may not reflect the long
term effects of rubidium buildup. Additional. data at long storage 
times, up to 10 yr, are needed to determine whether rubidium buildup 
will affect stability of the deposit material. 

IV. Conclusions and Recommendations 

Based on the data obtained to date from both radioactive and 
nonradioactive test samples, the following conclusions are made: 

1. Krypton release rates measured to date are less than 
0.1% yr-1 for storage temperatures not exceeding 350°C. 

2. Rapid krypton gas release occurs above 400°C, which makes 
the Cuo.67Yo.25Kro.08 deposits ineffective for the long
term storage of 85Kr above 400°C. 

3. Significant reductions in the 85Kr release were obtained 
by applying a thin nonradioactive closeout layer onto the 
deposit. 

4. No evidence of an adverse effect of self-irradiation or 
rubidium buildup on 85Kr has been observed to date. 

5. Additional data for periods up to 10 yr are needed to 
establish long-term effects on the stability of the 
Cuo.67Yo.25Kro.08 deposits. 
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DISCUSSION 

HYDER: I have a question about the protective 
layer that you described. Is there any reason why that needs to have 
non-radioactive krypton or would a gas-free layer do as well? Would 
just laying down a copper-yttrium-krypton layer without any gas do as 
well? 

MCCLANAHAN: A closeout layer of copper-yttrium-krypton 
using nonradioactive krypton was found to reduce the release rate of 
adsorbed krypton from the near surface and any porosity associated 
with the radioactive-copper-yttrium-krypton·matrix by forming a 
diffusion barrier. We rejected the simple procedure of using a 
copper-yttrium barrier (which could be accomplished by simply 
switching off the substrate bias) based on previous work with a 
similar nickel-yttrium alloy. We observed bond rupture at or near the 
closeout layer matrix interface when portions of this material were 
sectioned for metallorgraphic examination. Adding nonradioactive 
krypton to the closeout layer prevented this behavior, therefore 
achieving a mechanically stable matrix. 

JUBIN: Your question was, must you have cold 
krypton in the thin close-out layer? As far as I know, nothing has 
been done to look at how the operation proceeds without cold krypton, 
but sputtering efficiency .was much lower without krypton in the 
chamber. 
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CLOSING COMMENTS OF SESSION CHAIRMAN KOVACH 

The papers discussed several interesting aspects of air system 
cleaning. One 9f the first was· that we should have accidents only in 
the spring and the fall because they are the only times when we can 
test the carbon adsorbers real well. I am going to pass this request 
on to our NRC colleagues so that they can write appropriate regulatory 
guides. We have also come to the conclusion that now, when our new N-
510 is to be issued, it will be outdated because everyone is going to 
pulse testing instead of conventional testing. Again, this is not a 
very comforting thought after the number of years of work that went 
into the N-510 edition. We have also seen that the methodology we are 
using to evaluate adsorbents may be in difficulty in that the test 
conditions may not be realistic in relation to real life; and certain
ly not conservative enough in some cases. We have also reviewed the 
fact that people still have inadequate specifications for adsorbents; 
the carbons are too soft and people do not know how to fill the 
housing properly to get uniform air flow. Other than the fact that we 
do not know how to test carbon, do not know how to fill the adsorbent 
into the housing, and do not know how to test it properly, everything 
else is in quite good shape. The remote handling capabilities that 
were described were quite impressive in the various mockups that we 
were shown by our German colleagues. I am looking forward to an 
operational paper from them once these systems are running to see how 
well the mockup testing compares with the actual operation of the 
systems. We have again looked at several waste solidification 
methods, which will take good care of all the krypton 85.that is 
produced from N-reactor. All we have to have now is something to 
substitute for the N-reactors so we can still get rid of the Kr85

• 
Other than that, everything is in good shape. I am saying this a 
little facetiously because I know that you have a lot of humor left 
over from N-reactor to process for awhile. Maybe the DOE will finally 
put in another reactor at Hanford as well as at Savannah River and 
Idaho Falls, and we will really have a lot more work over there. 
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OPENING COMMENTS OF SESSION CHAIRMAN BELLAMY 

This session is devoted to brief technical notes, to short presen
tations of new work in progress but not yet far enough along to 
justify a full formal report, to descriptions of puzzling observations 
that the audience will have an opportunity to respond to from their 
own experiences, and to statements of a policy or other nature that 
would not easily fit into any other part of the program. 

Before beginning with the first paper as indicated in your program, 
I am going to use the Chairman's prerogative to make a technical 
announcement. As most of you are aware, I was primarily responsible 
for the NRC issuing Regulatory Guide 1.52, for the design of 
Engineered Safety Feature Filter Systems. This guide was originally 
issued in 1973, then updated in 1975 and 1978. It is obviously in 
need of revision. I am pleased to report that the U.S. NRC has 
undertaken the task to revise Regulatory Guide 1.52 on an expedited 
basis. After internal NRC work and review, you can expect to see a 
draft revision for public comment in mid-1989. We have sufficient 
comments and input from new ASTM and ASME Codes and Standards to 
produce a draft for public comment without further public input at 
this time. I will ensure that you are all kept posted on our pro
gress. 
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KINETICS ANALYSIS OF THIO-ALCOHOL ON THE FIXED BED 
OF ACTIVATED CARBON 

Guo kun-min, Yuan Cun-qiao, Ma Lan and Wu Yan 
Research Institute of Chemical Defence 

Be ij ing , Ch.i.na 

I. Summary 

In examining the escaping vapor of thio-alcohol in pharmaceuti
cal process, the author discusses its experimental measurement and 
kinetics analysis on the fixed bed of activated carbon in its clean
ing process. To solve the problem of the deposit organic sulphur, gas 
chromatograph SP-2308 has been improved. The adsorption isotherms of 
thio-alcohol on five kinds of activated carbon are thus determined by 
chromatography, and adsorption breakthrough curves for thio-alcohol 
on the fixed bed of activated carbon are eventually investigated. The 
partition ratio of thio-alcohol on solid-gas and number of mass
transfer uni ts of the bed can be determined under the experimental 
conditions by means of Model Thomas and Function Bessel .. 

In conclusion the author reveals that the match of breakthrough 
curve of the thio-alcohol on the activated carbon bed and the predic
tion of breakthrough curve in low concentration can be satisfactorily 
acquired through experiments with three given parameters and the 
application of Model Yoon. 

II. Introduction 

Recently, air pollution control which in fact should be included 
in gas purification is becoming a big social problem for researches. 
Gas purification has become an important branch of chemical engi
neering.· The method of adsorption can be widely used in modern chemi
cal industry,gas industry and oil refinery industry to deeply purify, 
dry gases and liquids,and to improve the quality of raw materials and 
products. Particularly, adsorption by activated carbon is of great 
significance in solving the problem ·of environmental pollution by 
poisonous substances formed in industrial process. · 

At present, adsorption by activated carbon is widely used in 
purification of poisonous gases, decolouring and deodorising, removal 
of sulphur, arsenic and .chlorin~ from flue gases, air purification, 
deep purification of drinking water, treatment of sewage, purifying 
of blood, manufacture of human body's kidney or liver and so on. 
Meanwhile adsorption theory has developed very fast. Many 
scientists<11 <21 <31 including us''1 have made repeated researches 
on adsorption. This essay is about the purification process in which 
the escaping vapor of thio-alcohol in pharmaceutical process with 
activated carbon as the adsorbent is examined. 

To solve the problem of deposition of organic sulphur,the sample 
input system of gas chromatograph, SP-2308 has been improved. The 
adsorption isotherms of thio-alcohol on five kinds of activated 
carbon have thus been.determined by chromatography. 
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The adsorption breakthrough behaviour of thio-alcohol on the 
fixed bed of activated carbon has been eventually investigated. The 
partition ratio for thio-alcohol on solid-gas and the number of mass
transfer units of the bed under the experimental conditions can be 
determined with· the help of Thomas' model. Finally, the match of 
breakthrough curve for thio-alcohol on the activated carbon bed and 
the prediction 6f breakthrough curve in low concentration have been 
satisfactorily acquired by experiments with three given parameters as 
well as the application of Yoon's model, as is no doubt valuable in 
the gas purification engineering. Aimed at the discontinuous use in 
the purification engineering, the redistribution for thio-alcohol in 
the activated carbon bed has also been investigated. 

ill. Experiment 

1. Determining the adsorption isotherms for thio-alcohol vapor on 
activated carbon by chromatography 

·Because the equil1brium vapor pressure of thio-alcohol is only 3 
mmHg at 25~, the pressure measuring instrument.of high accuracy and 
low range should be used if the sta-tic adsorption instrument had been 
used. The adsorption isotherms .for thio-alcohol on five kinds of 
activated carbon such as ZX-15",· ZZ-30, GH-28, GH-16 and Shanghai 
carbon were determined here with chromatograph. ( The flow diagram is 
shown in Figure 1. ) The concentration of thio-alcohol was determined 
with chromatograph SP-2308 including the hydrogen flam ionization 
detector whose temperature was 120 ·c, the column temperature at 80 ·c, 
and hydrogen used as the fuel, oxygen as the combustion-supporting 
gas,nitrogen as the carrier, the flow rate 100 ml/min, a 4 mm (inside 
diameter) glass adsorption tube with content between O .12 and 0 .15 
gram. 
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FLOW DIAGRAM FOR DETERMINATION OF ADSORPTION 

The experimental results are shown in Figure 2. The adsorpton 
capacity was acquired from the breakthrough curves of desorption. 

The structure constants for activated carbon, as listed in Table 
1, were obtain·ed according to the Dubinin' s adsorption theory'u. 
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Table 1. Structure constants for five kinds of activated carbon 

Sample Wo[ cm3 /g] ao[mM/g] B [ °K] -z x 1 0 6 

ZX-15 0.402 2.53 1. 94 

ZZ-30 0.300 1. 99 1.13 

GH-28 0.593 3.72 0.74 

GH-16 0.358 2.25 1. 47 

Shanghai carbon 0.496 3.12 1. 02 

2. The breakthrough curves for thio-alcohol on the bed of activated 
carbon 

Experimental conditions are as follows: 
Adsorbate Thia-alcohol 
Concentration of adsorbate 760 mg/m3 

Adsorbents ZX-15 and ZZ-30 activated 
carbon (10-20 mesh) 

Inside d.iameter of the column 2 cm 
Height of the column 1 cm 
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The concentration of adsorbate was determined with gas chromato
graph SP-2308 including the hydrogen flame ionization detector whose 
temperature was 120 ·c, hydrogen was used as the fuel, oxygen as the 
combustion-supporting gas and nitrogen as the carrier with a flow 
rate of 100 ml/min. The flow diagram is shown in Figure 3. 
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It is difficult to detect high boiling point organic sulphur. To 
get rid of the deposition of organic sulphur, the sample input system 
of gas chromatograph SP-2308 was so improved that the sample could be 
injected through a four-way valve under heating condition and the 
inside wall of the tube was deactivated. The testing results are 
shown in Figure 4 and 5. 
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3. The redistribution for thio-alcohol on the fixed bed of activated 
carbon 

After the fixed bed of activated carbon which has adsorbed a 
certain quantity of thio-alcohol vapour was left for some time, the 
thio-alcohol vapor was re-entered. The results obtained are shown in 
Figure 6. 
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N. Analysis of the adsorption behaviour 
for thio-alcohol on activated carbon 

1. The adsorption isotherms for thio-alcohol on activated carbon can 
be expressed as a 2q/ac2 < 0, which belongs to favourable form. It is 
undoubtedly advantageous for the study of kinetics of column151 • The 
range for the adsorption isotherms in the work is P/Ps=0.002-0.007, 
whose lower limit is wider then that of BET's equation derived from 
multimolecular layer adsorption on non-porous adsorbent. In fact, as 
the adsorptive potential increases, the result of the micropore 
adsorption on activated carbon can not lead to the continuous multi~ 
molecular adsorption assumed by BET. The results of re·searches and 
experiments have indicated that BET' s aquation is not suitable for 
the adsorption on activated carbon. Satisfactory results were 
obtained by using Langmuir's equation instead of BET's equation. By 
the way, we have. found that the incorrectness of the graph for 
isobutane in BET' s original article, 161 which leads to mistaken 
calculation of specific area and single layer adsorption capacity at 
equilibrium. The corresponding value should be: 

Vm = 30 ml/g, and S = 356 m2/g. 

2. Partition ratio and number of mass-transfer units for thio-alcohol 
on different adsorption columns of activated carbon 

Operation in fixed bed is a complicated and unstable proc·ess. 
When the thio-alcohol vapor passes through the fixed bed, the concen
tration in fluid and solid phase continuously changes. 

The mass-balance equation for thio-alcohol on activated carbon 
bed is: 

e (ac/a-r ). + Pe(aq/a-r ). +eu(ac/a-r )T = 0, (1 J 
and the mass-transfer rate equation 

p e ( aq/ a -r ) = K ·a· F ( c, q) • (2.) 

In regard to the work on gas-solid reaction, the transfer accom
panying adsorption is so far paid very little attention to. According 
to Vermeulen' s theory151and Thomas' adsorption rate model 171 obtained 
in the research of ion exchange resin, we can obtain: 

Pe(aq/a-r) = K·a·[c(l-q/q.) - (1/K)(ca-c)(q/q.)J, (5) 

where c(l-q/q .. )-(1/K)(co-c)(q/q.) is the driving force. 

Introducing variable 
t* = -r - z/u. (4) 

Substituting -r from equation (4) into equation (1) and (3) give 

( p e/ f;) (aq/at*). + u(ac/az)T = 0, (.5) 
and 

p e( aq/at*) = K· a· [c ( 1.:...q/q.)- ( 1/K) ( q/q.) ( Co-c). (6) 
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By Thomas' method, equation (5) and (6) can be turned into: 

c J(n/K,nT) 
= 

Co J(n/K,nT)+[l-J(n,nT/K)]exp[(l-K~)(n-nT)] 

and 

q 1-J(nT,n/K) 
= 

qm J(n/K,nT)+[l-J(n,nT/K)]exp[(l-K~)(n-nT)] 

When K=l, the driving force in equation (6) is 

C- ( Co/q.) q, 

equation (7) and (8) are 

c/co = J(T, n), 
and 

q/ q. = 1-a ( n, nT) . 

, (7J 

(8) 

(9) 

(10) 

When T=l, according to the properties of Function Bessel, the 
following can be given: 

a ( C/ Co) Co 
= 

a T 2 n 112 p a q • 

Ve 
--n112 

z 
( 11 ) 

With the data in Figure 4 and 5, the partition ratio (A) between 
gas phase and solid phase and the number of mass-transfer units (n) 
for thio-alcohol on the fixed bed of activated carbon such as ZX-15 
and ZZ-30 can be obtained by equation (11) (see Table 2), which can 
be related to the whole theory put forward by Vermeulen. <5

> 

Table 2 
Partition ratio (A) and number of mass-transfer units (n) 

for thio-alcohol on the fixed bed of activated carbon 

~ 
a (C/Co) t*112 n A 

A aT [min] 

zz - 30 0.0047 397 44 198500 

zx ..., 15 0.0053 445 77 222500 

3. The prediction of breakthrough curve 

As the environmental quality requirements and the level of tech
nique and economy are enhanced, the permissible exhaust standard is 
stricter daily, even far beyond ·the scope of current measuring means. 
To extend from the experimental data to the demanded . permissible 
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lower concentration, the complicated theoretic problem in the solu
tion of breakthrough curve is naturally involved. For application in 
engineering,a large number of researchers use linear-extending method 
such as Shilov equation, Nikolayev equation, Wheeler equation and 
Humeniek equation. <2 > 13 > 

Nikolayev equation is: 

t = [ aaa/(caV)][L-2.3(V/(l )lg(ca/cb)]. (12) 

Wheeler equation 

t = [Ws/(caQ)][W-( PuQ/K)ln(ca/cb)]. (l3J 

Humeniek equation 

t = [NaX/ ( CaN)] - ( CaK)-1ln( Ca/Cb -1). (14 l 

In regard of the breakthrough curves obeying Poisson distribu
tion, we have obtained satisfactory results by applying the 
theoretical-plate concept to the system of activated carbon and 
isopropanol-water solution. The form of breakthrough curves of 
Poisson distribution is: 

c/ca = 1 - e-0 [1 +u +u2/2! +u3/3! + ··· +u-1/(n-l)! ]. (15 )' 

Recently, the concept of adsorptive ratio and breakthrough per
centage were put forward by Yoon who considered the decreasing rate 
of adsorptive ratio is proportional to the breakthrough percentage 
and gave direct equations to describe the breakthrough behavior of 
contaminants. <a> Breakthrough time and breakthrough percentage can be 
calculated by using following equations: 

t = •+Cl/K')ln[P/(1-P)], 

K' = K·c·F/Wo = K/ i:, 

and 

C16J 

(17) 

(18) 

After parameters i: and K' were evaluated by the two points in 
the adsorption breakthrough curve. for thio-alcohol on activated 
carbon,the breakthrough curve with breakthrough percentage of 0-100 % 
was predicted. The results (see Figure 7) indicate that the predicted 
breakthrough curve is identical with the expermental curve. Also, the 
breakthrough curve at any concentration can be predicted with the two 
expermental points at one concentration and one at another concentra
tion. Agreement between calculation and experiments is also satisfac
tory (see Figure 8). 

4. The redistribution for adsorbate on the fixed bed of activated 
carbon is closely connected with a lot of practical problem ( such as 
solvent recovery, safe use of cleaning device and so on ). Due to the 
"rest" in the fixed bed,which leads to· further diffusing of adsorbate 
into the pore, the redistribution,, for thio-alcohol on the fixed bed 
has no disadvantage effect under the testing conditions. However, it 
is sure that the redistribution of adsorbate changes with conditions 
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and the adsorption wave may transit in the fixed bed. That is a good 
subject for researches. 
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V. Conclusion 

1. The adsorption isotherms for thio-alcohol on five kinds of 
activated carbon such as ZX-15,ZZ-30,GH-16,GH-28 and Shanghai carbon 
can be determined by chromatography. It is indicated that the adsorp
tion isotherms for thio-alcohol on five kinds of activated carbon are 
favourable, as is advantageous to the study of kinetics of column. 

2. The breakthrough curves for thio-alcohol on the fixed bed of 
activated carbon such as ZX-15 and ZZ-30 are experimentally deter
mined. With the help of Thomas' model and Bessel's function, the 
partition ratio and number of mass-transfer units can be obtained 
under the conditions, which are related to the whole theory put 
forward by Vermeulen and of fer parameters for the column kinetics of 
gas purification. 

3. When the adsorption breakthrough curves for thio-alcohol on 
activated carbon bed were predicted by Yoon' s model, satisfactory 
results were obtained. With two breakthrough curves at· different 
concentration and the same breakthrough percentage, the breakthrough 
curve at any concentration and the same breakthrough percentage can 
be accurately predicted by Yoon's model. 

4. It is indicated that there is redistribution in the fixed 
bed,but the disadvantage was not found in the test. The distribution, 
redistribution and the possible desorption of adsorbed gases are 
related to a lot of important problems. The further work will 
continue including the researches of static equalibriwn, adsorption 
kinetics, desorption kinetics, particularly the corresponding 
boundary conditions. 

Notation 

English symbols 

ao Saturation adsorption capacity 
B structure constant for activated carbon 
c Breakthrough concentration in fluid phase 
Co Initial concentration in fluid phase 
F Driving force in Equation (2), flowrate in Equation (17) 
K Total mass-transfer coefficient 
K' Rate constant 
L Column length 
n Number of mass-transfer units 
P Breakthrough percentage 
q Adsorption capacity in solid phase 
qm Saturation adsorption capacity in solid phase 
R Gas constant 
T Throughput ratio 
t Breakthrough time 
t* Hysteresis time when solute in fluid reaches Z point 
u Interparticle linear velocity 
V Gas flow specific velocity. 
Wa Structure constant for activated carbon 
wg Kinetic saturation adsorption capacity 
Z Column leng.th 
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Greek symbols 

~ Kinetic coefficient in Equation (12) 
£ Void fraction of fixed bed 
A Partition ratio between gas phase and solid 
Pu Packed dencity of fixed bed 
• Breakthrough time in Equation (11), 

50% breakthrough time in Equation (16)-(18) 
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IN-PLACE TESTING OF CLOSE-COUPLED REDUNDANT SERIES FILTERS 

James R. Edwards, President 
Charcoal Service Corporation 

P. 0. Bo~~ 3 
Bath, North Carolina 27808 

919/923-2911 

In-pla:e testing of close-coupled redundant series filters, such as the 
HEPA filter arrar:.']ement shown in Slide l must include, in addition to others, the 
following tests: 

Aerosol injection far the first filter 
Aerosol injection for the second filter 
Air/Aerosol Uniformity for the fi~1t filter 
Air/Aerosol Uniformity fer the secon~ filter 
Penetration of the first filter 
Penetration of the second filler 

Air 

Flow 

First 
Filter 
Bank 

CLOSE-COUPLED REDUNDANT SERIES HEPA BANKS 

Second 
Filter 
Bank 

FIGURE 1 

Air 
Flow 

Test and performance criteria of single filter installations are well 
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documented in the N509 and N510 standards. However, these standards 
do not adequately address testing of the now-common close coupled redundant 
series filters. 

A qualification test criterion for these kinds of installations has evolved 
from early work by Flanders and CSC. At least one company, Westinghouse of Idaho 
Falls, has adopted this qualification performance test to the assurance that the 
aerosol injection is properly dispersed, that upstream concentration of challe~ge 
can be measured for either filter, and that penetration can be measured downstream 
of either filter. 

The test is described as follows: 

1. Select a multi-unit filter housing, with close coupled, redundant series 
filters. 

2. Install the upstream HEPAs, and perform a routine in-place lest. 

3. Install the downstream filters. This makes it impossible lo lest either 
bank per N510 without special lest apparatus. 

4. Test the upstream filters, using the lest apparatus, and compare the 
results lo the "normal" penetration lest results. They may not be 
identical, but they should be "highly similar". 

5. Put a hole in a corner of an upstream filler. Test the penetration of 
this filter, using the test apparatus. The penetration should obviously 
increase. 

6. Rotate the filler ninety (90) degrees and perform a second lest. 

7. Rotate the filler ninety (90) degrees and perform a third lest. 

8. Rotate the filter ninety (90) degrees and perform a fourth lest. 

9. Remove the downstream fillers, and·perform a •normal" in-place test per 
N510. 

10. Compare the results of the "normal" lest lo the results obtained in steps 
5, 6, 7, and 8 above. The results may not be identical, but they should 
be "highly similar". 

11. Put a second hole in the same. filler, in a random location. Perform the 
N510 penetration test. 

12. Replace the second HEPAs, and perform the penetration lest on the first 
HEPAs. · The results may not be identical, but they should be 
"highly similar". 

Without specially designed in-place lest apparatus, CSC found that il could 
not adequately inject an aerosol to meet the Air/Aerosol Uniformity lest of N510. 
The special injection apparatus must include a series of injection ports to inject 
a gross aerosol, and a series of perforated baffles, properly spaced, lo more 
evenly distribute the gross injection. Once the injected aerosol is unformly 
distributed, a single point upstream sample will determine the upstream aerosol 
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concentration. 
The downstream sample MUST consist of a representative sample of 100% of the 

downstream airstream. CSC found that it was necessary to funnel the air into a 
more compressed fluid, have that compressed fluid mixed with a Stairman disc, and 
then take a representative sample of the resultant mixture. 

In every sampling system composed of pipes with holes in ~hem, CSC could 
defeat the sampler by placing a hole in a strategic location. Only by the sampling 
of a 100% mixture could CSC meet the test steps indicated above. 

Slide 2 shows the typical arrangement of the test sections and filters. This 
system is three filters high by three filters wide. The simplest test procedure is 
to test each HEPA individually. However, if the test engineer injects to all three 
filters simultaneously, and samples downstream from all test ports (and at the same 
volumetric flow rate from each downstream sample port), all filters can be tested 
in the same tier simultaneously, or all nine filters in the entire bank simul
taneously. With the proper injection devices, such as shown in Slide 3, as many as 
twelve filters can be tested at a time. 

CLOSE-COUPLED REDUNDANT SERIES HEPA BANKS 
WITH IN-PLACE TEST SECTIONS 

- - -- - - .__ __ __.. __ __, ________ ~------ - --~ - - -- - -
Combination Second Outlet Inlet 

Test 
Section 

First 
Filler 
Bank 

Te5t Fiiter Test 
Section Bank Section 

FIGURE 2 

UPSTREAM 
Ul.JECTlOli 
PORTS 

UPSTREAM DOWNSTREAM 
SAMPL! SAMPLE 
PORTS PORTS 

GENERAL NOTES: l. · A (J) FILTER WIDE SYSTEM IS SHOWN. THE TOTAL NUMBER OF PORTS WILL BE REDUCED 
PROPORTIONAL TO (Z) FILTERS WIDE & (I) FILTER WIDE UNITS, 

2. ARRANGEMENT OF TEST SECTIONS HAY VARY FROH EXAMPLE SHOW. 
SOKE SYSTEMS HAY NOT REQUIRE THE INLET TEST SECTION OR OULET n:sr SECTION, ETC. 

In conclusion, an in-place test per ANSI N510 cannot be performed on 
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close coupled redundant series filters without special test devices. Though any 
test device can be used, that test device should be able to successfully perform 
a series of qualification tests to prove that the device can uniformly distribute 
a challenge, ar:d can adequately detect a penetration downstream. With adequate 
space, the problem is easier to solve. As space contracts, ·the problem is more 
difficult. to solve. In all cases, CSC found that. a representative sample from 
100% of the gas st.ream is necessary to detect a leak no matter where the leak is 
located in the filter. 

It. must be stated that the use of these kinds of test devices do not allow 
for some of the N510 tests. For example, airflow distribution may be possible at 
only one sect.ion in the system because of the turbulence created by the apparatus. 
It. is imperative that all acceptance tests be indicated al the design stage, and 
that. a test procedure and acceptance criteria be f1Jrmulated at the lime submittal 
drawings are tendered. 

DISCUSSION 

JACOX: I missed the discussion of a challenge to 
the second filter bank. You put the second bank in after you tested 
the first bank. When did you test the second bank? 

EDWARDS: I was not concerned with testing the 
second bank, only qualifying the injection method and the detection of 
it downstream of the first bank. If that can be done, then the exact 
same qualification procedure, or exactly the same kind of apparatus, 
can be used downstream of the second bank. I am not talking about 
testing the. two banks, I am talking about qualifying the apparatus. 

JACOX: I assume that you agree we do have to test 
each bank independently. Is that correct? 

EDWARDS: Yes. 

JACOX: Where do you cover your challenge for the 
second bank? Are you saying that your apparatus is going to be 
substantially different from the approach in N-509 and N-510 in which 
manifolds for both sampling and injection are required? Is there a 
substantive difference between what you are suggesting and the 1988 
version of N-509 and N-510? 

EDWARDS: It has been the experience of csc, as a 
result of extensive testing, that pipes or tubing with holes in them 
will not pass the qualification test that I described in the paper. 
Again, I am not trying to tout one dispersion/sampling system over any 
other. What I am saying is that whatever system is used, it should be 
possible to prove that it will detect a leak in the filter system. 
Paper 13-6 is suggested for additional information. 

ALLAN: There is no data in the preprint to 
support the claims of the text. However, there is no reason to refute 
the claim since the in-place test reported in this paper precisely 
summarizes a program initiated by Flanders Filters more than a decade 
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ago and reported at various Air Cleaning Conferences, ANS meetings, 
Flanders justification and proof testing reports, and Flanders catalog 
material. · · 

In the second paragraph on page two of the pre-print, there is a 
statement, 11 ••• test criterion .•. has evolved from early work by 
Flanders and CSC". This would imply concurrent and perhaps coopera
tive efforts on the part of these two firms. In fact, this is not the 
case. There are elements of two U.S. patents issued to Flanders 
discussed in the paper. This clearly supports our contention that the 
information presented is neither current nor unique. These are 
requirements for papers delivered at this Conference. 

EDWARDS: The paper makes no reference to a specific 
dispersion/sampling apparatus. The paper advocates a qualification 
test method for whatever apparatus is used. My verbal comments 
explained that the work was done by csc independent of Flanders. I am 
not qualified to discuss legal matters, such as patents. I am con
vinced that there are no patent infringements in the paper. The 
concept of a qualification test for apparatus to adequately test 
close-coupled redundant filters in series is important from a test 
engineer's, user's, or owner's point of view. I am convinced that the 
Air Cleaning Conference Program Committee served the interests of the 
attendees by including it for discussion. 
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A NEWLY DESIGNED ANTICOINCIDENCE PROPORTIONAL 
COUNTER FOR MEASURING 85Kr IN 

ENVIRONMENTAL AIR SAMPLES 

Jiunn-Guang Lo and Huan-Shu Lin 

Institute of Nuclear Science 
National Tsing Hua University 
Hsinchu 30043, Taiwan, R.O.C. 

ABSTRACT 

An anticoincidence proportional counter has been devloped for 

measuring low level 85Kr in environrriental air samples. The minimum 

detection activity is 5.2 pCi and the counting efficiency is 5.78% 

based on the 687 keV $ energy of 85Kr. A portable sampling system 

is also set up for thE collection, separation and purification of 

85Kr from air samples. The mean recovery yield of this system is 

91.6%. The lower limit of detection of this counting system 

including sampling is 9.6 pCi m-3. This improved system is very 

suitable for monitoring ultra-low level 85Kr in environmental air 

samples taken from a transistor factory, where 8 5Kr is used for 

quality control of products. A computer progamm of atmosphereic 

diffusion model is also provided to estimate of the distribution of 

85Kr concentrations in air of the -transistor factory. The highest 
85Kr concentration is estimated to be ~100 pCi m-3. 
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INTRODUCTION 

The growth of the 85Kr atmospheric concentration from 1970 to 

1980 was extimated to be 0.41 pCi m- 3 per year by Cimbak and Povinec, 

and the concentration of 85Kr in the atmosphere of Bratislava was in 

the range of 17.6 pCi m- 3 to 23 pCi m- 3 in 1983.1 The main source of 
8 5Kr in Taiwan is due to the off-gas system of nuclear power plants 

and some transistor factories where 85Kr is used for quality control 

of products. In our previous work, a newly designed counting cell 

coupled with a gas flow proportional counting system for measuring 

85Kr level in air samples was used, and its mininurn detectable 

activity was 0.11 nCi which is not sensitive enough for the measure

ment of normal 85Kr level in air samples except the air sample up to 

1000 liters is collected at 1 ~trn.2 

The present study is to use a newly designed counting system, 

equipped with an anticoincidence proportional counter for measuring 
8 5Kr in atmosphere. The minimum detectable activity of this modified 

counter is as low as 5.2 pCi which is much better than our previous 

one, and the counting efficiency is 5.78% for S energy of 85Kr. A 

portable sampling device is also set up for the collection, separa

tion and purification of 85Kr from atmosphere simultaneusly. The 

lower limited detection of both counting and sampling systems is 

9.6 pCi m-3. Five measurements of 85Kr atmospheric concentration of 

the environmental air samples of a transistor factory are found from 

18 pCi m-3 to 209 pCi m-3. A computer progamm of atmospheric diffus

ion model is provided to extimate the distribution of 85Kr concen

tration at 1 km and 5 km distance form the transistor factory. The 

highest concentration is estimated up to 100 pCi m-3. 

EXPERIMENTAL 

Radioactive 85Kr with a concentration of 62.5 mCi/ml at standard 

temperature and pressure was obtained from the U.K. Arnersham Radio

chemical. The 85Kr was transferred from the sealed ampoule to an 

activated coconut charcoal tube and diluted with research grade 

nonradioactive krypton gas (Matheson product, 99.995% purity). 

Hydrogen mordenite is a Stream Chemical product for the adsorption of 
85Kr. 
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Design of New Anticoincidence Proportional Counter 

A diagram of the newly designed anticoincidence proportional 

counter assembly is shown in Fig. 1. The counter consists 4 units 

of semicylindrical gas flow proportional counters. The construction 

of each counter is identical with our previous work except the 

active voluine of 110 ml which is smaller than our previous ones of 

500 ml.2 A central sample counting cell is inse.rted between the top 

two counters A and B as a sandwich type for measuring 85Kr activity.2 

Two counters C and D are at lower position to measure background 

activity for background correction. The slope of the plateau was <5% 

per 100 v. In all measurements the operating voltage was set at 

2200 v. 

Portable Sampling Board 

Many laboratories have developed methods for measuring 85Kr 

level in the air by cryogenic or high-pressure phase in the sampling 

or separation procedure3~5, but these methods are not suitable for 

field measurement. Figure 2 shows the apparatus for sampling the 

air and separation of 85Kr from the air. All traps are made of 

pyrex glass and interconnected by teflon vacuum valves. The outside 

air is pumped through a prefilter by a compressor. The sampling flow 
} 

rate is controlled by a flow meter usually kept at 2 i/min. Moisture, 

C02, Xe and Rn impurities are removed similar to our previous 

installation except being modified as a portable type. Figures 3 and 

4 show the sampling device construction which can be used for field 

sampling. In our measurements, the adsorption ef·ficiency of silver 

zeolite of 133xe was found to be 96.9% at -78 oc, and 99.4% for 222Rn 

at room temperature. Table 1 shows the recovery yield tests, and the 

mean recovery yield is found to be 91.6±4.6%. 

RESULTS AND DISCUSSION 

Table 2 shows the reproducibility of the counter by making six

run measurements. All counting rates were within 1% standard 

deviation. Figure 5 shows a series of measurements of counting rate 

at different concentrations of 85Kr. The slope of the calibration 

curve was found to be 0.058 count/min per dis/min. The background 
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counting rate in the laboratory is also shown in Table 3. The mean 

counting rate of background is 5.67±0.67 cpm which is lower than our 

previous counter of 203±21 cpm. The counting efficiency is 5.78% on 

measuring the 99.6% beta emitter rather than 0.4% 0.56 MeV gamma 

emitter as for the Ge(Li) and NaI(Tl) detector.4,5 

The minimum detectable activity (MDA) was obtained when the 

background deviation was expressed as 1 crB(n=l). The value of the 

MDA for this method was calculated as following: 

where 

MDA= _n_crB_ - 1 ~:6. 7 
E: 0.0578 ( µCi ) = 5 . 2 pC i · · • · · • · · • · · · · · · · · · · · • ( 1 ) 

2.22xl07 

n= number of standard deviation (n=l in this calculation) 

crB= standard deviation of background (/B) 

E:= counting efficiency (count/min per dis/min) 

The lower limit of detection (LLD) of radioactivity, also based on 

1 crB (n=l) and 594 liter (4.5-hour smpling time and 2.2 £/min flow 

rate), was found to be 9.6 pCi m-3, from the following calculation: 

where 

crB 3 
LLD= ~~~~~~~~~-(pCi m- ) 

2.22 x 107 x E: yVRP 
......................... ( 2 ) 

y=decay rate (%) (8 for 82=99.6% of ~l) 

V=air sample volume (594 liter) 

P=sample pressure (1 atm) 

R=recory yield (91.6%) 

Five air samples taken from a transistor factory were collected 

during May 2 to May 16, 1988. The sampling sites are shown in 

Fig. 6. Table 4 shows the 85Kr concentrations in atmosphere of the 

transistor factory environment. The DAC of 85Kr of occupational 

workers recommended by ICRP is 5 x 106 Bq/m3 and the skin dose 

equivalent limit is 4.7 x lo-11 Sv/h per Bq/m3. 6 The annual dose 

equivalent limit is 

(4.7 x lo-11 Sv/h per Bq/m3) (5 x 106 Bq/m3) (2000 h)'.1-0.5 Sv 

while DAC for general public should be 1/10 of that for occupational 
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works. That mean the·dose equivalent limit for' general public 

should be ~0.05 Sv.7 Of our measurents taken, the highest concen

tration is 209 pCi/m3=7.7 Bq/m3. The corresponding annual dose 

equivalent is (4.7 x io-11 Sv/h per Bq/m3) (7.7 Bq/m3) (8966 h) 

= 3.2 x io-6 Sv. It is lower than annual dose eq~ivalent limit. 

The long-term distribution of 85Kr concentration cannot be 

derived from the data mentioned above since they were not a 

systematic sampling. 

Instead of using a large and complicated computer code, we used 

a simple and reliable code to calculate the 85Kr distribution. The 

following formula suggested by NCRP 44 to construct was used to 

write the computer program.6 

where 

~ .......... ' .. ' .. '. '~. ~ ...... '.' ... ' ..... ( 3) 

az = 1 2kzt 
kz = vertical diffusion coefficient = 5 m2/s 

Q = emission rate (Ci/s) 

f = frequency of wind in sector of interest 

µ = mean wind speed in sector of interest (m/s) 

e = sector width = 22/~ degrees or ~/8 

X = distance from source (m) 

t = plume travel time (s) 

Equation (3) deals with the fi~st 6 hours of plume release covering 

a distance up to about 100 km. The value chosen for the vertical 

diffusion coefficient (kz=S m2/sr) is a reasonable day-night, all 

weather annual average for the low troposphere. 7 

A circle is divided into 16 sectors. Each sector represents 

one direction. The first sector is toward the north (N), and we 

count all sectors clockwise. The second is NNE; the third is NE. 

Table 5 shows the weather condition during May 2 to May 16. Calcula-

tions were made to show the.distribution of en:s~=~r o:•::incentrati•:•n at fac. 

tory site based on release rate of 200 Cilv and ~lume traveling time 

1 h fo:•r th£• distance 1 km and 5 km· rt:-spectively .. e 

The highest concentration found is ~100 pCi m-3 which occurs 

in north sector (1st) and south sector (.13th). The corresponding 
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annual dose equivalent is (4.7 x lo- 11 Sv/h per Bq/m3) (3.7 Bq/m3) 

x 8766 h = 1.5 x 10-6 Sv <<0.05 Sv. 

That is only lo-4 of the dose equivalent limit for general 

public. And the estimation of 85Kr concentration distribution by 

a computer code is only one half as compared with our measurements 

of the highest one. 
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TABLE I 

Recovery Yield of Current Method 

Counting Rate: 14502 13664 12179 
(cpm) 

Recovery Experiment 

Counting Rate 13053 13234 10718 
(cpm) 

Yield ( % ) 90.0 96.9 87.9 

Mean Recovery 
91. 6 ± 4.7% Yield ( % ) 

TABLE II 

Reproducivility of the Counter 

Experiment 
Number 

l 

2 

3 

4 

5 

6 

Experiment 
Number 

l 

2 

3 

4 

5 

6 

Counting Rate , 
(cpm) 

28751 

29124 

30066 

29378 

29236 

29924 

Normalized 

1.0 

1.0 

1.0 

l. 0 

1.0 

1.0 

TABLE III 

Average Counting 
Rate 

29413 + 498 

Background Counting Rate of the Counter 

Counting Rate 

64 

56 

65 

51 

54 

49 

Mean Counting 
Rate 

*Counting time: 10 minutes 

1105 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

TABLE IV 

Meaurement of .85Kr concentration in the Environmental Air of Texas 
Instrument Company Ltd. 

Sample Number Date 
85Kr Concentration 

(pCi/m3) 

1 2/5 18.2 

2 6/5 209.4 

3 7/5 113.9 

4 14/5 19.2 

5 16/5 37.3 

TABLE V 

The Weather Condition During Sampling Experiments 

Date Wind Speed Wind Temperature 
Humidity (m/s) Direction (OC) 

2/5 2.1 NNW 31.2 60.4 

6/5 •, 2. 3 NW 30.0 67.2 

7/5 5.8 WSW 33.7 46.6 

14/5 2.6 WNW 29.1 66.2 

16/5 2.1 N 24.6 87.2 

20 mm 

.~ Signal 

Cell 
\ Cell 

cn:~~2:=======::::::::ii~ 
B 

195 nun 

c 

D 

Ffg.l, l\nticoincidence counter construction 
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THE MULTITUBULAR OPTION 
IN ADSORBENT CARBON FILTER UNIT DESIGN 

George Fielding 
Hughes Associates, Inc. 

Wheaton, Maryland 

Abstract 

The design and performance characteristics are 
calculated and compared for monotubular, multitubular and 
flat-bed adsorbent carbon filter units. A pentatubular unit 
appears to have outstanding characteristics. 

************************************************************* 

Air cleaning units containing activated carbon are 
generally of two types: those in which the granular carbon 
is arranged in flat beds, and those in which the carbon bed 
is tubular with radial air flow. As a rule, in the flat bed 
type several beds are disposed in parallel. in a single 
casing. In contrast, the tubular type commonly uses a single 
tubular bed per casing. For convenience, I will refer to 
this type as monotubular. · 

Each of these designs flat bed.and monotubular bed --
has its advantages and disadvantages. For example, the flat 
bed type may be relatively compact and has a fairly low 
resistance, but the plates that confine the carbon granules 
must be rigid and necessarily heavy in order to maintain a 
uniform thickness and compression across the carbon bed. 
Moreover, a continuous horizontal orientation of the bed is 
pref erred or reqU.ired from factory to installation in order 
to preclude air bypass due to settling of the beds. 

The monotubular bed, on the other hand, can use much 
lighter gage metal to confine the carbon bed because of the 
well known inherent strength and rigidity of tubular shapes, 
but is somewhat extravagant in space requirements, and its 
resistance of air flow tends to be high. 

In situations where ruggedness, compactness, light 
weight, low air resistance, and indiffe~ence to bed 
orientation are all considered to be important, a third type 
of carbon bed -- the multitubular one -- appears to have 
outstanding possibilities. To illustrate this point, I have 
calculated the major characteristics for activated carbon 
beds of the three types (see Tables). In all cases, the 
outer housing is assumed to be 45 x 45 cm in cross section 
and 90 cm high. This is approximately 18 x 18 x 36 in. 
Further, the total carbon loading in all cases is assumed to 
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be 60,000 cu cm, or 2.1 cu ft. To allow some latitude, two 
air flow rates will be used: 8500 and 14000 lpm, 
corresponding to about 300 and 500 cfm. While we will fix on 
a single design for the multitubular bed -- a pentatubular 
one, I have made calculations for two flat-plate and three 
monotubul~r designs. 

First, the pentatubular unit; see Tables 1, 2, and 3 for 
the design and performance characteristics. 

Tables 4, 5, and 6 provide design and performance 
characteristics for three monotubular carbon beds. All would 
fit in the "standard" 45 x 45 x 90 cm housing, but differ in 
the space allowed for air flow between the housing and the 
outer surface of the bed. 

Tables 7, 8, and 9 provide similar data for two flat
plate carbon bed units, a 6-bed unit and an 8-bed unit. The 
latter results in better performance, but there is a question 
at this point on whether 8 beds could be fitted into the 
allotted space. 

Table 10 summarizes the air resistance of all six carbon 
beds at two different air flow rates. The air resistance is 
an important factor to consider in air filter design in that 
it dictates the size, weight and type of the air movers 
required, as well as the power consumed. It is to be noted 
again that all six designs use exactly the same amount of 
activated carbon, and hence offer the same potential for 
protection. 

Table 11 provides another perspective for comparison of 
the six carbon bed designs. Arranging them in order of 
increasing air resistance, and then calculating an area/bed 
depth parameter for each, shows that the new parameter varies 
inversely with the air resistance. This relationship is not 
unexpected, of course, but it does suggest the area/bed 
depth parameter (or ratio) as a useful figure of merit for 
comparing prospective designs. 

As a result of the preceding data, it is concluded that 
a multitubular carbon bed, particularly a pentatubular one 
contained in a rectangular box housing, offers outstanding 
possibilities for general-purpose air filters. 
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TABLE 1 

Design Characteristics of Pentatubular Carbon Bed 

Tube Length: 

Outer Tube Radius: 

Inner Tube Radius: 

Bed Thickness: 

Total Carbon Volume: 

Total Carbon Bed 
area at mid-radius: 

TABLE 2 

9 o cm ( 3 5. 4 in. ) 

7.5 cm (2.95 in.) 

3.75 cm (1.48 in.) 

3.75 cm (1.48 in.) 

60000 cu cm (2.1 cu ft) 

16000 sq cm (17.1 sq ft) 

;-:------------

Performance Characteristics of Pentatubular Carbon Bed 

8500 lpm (300 cfm) 

Linear Air Flow Rate: 8.9 cm/sec 

Air Residence Time: 0.42 sec 

Air Resistance: 

* To convert mm H2o to Pascals, multiply by 10. 
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TABLE 3 

Performance Characteristics of Pentatubular Carbon Bed 

14000 lpm (490 cfm) 

Linear Air Flow Rate: 14.6 cm/sec 

Air Residence Time: 0.26 sec 

Air Resistance: 

*To convert mm H2o to Pascais, multiply by 10. 

TABLE 4 

Design Characteristics ~f Monotubular Carbon Beds* 

outer Inner Bed Bed Bed Area 
Radius, Radius, Depth, Mean at Mean 

Radius, Radius, 
cm cm cm cm sg cm 

20 13.7 6.3 16.0 9530 

18 10.6 7.4 14.3 8080 •,. 

16 6.6 9.4 11. 3 6400 

* All tubes 90 cm long. Volume of carbon in all cases is 
60000 cu cm. 
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TABLE 5 

Performance Characteristics of Monotubular carbon Beds 

8500 lpm 

Outer Linear Air Air Resi- Air Resis-
Radius, Flow Rate, dence Time, tance, 
cm cm/sec sec mm H2o 

20 14.9 0.42 71. 6 

18 17.5 0.42 99.3 

16 22.1 0.42 159 

TABLE 6 

Performance Characteristics of Monotubular Carbon Beds 

14000 lpm 

outer Linear Air Air Resi- Air Resis-
Radius, Flow Rate, dence Time, tance, 
cm cm/sec sec mm H2o 

20 24.5 0.26 118 

18 28.9 0.26 164. 

16 36.5 0.26 262 
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TABLE 7 

Design Characteristics for Flat-Plate Carbon Bed Units 

Single Bed 
area, sq cm 

Total area, 
sq cm 

Bed depth, 
cm 

6-Bed Unit 

1500 sq cm 

9000 

6.67 

TABLE 8 

8-Bed Unit 

1500 sq cm 

12000 

5.00 

Performance Characteristics of Flat-Plate Carbon Bed Units 

8500 lpm 

6-Bed Unit 8-Bed Unit 

Linear Air Flow 15.7 11.8 
Rate, cm/sec 

Air Resistance 0.42 0.42 
time, sec 

Air Resistance, 80 45 
mm H20 
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TABLE 9 

Performance Characteristics of Flat-Plate Carbon Bed Units 

14000 lpm 

6-Bed Unit 8-Bed Unit 

Linear Air Flow 25.9 19.4 
Rate, cm/sec 

Air Residence 0. 26 0.26 
time, sec 

Air Resistance, 132 74 
mm H2o 

TABLE 10 

First Summary Table 

carbon Filter Unit Type Air Resistance, mm H2Q 

8500 lpm (300 cfm) 14000 lpm (490cfm) 

Monotubular, o.r. 20 cm 72 118 

Monotubular, 18 cm 99 164 

,Monotubular, 16 cm 159 262 

Flat bed, 6 bed 80 132 

Flat Bed, 8 bed 45 74 

Penta tubular 25 42 

NOTE #1: Each of the above filter units contains 60,000 ml 
of carbon, and each fits in a 45x45x90 cm housing. 

NOTE #2: All resistances listed are of the carbon beds 
alone, and do not include the resistance of any 
other component such as the car.ban bed containers. 
Any resistance due to air turbulence or air changes 
in speed or direction cannot be estimated at this 
stage. 
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TABLE 11 

Supplement to Summary Table 

8500 lpm 

Filter Unit Air Resistance, 
Carbon Bed Type mm H2o 

Penta tubular 25 

Flat-bed (8 beds) 45 

Monotubular (20 cm) 72 

Flat-bed (6 beds) 80 

Monotubular (18 cm) 99 

Monotubular (16 cm) 159 

1116 

Area/Bed Depth, 
cm 

16000/3.75=4270 

12000/5.0 =2400 

9530/6.3 =1510 

9000/6. 67 =.1350 

8080/7.4 =1090 

6400/9.4 = 680 
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LONG-TERM DESORPTION OF CH3I FROM A TEDA-IHPREGNATED CHARCOAL BED UNDER 
POST-LOCA CONDiTIONS 

J.C. Wren and C.J Moore 
. Research Chemistry Branch 

Atomic Energy of Canada Limited 
Whiteshell Nuclear Research Establishment 

PINAWA, Manitoba ROE lLO 

Abstract· 

The long-term desorption of radioiodines from charcoal filters is 
important in determining the radiological consequences of nuclear reactor 
accidents. For this reason, we have measured the migration of CH 3I along a TEDA
impregnated charcoal bed during purging, and we have determined the CH 3I release 
from the bed as a function of purging time. We have also developed a kinetic 
model, based on gas chromatography theory, to account for the CH 3 I migration along 
the bed. 

Experiments were carried out using a TEDA-charcoal bed, 20 cm deep and 5 
cm in diameter, at 80°C and 68% r~lative humidity. The CH 3 I distribution along the 
length of the charcoal bed was exponential immediately after loading 0.32 g of 
CH 3I. On purging, the initial narrow distribution broadened and developed into a 
band, which continued to broaden and move downstream with time. The movement of 
CH 3I, however, was very slow, and the total 1311 activity released during 23 d 
purging was negligible. To model the CH 3I migration with purging time, we have 
modified the elution equation of gas chromatography (GC). The elution equation 
used in conventional GC analyses is appropriate only when the eluent is injected in 
the form of a delta function; it does not accommodate an initially exponential 
distribution, which we observed in our experiment. The model was successful in 
reproducing the observed distributions as functions of time. 

I. Introduction 

Charcoal filters are installed in nuclear reactor ventilation systems to 
safeguard against the release of airborne radioiodines during reactor accidents as 
well as during routine reactor operation. These filters are activated charcoals 
with surface areas of the order of 1000 m2/g. The charcoals are normally 
impregnated with triethylenediamine (TEDA), iodide salts (Kix, a mixture of KI and 
I 2 ), or a mixture of both, to further improve thei~ trapping efficiency for organic 
iodides, particularly under humid conditions. The short-term removal efficiency of 
impregnated charcoals in removing radioiodines has been studied thoroughly under 
the ambient conditions associated with routine reactor operation. Little data, 
however, have been available on th~ long-term performance of these charcoals for 
the radioiodine retention, in particular, under post-loss-of-coolant-accident 
(LOCA) conditions. 

The long-term performance is particularly important for charcoal filters 
used in the vacuum building of CANDU™ multi-unit stations (ll, In these stations, 
several reactor vaults are interconnected to a pressure relief duct. In the event 
of an accident, or overpressurization in the pressure relief duct, the self
actuating pressure relief valves open and relieve the pressure into the vacuum 
building. The vacuum building would initially maintain the containment below 
atmospheric pressure and would contain any release of fission products. 
Eventually, the vacuum building would be pressurized, and the Emergency Filtered 
Air Discharge (EFAD) system would be used to release excess pressure through 
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filtered pathways to prevent uncontrolled leakage of radioactivity. The EFAD 
system is intended to operate continuously for several months after the vacuum 
reserve has been depleted <1 >. Therefore, the long-term radioiodine retention 
efficiency of charcoal filters used in the EFAD system is important in determining 
the radiological consequences of an accident. 

We have studied the long-term performance of TEDA- and KI-impregnated 
charcoals for retaining CH 3I. The work on the KI-impregnated charcoal have been 
published elsewhere <

2 >. In this paper, we present the work on the TEDA
impregnated charcoal. We have measured the migration of CH 3I along a TEDA charcoal 
bed during 23 d purging, and determined the CH 3I released from the bed as a 
function of purging time to evaluate the long-term CH 3I retention efficiency of the 
bed. A model based on gas-chromatography theory was developed and applied to the 
experimental results. 

II. Experimental 

An experiment was conducted on a TEDA-impreganted charcoal bed, 20 cm long 
and 5 cm in diameter, at 68% relative humidity (RH) and 80°C. The charcoal bed was 
first preconditioned under flowing humid air for about 16 h. The bed was then 
challenged with 0.32 g of CH3I labelled with 131I for one hour, followed by purging 
with humid air for 23 d. Throughout the experiment, the superficial linear flow 
velocity was maintained at 20 cm/s. The charcoal used in this study was Barneby 
Cheny, type 727, a coconut-shell-base charcoal impergnated with 5 wt.% TEDA. The 
experimental conditions are listed in Table 1. 

Table 1. Experimental Conditions for the Long-Term CB3I Desorption Study 

Charcoal Bed type 

Bed Temperature 
Relative Humidity 
Linear Flow Rate 
Pre-Conditioning Period 
CH 3I Challenge 

length 
diameter 

BC727, 5 wt.% TEDA 
20 cm 
5 cm 

353 K 
68% 
20 cm·s-1 

- 16 h 
0.32 g (64 MBq) 

The migration of CH 3I on the TEDA charcoal bed was studied by measuring 
the 131 I activity distribution along the length of the charcoal bed. The 
distributions were measured immediately after the CH 3I challenge and periodically 
during the 23-d purging period. The activity released from the charcoal bed was 
also monitored continuously throughout the experiment. However, the total activity 
released was negligible. 

The experiment was performed with the Charcoal Filter Test Facility 
(CFTF), shown schematically in Figure 1. Methyl iodide, labelled with 131 I (total 
activity of 64 MBq), was introduced into the main air flow by vapour saturation of 
a metered stream of dry air at a temperature of 223 K. The charcoal was housed in 
a Pyrex glass cylindrical canister. This canister was 30 cm long with a 5-cm I.D., 
and had an annular the~mostating jacket. Heated water was circulated through the 
jacket to maintain the charcoal bed temperature to within ± 1°C. The char~oal bed 
was perpared by pour-packing the canister with 4-mm glass beds onto a glass plug to 
a depth of about 11 cm, followed by approximately 200 g of charcoal. The glass 
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beads support the charcoal and ensure that the flow is uniform throughout the cross 
section of the bed. A second glass wool plug was inserted at the outlet end 
of the canister to prevent the migration of charcoal fines. Humidification was 
achieved by injecting steam into the main air flow. The steam was introduced in a 
slight excess and the final humidity was adjusted by removing the excess at 
Condenser 1, which was kept at 71°C. The gas flow was then heated to 80°C while on 
route to the charcoal filter canister. 

An automated device was used to measure the adsorbed activity distribution 
along the length of the bed as a function of purging time. An Apple-computer
controlled stepping motor moved a lead-shielded 5.1 cm x 5.1 cm Nal scintillation 
detector parallel to the vertical axis of the charcoal bed. The detector viewed a 
volume element of 10.9 cm3 as defined by a cylindrical collimator (5 mm in diameter 
and 102 mm long) cut in the detector shielding. The spatial resolution due to this 
finite size collimator was ± 2 mm, which might have caused further broadening of 
the CH 3I profile. However, the finite resolution does not affect the slope of a 
CH 3I distribution if the distribtition is exponential. 

The relative amount of CH 3I released from the bed was monitored by 
comparing the 1311 activities at two counting stations located before and after~the 
bed. Known flow fractions were diverted through samplers containing 7 g of silver 
mordenite (Zeolon 900, 15-20 wt.% Ag) which retained all of the CH3I diverted .. 
Each of the samplers was precision-fitted into the well (2.54 cm in diameter and 
5.2 cm deep) ~f a NaI scintillation detector. 

III. Results 

The activity distribution along the length of the charcoal bed, measured 
immediately after challenge, was narrow and exponential (Figure 2); about 90% of 
the loaded activity was deposited in the first 2.2 cm of the charcoal bed. The 
exponential distribution was expected from mass transfer theory <3 • 4 >, According 
to the theory, the CH 3 I distribution should decrease exponentially with distance x 
from the inlet of the charcoal bed for CH 3I loadings smaller than the adsorption 
capacity of the bed. The inital 1311 activity distribution along the length of the 
bed, A(x), is then 

kAX 
A(x) = A

0
exp(--V-) 

L 

where A0 is the 1311 activity at x = O; 
kA is the adsorption rate constant; and 
VL is the superficial linear flow velocity. 

(1) 

From the slope of Figure 2 and with a VL value of 20 cm/s, kA was calculated to be 
20 ± 2 s- 1 • The dependence of kA on various parameters is presented in a separate 
paper at this meeting <5 >. 

On purging, the initial narrow distribution broadened, and eventually 
developed into a band that continued to broaden and move downstream with time. 
Figure 3 shows a few of the observed CH 3 i distributions on the bed at various 
purging times. These distributions are the measured activity distributions 
corrected for 131 ! radioactive decay. It is interesting to note that the movement 
of CH 3I through the charcoal bed was very slow. Even after 23 days, the CH

3
I peak 

moved only 2 cm and no appreciable CH3I penetrated beyond 8 cm from the inlet of 
the bed. Consequently,. the total activity released during purging was also 
negligible. The results indicate that deep TEDA charcoal beds are very effective 
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in retaining CH 3I for a long period of time. 

IV. Theoretical Analysis 

An important aspect in charcoal filter applications is to develope 
capabilities to predict the long-term radioiodine retention efficiency of a 
charcoal filter under various conditions. Thus, we have developed a model that 
describes the movement of CH 3I along the charcoal filter. In principle, the main 
phenomena involved in the movement should be adsorption/desorption processes, as 
observed in gas-solid chromatographic separations <3 , 4 >, In gas chromatography, 
separation of gases is accomplished by partitioning a sample, or solute, between a 
mobile gas phase and a stationary phase; the source of migration is the downstream 
motion of the mobile phase. In a normal gas chromatographic separation, the eluent 
is injected in the form of a delta function. The initial narrow peak of a solute 
broadens and eventually develops into a band, which continually broadens with time 
as it moves downstream. This process is shown in Figure 4. 

N (x,t) 

t:: 0 

FIGURE 4: Evolution of a Gas Chromatogram 

To quantify the elution process, two parameters are often considered: the 
peak velocity, vP, and the width of the solute band, a (see Figure 4). The elution 
equation is given by 

N(x,t) ( r-v t r) N0 exp - ----!- (2) 

where a2 = HvPt (3) 

VP = KVL (4) 
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and N(x,t) is the concentration of the solute at a distance x and at a time t, 
N

0 
is the concentration of the solute at x = t = 0, 

H is the so-called Height Equivalent of a Theoretical Plate (HETP), an 
empirical parameter for measuring the efficiency of the chromatographic 
column, and 

K is the equilibrium constant of the solute between the mobile and 
stationary phases. 

(The equation assumes the equilibrium constant K is constant with the pressure of 
the solute in the mobile or gas phase, i.e., the case of linear isotherm). 

However, equations (2) and (3) are appropriate only when the eluent is 
injected in the form of a delta function. In our studies, the initial CH 3I or I 2 
distribution along the length of the charcoal bed was exponential: 

N(x,t=O) = N0 (X)= cA(x) = cA0 exp (-k~ x) 

kA(s-1) 
where 

and kA is the adsorption rate constant as defined by Equation (1), and 
c is a conversion factor from 131 I activity to CH 3 I concentration. 

(5) 

(6) 

Therefore, the elution equations need to be modified for the initially exponential 
eluent distribution. The modified elution equations are 

cln A
0

a x - Gt 
N(x,t) 2 {l ± erf( 

C1 
)} exp{-k~(x-Ft)} (7) 

(~ if (x-Gt) ~ 0) 
if (x-Gt) < 0 

where F (8) 

(9) 

and erf denotes the error function, vP is the peak velocity as defined in Equation 
(4) and a is defined in Equation (3). The detailed derivation is presented in 
Appendix A. 

The CH 3I distributions observed at various purging times were fitted using 
the elution equations (Equations (7)-(9))~ Among the parameter values required in 
Equations (7 )-(9), kA was determined from t_he measured initial distribution, i. e, 
from Equations (5) and (6). The Kand H values necessary for predicting the long
term CH3I retention efficiency were then chosen so that the calculated distribu
tions reproduce the observed results as functions of time (see Figure 3). For the 
elution of CH 3 I along the TEDA charcoal bed under our experimental conditions, 
these values were found to be: (a) K = 4 x 10-s and (b) H = 0.20 ± 0.04 cm. The 
finite spatial resolution resulted in an error of approximately 20% in the value of 
H. 

The elution equations were then used to calculate the CH 3 I releases from 
charcoal beds of various lengths as functions of time by letting x in Equation (7) 
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be the length of the TEDA charcoal bed. Figure 5 shows the calculated CH 3I 
releases from 1-, 5- and 20 cm-long TEDA charcoal beds. The calculated results on 
the CH

3
I releases agree with the observation that no activity was released from the 

20-cm bed for the 23-d purging period. It should be noted that Figure 5 shows the 
CH

3
I releases and not the actual activity releases. In order to calculate the 

actual activity releases, the CH3I releases should be multiplied by the 131 I decay 
factor, (0.5)tl~, where ~is the decay half-life of 131 I (8.07 d). 

FIGURE 5: 
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v. Discussion 

The observed equilibrium constant for CH 3I between the gas and adsorbed 
phases is very small. This very small equilibrium constant confirms that the TEDA
impregnated charcoal is extremely effective in retaining CH 3I: the peak velocity of 
the CH 3 I band was extremely slow. The H value, however, is more than two orders of 
magnitude higher than the values of packed columns commonly used in analytical gas 
chromatography (4 l, The large H value is probably due to the large grain size of 
the activated charcoal containing micro-size pores. The large H value suggests 
that not only the peak velocity but also the band broadening are important factors 
in determining the CH 3 I release rate. 

Using the model, we have calculated the activity release rate as a 
function of time beyond our experimental time scale, and also the release rates 
from beds of various heights. The calculated activity release as a function of 
purging time clearly ind.icates that a 20-cm-long bed of TEDA ~-!~pregnated charcoal 
is an effective barrier for CH 3I release. Because of the band broadening, the peak 
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CH 3I release concentration is lower for a deeper bed. 

Ve have not yet studied the long-term migration of CH 3I along the TEDA 
charcoal bed at different temperatures or humidities. Consequently, we could not 
establish the dependence of K and H on these parameters.· The equilibrium constant, 
and therefore the peak velocity, are expected to increase with increases in 
temperature and humidity, whereas the height equivalent of a theoretical plate is. 
not expected to have a first-order temperature or humidity dependence. The 
temperature and humidity employed in this study are 80°C and 68% RH, and are the 
upper limits of the temperature and humidity ranges expected in the the charcoal 
filters of the EFAD system under CANDU™ post-LOCA conditions (ll, Therefore, the 
expected performance of 20-cm-long TEDA charcoal filters following accidents would 
be at least as satisfactory as a long-term barrier for CH 3I release as the observed 
performance in this study. 

VI. Summary and Conclusions 

The desorption of CH3I from a 20-cm-long TEDA charcoal bed and the CH 3I 
migration along the bed have been studied over a period of 23 d. 

The initial CH 3I distribution along the length of the bed, measured 
immediately after CH 3I loading, was exponential. The initial narrow distribution 
broadened and eventually developed into a band that continued to broaden and move 
downstream with time during purging. However, the movement of CH 3 I on the charcoal 
bed was very slow. Even after 23 days, the CH 3I peak moved only ~ 2 cm, and no 
significant CH 3 I peretrated beyond 8 cm from the inlet of the bed. 

The activity released during the 23-d purging period was also negligible, 
which agreed with the CH 3 I migration result. The results indicate that a 20-cm
long TEDA charcoal bed is very effective in retaining CH 3I for a long period of 
time. 

A kinetic model based on gas-chromatographic theory was developed to 
account for the migration of CH 3I along the charcoal bed. The model reproduced the 
observed distributions along the length of the bed as functions of time. Using 
this model, we have calculated the release rate of CH 3I from the charcoal bed on a 
time scale beyond our experimental time scale. We have also calculated the rates 
of CH3I releases from charcoal beds of various lengths. 
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Appendix A 

Derivation of a Chromatogram Equation for an Initially 
Exponential Distribution 

For a solute that is injected in a form of delta function, a chromatogram 
at any given time is determined by 

where 

u2 = Hv t p 

(A-1) 

(A-2) 

N(x,t) is the concentration of the solute at a distance x and at a time t, 
N

0 
is the concentration of the solute at x t= 0, 

vP is the peak velocity, and 
H is the height equivalent to a theoretical plate (HETP). 

In this appendix, we derive a chromatogram equation for a solute, the initial dis
tribution of which is an exponential rather than a delta function: 

where 

N(x,t=O) = N0 (x). = cA(x) = cA0exp(-k~x) 

kA(s-1) 
k~(cm- 1 ) = 

(A-3) 

(A-4) 

A(x) is the 131I activity at point x on the charcoal bed, observed immed-
iately after the CH3I loading, 

kA is the adsorption rate constant, 
VL is the superficial linear flow velocity, and 
c is a conversion factor from 131 I activity to CH3I concentration. 

The overview of the derivation is as follows. First, we divide the 
exponential curve into narrow bands of width Sxa' We then apply the chromatogram 
equation given by Equation (A-1) to each band. We call the chromatograms evolved 
from these sub-bands sub-chromatograms. After establishing the equations for the 
sub-chromatograms, we simply sum them up in order to obtain the final chromatogram 
evolved from the intially exponential function. This procedure is depicted in 
Figure A-1. 
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Let us consider a band initially at x = X8 • First, we have to establish 
the normalization constant, ~N0 (x8 ) (equivalent to N0 in Equation (A-1)), which is 
different for each band: 

The sub-chromatogram evolved from this band is then given by 

N (x,t) 

No< Xa) 
exp(-kAx0 ) 

- - - ;,,, Sub - Chromatogram 

- Final-Chromatogram 

FIGURE A-1: Schematic Diagram of the Chromatographic Migration 

Next step is to sum up all the sub-chromatograms: 

N(x,t) = 1:::: N (x,t) x 
Xa=O a 

For infinitely narrow bands, Equation (A-7) becomes 

CX) 

N(x,t) = ( N (x,t) . * -0 Xa a-

(A-5) 

(A-6) 

(A-7) 

(A-8) 

By inserting Equations (A.5) - (A.7) into Equation (A.8) and rearranging it, we 
obtain 

(A-9) 
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INT ( exp [-l" ~ xb )}x, 
0 

k~ a2 

xb = x - v Pt - - 2-

Now, we solve the integration term in Equation (A-10). Because 
ai a.fit 

J exp(- (~)2)dy - 2 
Y=O 

rearranging (A-10) gives 

INT 

= 
aln 

2 

( 
+_ if (xa - xb) ~ 0) 

if (xa - xb) < 0 . 

(A-10) 

(A-11) 

(A-12) 

(A-13A) 

(A-13B) 

The second term of the right-hand side of Equation (A-13B) can be solved using an 
error function: 

Inserting Equations (A-13) and (A-15) into (A-9), we obtain 

N(x,t) = 
c./IT.· A ·a k' a2 

o A 
--2- exp - k~ (x - vP t - - 4-) • 1 ± 

xb 
erf (-) . 

C1 

(A-14) 

(A-15) 

(A-16) 

Using the definitions of a and xb (Equations (A-2) and (A-11)), we can express 
Equation (A-16) in the following way: 

N(x,t) 
c!IT.·A •a 

0 
x - Gt 

2 {1 ± erf ( a )} exp {-k~ (x - Ft)} 

(
+_ if (x - Gt) ~ 0) 

if (x - Gt) < 0 
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where 

~ k~B ) 
F + -4- VP 

and 

~ k~H ) 
G = + -2- VP 

These are the chromatogram equations for the eluent, which has an initially 
exponential distribution function given by Equation (A-3). 
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DEVELOPMENT OF A HIGH-EFFICIENCY, HIGH-PERFORMANCE AIR FILTER MEDIUM* 

W. Bergman and S. R. Sawyer 
Lawrence Livermore National Laboratory 

P.O. Box 5505, Livermore, California 94550 

Abstract 

A unique high-efficiency particulate air {HEPA) filter medium has been 
developed for applications in high temperature and high pressure environments. 
This filter medium is a composite made from quartz and stainless-steel fibers 
that have been sintered together. The composite medium has the same efficiency 
and pressure drop as standard HEPA glass media, but has four times the tensile 
strength and can operate continuously at temperatures up to 500°C. In a 
conventional HEPA, the binder burns out above 250°C and the medium loses its 
strength; our composite filter medium has no comparable loss of strength even at 
500°C. · 

I. Introduction 

High-efficiency particulate air {HEPA) filters are universally used to 
protect workers and the environment from hazardous airborne material. These 
filters were designed for applications having relatively low particle loadings at 
essentially ambient temperature and pressure conditions. Although commercial 
HEPA filters have proven to be very satisfactory for such routine applications, 
they are prQ~e4to failure at high temperatures, high pressures, and high 
humidities.l - J In many cases, these extreme environments can destroy the 
filter element, thereby allowing contaminated air to escape. A number of 
credible accident scenarios have been proposed in nuclear reactors involving high 
temperatures, pressures, and humidities that may damage existing(~Eg8 filters and 
subsequently allow contamination of workers and the environment. - J 

Several different solutions have been proposed to address the problems of 
HEPA failure under credible accident conditions. A HEPA filter made from 
polypropylene and polycarbonate fibers was developed to withstand structural 
failure under high pressure, high humidity, and high acid conditions; 
unfortunately, this filter 1 s eff~ci ency degrades above 90° C, and above· 150° C the 
medium is completely destroyed.l J 

a fib~~~~h~~a~~~;~:=~t~~lt~:d~~~~l6~7~s ~~t~~~~~c:~:s~i~~;~~~!~!~~~~e~ijt~~~r:rom 
are able to withstand the adverse environments of high temperature, pressure, and 
humidity, they do not have efficiencies comparable to HEPA filters {the 
stainless-steel filter has only a 60% efficiency at its minimum). 

The development of a HEPA filter that can withstand high temperature, high 
pressure, and high humidity conditions requires a careful selection of filtering 
materials, optimum construction design, and submicrometer size of the fibers or 
other filtering elements. The primary reason for using glass microfibers in 
ordinary HEPA filters is that bulk fibers having diameters as small as 0.3 µm 
{which are responsible for the high efficiency of HEPA filters) are easily 
available. Unfortunately, these microfibers cannot be formed into a high-

*This work was performed under the auspices of the U.S. Department of Energy 
by Lawrence Livermore National Laboratory under contract No. W-7405-ENG-48. 
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strength filter medium using conventional adhesives. The prospects for finding a 
better adhesive are not very good because all organic adhesives and even si l icon 
glues degrade at high temperatures. 

It appears that a filter medium made from a single component cannot 
simultaneously meet the requirements of high strength, high temperature 
resistance, and high efficiency. 

II. Composite Filter Medium of Sintered Quartz and Stainless Steel Fibers 

Conventional HEPA filters cannot withstand temperatures above 250°C due to 
the burning of the adhesive that bonds the glass fibers together. We reasoned 
that if a substitute method for bonding glass microfibers could be found, then 
the resulting filter medium would have the desired resistance to high 
temperatures. Moreover, if this alternative bonding method could provide the 
tensile strength of a sintered stainless-steel medium, then the resulting filter 
would also have the desired strength. 

Our reasoning led us to the development of a composite sintered filter 
medium made from a mixture of stainless-steel and quartz fibers. Quartz 
microfibers with an average diameter of 0.5 µm would provide the high efficiency, 
while stainless-steel fibers with an average diameter of 2 µm would provide the 
bonding mechanism for the quartz fibers and give the composite medium its high 
strength. Sintering the composite filter medium fuses the metal fibers together 
and mechanically holds the quartz fibers in a random three-dimensional cage 
structure. We used quartz fibers rather than glass fibers because glass would 
have melted during the initial high-temperature sintering operation. 

We prepared a series of composite filter media in which we varied the 
volumetric fractions of quartz in ten-percent increments from 0% quartz to 100% 
quartz. The filter media were prepared by first blending the steel and quartz 
fibers in a water suspension; the water suspension was then drained through a 
screen, thereby forming a filter mat. Finally, we sintered the composite filter 
mats in a hydrogen furnace at ll00°C for two hours. 

Electron micrographs were taken of the composite filter samples to examine 
how well the glass and stainless steel fibers are dispersed. Figures 1 and 2 are 
electron micrographs of the medium containing 40% quartz by volume at a 
magnification of 200 x and 1000 x, respectively. We found this medium to have a 
filter efficiency and pressure drop comparable to standard HEPA media. The 
stainless-steel fibers have a uniform diameter of 2 µm, while the quartz fibers 
have a distribution of diameters around 0.5 µm. 

This size difference allows the steel fibers to be distinguished from the 
quartz fibers in Fig. l(a) at 200 x and 2(a) at 1000 x. To show a clearer 
distinction between the steel and quartz fibers, we have also taken electron 
micrographs using the backscattered electrons in Figs. l(b) and 2(b). In the 
backscattered mode, the higher Z fibers (steel) appear white. The conventional 
electron micrographs [Figs. l(a) and 2(a)] are obtained from the emission of 
secondary electrons, which are independent of Z number, and show both steel and 
quartz fibers as white images. Since each set of electron micrographs in Figs. 1 
and 2 was taken of the same viewing area of the filter, by comparing the~ 
figures (showing both stainless-steel and quartz fibers) and the Q figures 
(showing only the stainless-steel fibers) we can readily see how well the quartz 
fibers are dispersed in the supporting cage network of steel fibers, as intended. 
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(a) (b) 

Figure 1. Scanning electron micrographs of 40% quartz, 60% steel fibers at 200 x 
magnification. (a) Image using secondary emission electrons, showing both the 
quartz and stainless steel fibers. (b) Image using backscattered primary 
electrons, showing only the stainless-steel fibers. 

(a) (b) 

Figure 2. Scanning electron micrographs of 40% quartz, 60% steel fibers at 
1000 x magnification. (a) Image using secondary emission electrons, showing both 
the quartz and stainless steel fibers. (b) Image using backscattered primary 
electrons, showing only the stainless-steel fibers. 
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III. Filter-Efficiency Tests of the New Medium 

Sample sheets containing different percentages of quartz fiber were 
evaluated in our filter test laboratory to determine the fraction of quartz 
fibers required to yield a filter efficiency and pressure drop comparable to 
standard HEPA filters. Each of the filters was tested at a face velocity of 
2 cm/s to simulate the flow through a standard HEPA filter. In these tests we 
used a heterodisperse dioctyl sebacate (DOS) aerosol generated with a Laskin 
nozzle. Particle concentration as a function of particle size was determined 
before and after the filter using a differential mobility analyzer coupled to a 
condensation nuclei counter and a LAS-X laser spectrometer. For the high
efficiency filters, we used a diluter operating at about 1200 to 1 dilution to 
dilute the upstream aerosols; the filter-penetration curves were corrected for 
the particle losses in the diluter. cBjtai1s of our filter-efficiency tests are 
presented more thoroughly elsewhere. 

Figures 3-5 show penetration as a function of DOS particle diameter for 
composite filter media with increasing volume fractions of quartz fibers from 0% 
to 50% in ten-percent increments. For comparison with commercially available 
filters, we have also included the filter penetration as a function of particle 
size for standard HEPA filter media (Fig. 4) and for the Bekaert sintered-steel 
fiber filter in (Fig. 3). Several trends can be seen in these figures. The most 
apparent trend is the decrease in filter penetration (i.e • ., higher efficiency) 
with increasing quartz volume fraction. In addition, as the volume fraction of 
quartz increases, the width of the penetration curve dec.reases and the part i c 1 e 
size of maximum penetration shifts to smaller sizes. This can be seen quanti
tatively in Table 1. These observations are in agreement with filtration theory. 
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QI 
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Figure 3. Filter penetration as a 
function of particle diameter for 
filters, including one containing 
100% stainless-steei fibers, 10% and 
20% quartz, and a Bakaert stainless
steel medium for comparison. 
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Figure 5. Filter penetration as a 
function of particle diameter for 
composite filter having 50% quartz 
and 50% stainless-steel fibers. 

10.0 

Table 1. Particle size of maximum 
penetration and width of penetration 
curve for the new composite filter 
media. 

Width Particle size 
% Quartz ( µm) ( µm) 

0 0.77 0.27 
10 0.30 0.22 
20 0.26 0.22 
30 0.14 0.19 
40 0.13 0.17 
50 0.10 0.17 

In Fig. 6, we have compiled the data from Figs. 3-5 into two curves showing 
the percent filter penetration as a function of percent quartz by volume. The 
dashed curve represents the maximum penetration while the solid curve represents 
the penetration at 0.3-µm diameter. (We have included the penetration curve for 
0.3-µm diameter particles because that curve corresponds to the current 
certification test for standard HEPA filters.) According to Fig. 4, the HEPA 
filter has a penetration of 0.005% for 0.3-iim diameter particles {the standard 
certification test using 0.3-µm particles measured 0.006%, which shows our tests 
are in close agreement). Referring to Fig. 6, we see that this penetration would 
correspond to one of our composite filters having 36% quartz by volume. 

The penetration data for the composite filters for 0.3-µm diameter particles 
has also been plotted in Fig. 7 as a function of the filter pressure drop. As 
expected, the filters having a lower penetration due to the greater fraction of 
quartz fibers also have a higher pressure drop. On this curve we have included 
the data point for HEPA filters. Note that the point falls on the same curve, 
which suggests that the average fiber diameter of the HEPA filter is also the 
same as our 36% quartz composite medium. From Figs. 6 and 7, it is clear that we 
can make composite sintered filters having the same efficiency and the same 
pressure drop as a standard HEPA filter. 

IV. Filter~Strength Tests 

One of the primary reasons for developing our composite sintered medium is 
to achieve a much stronger filter medium than a current HEPA filter. We 
conducted a series of tensile-strength tests on uniformly cut samples of the same 
media tested for aerosol penetration above. Each sample was attached to an 
Instron tensile-strength tester operated at a constant rate of elongation. 
Figure 8 shows the force at which each sample failed as a function of the percent 
quartz in the sample. In general, we see that the filter becomes easier to tear 
as the percentage of quartz increases; however, comparing the tear strength of 
the standard HEPA medium (170 g) to the comparable composite medium (36% quartz), 
we see that the composite medium requires four times the tearing force. 
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Figure 8. The composite filters become easier to tear as the percentage of 
quartz fiber increases. However, the tear strength of a comparable composite 
filter is about four times greater than a standard HEPA filter. 
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V. Conclusions 

We have demonstrated the feasibility of constructing a metallic HEPA filter 
medium, that is resistant to high temperatures as a composite of sintered quartz 
and stainless-steel fibers. This medium has a comparable efficiency (99.995%) 
and pressure drop (0.7 11

) to the standard HEPA glass medium but can be operated 
continuously at temperatures up to 500°C instead of 250°C and can withstand four 
times the tearing force. 
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A NEW 0.05 µm, 0.1 CFM OPTICAL PARTICLE COUNTER 

A. Lieberman 
Particle Measuring Systems, Inc. 

Fremont, California 

A new optical particle counter is described that is capable of 
counting and sizing particles from 0.05 µm to 5 µm in diameter. The 
air sample flow rate is 2.8 liters per minute <0.1 CFM>. Counting 
efficiency is lOOr. for particles over 0.08 µm. Coincidence counting 
error is less than 1or. at concentrations of 3500/liter. The counter 
uses a high power active cavity illumination system derived from a 
relatively low power HeNe laser. Scattered light is collected at 
90 ± 45 with a parallel array detector. Data are shown in eight 
size ranges in either tabular or graphical format. 

System Desig!!_ 

The Model MLPS-HS optical particle counter <OPC> was recently 
introduced by Particle Measuring Systems, Inc. This instrument was 
designed for measurements where size distribution and concentration 
data of particles smaller than 0.1 µmare of concern. It counts and 
sizes airborne particles 0.05 µm and larger in a sample flow rate of 
2.8 liters/min. It is a HeNe laser illuminated right angle scatter
ing system, using a parallel array detec~or to minimize molecular 
scattering. Instrument operating parameter~ and data processing are 
controlled by an internal microprocessor. Operational settings, help 
information or data are displayed on a front panel CRT screen and a 
thermal printer/plotter. 

Q..Qtical and Sample Flow Design 

The 2.8 liter/min air sample is drawn into the optical cell 
through a nozzle that produces a rectangular jet that passes through 
the center of the laser beam in an active cavity. The jet dimensions 
are 0.2 x 10 mm., resulting in a sensing cell volume of 2 cu. mm. 
The flow configuration is seen in Figure 1. A portion of the sample 
pump exhaust air is filtered by a 0.2 µm pore size cartridge filter 
and returned as purge air to keep the optical elements clean. 
Although the sensor is capable of detecting particles much smaller 
than that pore size, optical interference from particles which will 
pass through that filter is negligible. 

The active cavity operates at a high resonant power level. The 
beam passing through the sensing zone is derived from a HeNe plasma 
tube that would produce an output of a few milliwatts fa~ a 
conventional laser. Minimum power levels of 25 watts are present in 
the cavity. This beam intensity is sufficient to produce usable 
scattered light signals from individual 0.05 µm particles. However, 
the illuminated cell contains sufficient air molecules to produce 
molecular scattered light background noise which exceeds the signal 
from a single 0.05 µm particle. The noise level is minimized by 
using parallel processing array detection. 
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Figure 1 Air Flow Through Laser Beam 

Right angle scattered light from the sensing cell is collected 
from 45 to 135 using a dual Mangin mirror system. The optical 
design is shown in Figure 2. The sample flow path, the illumination 
source and the scattered light collection paths are orthogonal to one 
another. A 12-element photodiode array converts the light signals to 
electronic pulse data. The two end elements are used to define the 
illuminated cell bounds. Each operating array element views an 
independent volume that is one tenth the total sensing cell volume, 
as shown in Figure 3. The output signals from the detectors are 
processed in parallel and summed to cover the entire flow region. 
Information from only that element which receives a particle signal 
is used for particle count information. Background noise is reduced 
by one order of magnitude. At the maximum specified concentration, 
the probability is less than lOY. that more than one particle will be 
present anywhere in the cell to be "viewed" by more than one element. 

Operating Procedures and Controls 

The MLPC-HS uses a microprocessor controller for all operations. 
System commands and data are displayed on a high density cathode ray 
terminal. The CRT displays data in 8 particle size ranges in tabular 
or graphic format, supplies operator messages and a number of soft 
function key labels. An alphanumeric keyboard is used to input 
operating parameters, system configuration and controls using the 
soft function keys. Bi-directional RS-232C communications allow 
remote system control and data transmission to a host computer. 

Data reports can be configured in any of several formats. 
Tabular data are displayed as differential or cumulative particle 
counts or concentrations in all 8 size ranges. Examples of these 
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displays are shown in Figure 4. Data are shown for particles of 
0.296 µm and of 0.203 µm. Concentrations are computed and normalized 
continuously during sample data acquisition. Data can also be 
displayed in histogram format, as a percentage of the total particle 
count in either differenti•l or cumulative format. Print commands to 
an internal thermal printer can produce hard copy reports after each 
sample measurement, at the end 0£ a series of samples, on ari alarm 
condition or on manual command. The microprocessor can store data 
from up to 50 measurements and average data as required. 

DATA1 88/06/08 07:19=57 
ID:0.305 S+:1 
SI=00:01:00 TR=00=00=00 

SIZE DIFF 
µ N 

0.05 
0.10 
0.15 
0.20 
0.30 
0.50 
1.00 
5.00 

295.0 
42.0 
43.0 

699.0 
966.0 

5.0 
0 
0 

FINAL 

DIFF 

COUNTS 

LREF 
8.3 

DATA1 88/06/08 07=16=59 
ID:0.203 S+:1 
SI:00=01:00 TR=00:00=00 

SIZE ' DIFF 
µ N 

1045.0 
946.0 
7158~0 
7545.0 
240.0 

FINAL 

DIFF 

0.05 
0.10 
0.15 
0~20 
0.30 
0.50 
1.00 
5.00 

28 . 0 ~c_ou_Nr_s 

Figure 4 

6.0 
0 

Tabular Data Displays 

~stem ~erf ormance 

Particle Size Sensitivity_ 

LREF 
7.9 

Measurements were made with standard latex particles to define 
sizing response for the MLPC-HS. Aerosols were generated with a 
pneumatic atomizer and passed through the instrument. Pulse voltage 

1140 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

amplitude response data are shown in Figure 5. Monodisperse latex 
suspensions with particles ranging in size £rom 0.0 µm to 5 µmin 
diameter were used. The response curve £or this instrument i~ 
monotonic £or the latex calibration particles and can be expected to 
remain monotonic for dioctylphthalate or dioctylsebacate filter test 
droplets. This can be expected since essentially no near-£orward 
scattered light is collected. 
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Figure 5 MLPC-HS Particle Response Data 
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The ·'classic sixth power response :for particles under 0. 3 µm is 
seen with response changing to second power for larger particles. 
The sixth power response results in a large variation in electrical 
output· for a small change in particle size. To achieve the desired 
dynam~c range, the electronic system uses 3 stages of amplification 
to reduce nonlinear response. In this way, the MLPC-HS achieves a 
dynamic range of 100:1 with good linearity. Any particles larger 
than 5 µm will be counted but not sized. The last size range for the 
system .output is open-ended; all particles that are reported in the 
last size range are reported simply as "> 5 µm". 

Sensor resolution for the MLPC-HS is limited by the broad size 
channel threshold settings used for this instrument. The sensor 
performance is not limiting. The particle jet configuration allows 
significant variation in scattering angle for any particle, depending 
on its location in the jet during passage through the cell. Even so, 
the large scattering light flux vs particle size response results in 
good sizing resolution, particularly :for particles below 0.5 µm. An 
example o:f sensor resolution :for monosized particles is shown in 
Figure 6. 
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Figure 6 Monosize Particle Response 
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The concentration limit for this system is defined by data 
processing requirements. The 0.2 cubic millimeter sensor viewing 
volume is small enough so that a physical particle coincidence error 
less than lY. would be expected at a concentration of 3500 per liter. 
The combination of the 100:1 dynamic range extending into the sixth 
power region along with the parallel processing array detector system 
results in a pulse processing time requirement that limits operation 
to no more than approximately 2000 pulses per second. This means 
that randomly spaced particles can appear at a rate up to 
approximately 10 times the anticipated average rate for the specified 
maximum concentration. 

Counting efficiency for this instrument was determined by 
comparing response with an in-house standard LAS-X particle counter, 
using the method of ASTM F-649. These measurements were made for 
particles larger than 0.1 µm. The MLPC-HS produced equivalent count 
data as did the LAS-X. Counting efficiency statements for particles 
smaller than 0.1 µmare based on sensor signal to noise ratios for 
the voltage settings obtained for the calibration particle median 
sizes near the sizes for which efficiency is stated. Based on these 
measurements, counting efficiency of lOOY. is expected for all 
particles larger than o.·os µm. Counting efficiency measurements of 
particles smaller than 0.1 µm will be carried out in the near future. 
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OPENING COMMENTS OF SESSION CHAIRMAN DORMAN 

At the risk of stating the obvious let me say that the 
testing of particulate filters requires that attention be paid to 
at least three things. Firstly, the challenge aerosol must be 
one which provides a searching test, clearly showing any dif
ferences in the quality of intact filters - for example, two 
filters might be virtually 100% efficient towards 1 µm particles 
but give widely different values when each is tested with par
ticles of 0.1 -0.2 µ~. Secondly, for filters of the highest 
quality, equipment must be sensitive and, thirdly, for all 
qualities of filter it is essential that the test 'aerosol should 
be mixed homogeneously. 

The groups of papers to be presented this morning are 
directed to these ends. One group deals with the correlation of 
results obtained by testing with aerosols of different size 
distributions. Another highlights the fact that tests of filters 
of the highest efficiency require aerosols with a significant 
proportion ·of particles in the size range for maximum penetration 
- usually considered to be between 0.1 and 0.2 µm ~ together with 
suitable detection equipment. The final group stresses the need 
for thorough mixing of the test aerosol so that each section of 
the filter and its seating are exposed to a representative 
concentration. 
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THE COMPARISON OF TURBINE OIL METHOD WITH OTHER METHODS 

Cheng Xin-yu and Zhang Jing-kun 
Research Institute of Chemical Defence 

Beijing, China 

Abstract 

The turbine oil method is one of the standard test methods of 

high efficiency aerosol penetration in China. We have measured the 
penetration of 14 domestic filter media at velocity range of 1-15 
cm/s with turbine oil method as well as OOP and sodium chloride me
thods that are American and British standard method respectively. 
The relative position of penetration vs velocity curves depends on 
filter medium used with 12 filter papers being different distinctly 
from 3- synthetic fiber filter materials. rt was also shown that do
mestic and American fire-resistant high efficiency filter papers 
have similar filtration behavior. 

The size distribution of turbine oil mist controlled by the 

depth of threaded bolt into separator has been measured and compared 
with that of sodium chloride aerosol. The oil mist is polydisperse 
covering diameter of about 0.02 to 2 micrometer with MMD 0.45 to 
0.54 micrometer and GSD 1.6 to 1.7. 

It is not appropriated to monitor the size distribution of 
polydisperse test aerosol 'WLth average diameter measured by polariza
tion ratio in theory. But Mie•s calculation showed that linear rela
tion existed between theoretical and experimental polarization ratio. 
Only when experimental condition was controlled strictly so that the 
size distribution could keep constant, monitoring the average dia
meter of polydisperse aerosols with polarization ratio would be valu
able. 

The light scattering intensity is not 9nly the function of 
particle concentration and also of particle size, the influence of 
which on penetration has been analysed. 

I. Introduction 

The most important property of air filtration is collecting 
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efficiency or penetration. The current test methods of high effi
ciency aerosol penetration were established in 1940s to meet the re~ 
quirement of person protection from chemical attack and development 
of nuclear industry (1) .In view of this historical background, there. 
are many penetration test methods that each is favored in specific 
country in a particular field. These methods employ different test 
aerosols and methods suitable for measuring their concentration, 
therefore, would usually give different penetrations that are not 
easy to be compared among each other, which made considerable prob
lems for user and manufacturer. Dorman et al (2-4) have paid a lot 

of attention on the correlation of penetration measured with various 
methods and the comparison and uniformity of test methods since 

1960s. Recently he (4) measured the penetrations of 5 grades of Eng
lish filter paper at velocities of 1-10 cm/s with various major test 
methods. As the discussion has shown on the 16th Nuclear Air Clea
ning Conference (5), it is a hard task to unify and standardize the 
test method of high efficiency aerosol penetration because each me
thod has own advantage and shortcoming, But some qualitative rules 
and penetration ratio for some methods in specific condition have 

been obtained (3). It has to be pointed out that the comparison among 
various penetrations with damaged filter or filter paper with holes 

made by pin piercing would lead to wrong conclusion. 
In contrast to above-mentioned case, new fraction efficiency 

test methods have advanced rather fast that were stimulated by the 
requirement of cleaning technique and based on the technical pro
gress on generation, detection and sizing of test aerosol and on 
processing data with microcomputer to· give results on real time. 

In the middle of 19 50s when filter industry. began to se·t up in 
China, we introduced the turbine oil method from USSR. Since then 
national standard about turbine oil method issued in 1962 (6) and 
amended in 1975 (7) in Soviet Union. We have also made some changes 
and improvements in test device and op:eration. Therefore, 2 kinds of 
turbine oil method have some difference, mainly in generation of oil 
mist, but they are very similar generally. Sodium chloride method 

began to be investigated and developed in some institutions in 1960s. 
Both are used widely in China so that the national standards about 
test method of high efficiency aerosol penetration issued in 1985 
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admitted simultaneously both as standard test method (8). 
In order to asses~ the penetration behavior of domestic filter 

media and also to ascertain the relation among penetrations measured 
by major test methods, we measured the penetration of 14 domestic 
and 1 American filter media at velocity ranges of 1-15 cm/s with 
turbine oil method as well as DOP and sodium chloride methods. 

The size distribution of oil mist has been measured and com
pared with eodi um chlor;ide test aerosol. 

II. Samples and Experiment 

. 1) Samples 
The major properties of filter media used were indicated in 

Table 1. 

Table 1. Properties of filter media 

No. Raw Thickness Grammage Porosity Fiber Diameter 

Material gL m 2 
~ micrometer mm 

G-1-.1 all glass fiber o. 19 40 91.7 

-2 filter paper 0.24 52 91.4 

-3 0.33 70 91.6 

-4 0.37 77 91.8 

G-2-1 all glass fiber 0.23 55 90.5 o.86 

-2 filter paper 0.29 63 91.3 o.87 

-3 0.29 60 91.7 0.55 

-4 0.32 72 91.2 0 ~38 

F-1 all GF paper 0.40 92 90.9 

-2 with binder 0.31 75 90.5 

C-1 pulp+asbestos 0.50 114 

-2 pulp+GF o. 51 111 

PP-l polypropylene 0.49 101 79.1 4 
-2 0.32 64 77.6 4 

PCE perchloroethylene o.83 189 2 

GF: glass fiber 
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2) Penetration 
The penetration were measured on the BS 4400 sodium chloride 

respirator test rig (moore•s LTD, UK), TDA-100 monodisperse aerosol 
penetrometer (Q-127, ATI, US) and GB-6166 turbine oil mist penetro
meter shown in Figure 1. 

Depending on the homogeneity of filter medium, 3-5 sheets se
lected randomly were tested at each test condition. Their arithmetic 
mean value was taken· as measured result. The area of filter medium 
exposed to test aerosol in holder was usually 100 cm2 , while for 
turbine oil and sodium chloride test at velocites higher than or 

equal to 0.4 l/min cm2 was 50 cm2• 
3) Resistance to air flow 
Resistance to air flow was measured simultaneously with pene

tration by inclined tube manometer with accuracy to 0.2 mm water. 
4) Size distribution of test aerosol 
The size distribution of test aerosol was·measured by the fol

lowing methods: 
i) Scanning electron microscopy 
The samples were collecte~ on glass.slide with electrostatic 

aerosol sampler (Model 3100, TSI, US) at rate 10 l/min after suffi
cient dilution. Photograph with multiplication of 20,000 w~s taken 
by SEM. Particles were grouped by image analyzer with total numper 

20,211. 
ii) Sartdrius scintillation particle counter 
Sampling rate used was 200 ml/ min. 
iii) Submicron particle sizing system (Model EEA 3930, TSI, 

US) and optical particle counter (PM 7'30-D3P, DAN, Japan). 
The former was for particle diameter dp ~ 0.4 µm, the others 

were measured by the later. The sampling rate was 4 and 0.5 l/min 
re spec ti vely. 

The test aerosol was diluted with purified air· based on the 
volume ratio required and measured with orifice flowmeters before 
entering the counter. 

III. Results and Discussi.Ql! 

1) Penetration and velocity 
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Filter media were tested with turbine oil, DOP and sodium 
chloride aerosol respe~tively at standard conditions at various ve
locities. Within the velocity range tested, the penetration always 
increases with increase of velocity. But the slope of penetration vs 
velocity curve would decrease gradually with increase of velocity. 
The relative position of penetration vs velocity curves of 3 kinds 
of test methods depends on the filter medium used. 

i) Filter paper 
As was shown in Eig. 2-3, DOP penetration usually are higher 

than that of turbine oil. But for most of the samples turbine oil 
penetrations increase with velocity faster than those with DOP and 
would approach or ev.en exceed DOP penetration at higher velocities. 

The sodium chloride penetration vs velocity curve that has 
higher slope crosses above-mentioned both curves. The position of 
crossed point would shift towards high velocity end when the quality 
of filter paper was reduced. 

Fig. 3 showed that domestic and American fire-resistant high 
efficiency filter paper are similar in filtration behavior. The do
mestic one has lower DOP and turbine oil penetration in comparison 
with the American sample, but reverse results exist for sodium chlo

ride penetration at higher velocities. 
The filter paper with wood pulp as backbone fiber and crocido

lite or fine glass fiber as filtration fiber were tested only by 

turbine oil and sodium chloride aerosol (Fig. 4). 
ii) Synthetic fiber filter materials 
The penetration vs velocity curves were not crossed in order 

of turbine oil, DOP and sodium chloride from top to bottom, which 
indicated turbine oil may damage the synthetic .ii ber filter materi
als more than DOP often (Fig. 5). 

2) Quality and velocity 

It is almost impossible to compare the penetration without 

considering the resistance of filter medium to air flow. The level 
of filter medium is usually estimated with the quality Q that is the 
function of v.elocity and particle size. 

The relation between the quality and velocity V may be expres
sed by formula 

Q == A V -B 
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Within the velocity range tested, 
linear regression analysis was 
made between lg Q and V with re-
gression coefficient greater than -3 

0.99. In Table 2 were listed con-
stant A and B as well as regres
sion coefficient R. 

Using these formulas, it is 

easy to transform certain pene

tration to another. For example, 

the relation between sodium chlo-
ride and DOP penetration of G-
type filter paper is 

lg Ksc == 0.89 v -0.093 
lg KDOP 

3) Size distribution of 

turbine oil test aerosol 
The size distribution of 

turbine oil test aerosol was con

trolled by the depth of threaded 

bolt into spiral separator that 
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curve of c-type filter paper. 
graduated from 0 to 5 in interval +turbine oil, c1 sodium chloride 

of 0.5. The size distributions of test aerosols respecting with the 
depth of bolt into separator for from 0 to 5 was measured by method 
iii)in 2.4 and indicated partly by the count and mass frequency 
distribution curves in Fig. 6-7. 

In count frequency distribution curves there are a major peak 

at 0.25 micrometer and some small peaks on the both sides of 0.25pm 

peak that became gradully small and eliminated with inc.r·easing of 

depth of bolt into separator. 

The mass frequency distributions were nearly bidisperse dis

tribution with peak diameter 0.55 and 1.1 micrometer respectively. 

The peak at 0.55 micrometer increased in area gradually while the 

peak at 1.1 micrometer decreased gradully to disappear finally. 

Various diameter calculated from size distribution and listed 

in Tab. 3 kept decreasing with strengthening the separating effect. 
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Table 2 The value of A, B and R 

No. Sodium Chloride Turbine Oil OOP 

A B R A B R K B R 

G-1-1 0.0322 1. 148 0.9999 0.0335 1. 105 0.9997 0.0335 1 • 027 0. 9971 

2 0~0319 1. 232 0.9998 0.0328 1.197 0.9998 0.0358 1.133 0.9997 

3 0.0299 1. 209 0.9965 0.0329 1.172 0.9999 0.0340 1. 153 0.9994 

4 0.0304 1. 228 0.9999 0.0340 1.135 0.9999 0.0335 1.129 0.9994 

G-2-1 0.0315 1 • 211 0.9998 0.0326 1.166 0.9999 0.0330 1.145 0.9995 

2 0.0314 1. 225 0.9999 0.0338 1.165 0.9999 0.0346 1.139 0.9996 

3 0.0305 1.222 0.9993 0.0335 1.157 0.9999 0.0349 1.323 0.9994 

4 0.0304 1.148 0.9999 0.0335 1.105 0.9997 0.0335 1.027 0.9971 

C-1 0.0442 1.102 0.9997 0.0471 1.093 0.9999 
2 0.0498 1.153 0.9998 0.0519 1.140 0.99995 

F-1 0.0316 1.210 0.9987 0.0333 1.128 0.9993 0.0362 1.119 0.9995 

2 0.0310 1.106 0.9968 0.0302 1.166 0.9994 0;0331 1.139 0.9998 

PP-1 0. 112 1.410 0.9991 0.0581 1. 50 5 0. 9925 0.0758 1.576 0.9978 

2 o. 134 1.293 0.9901 0.0605 1 • 48 6 0 • 9 9 66 0.0683 1 • 66"5 0. 99 52 

PCE 0.0423 1. 205 0. 9943 0.0251 1.394 0.9990 0.0256 1.376 0.9958 

Table 3. Effect of separator on various diameter* 

DeEth dl d2 .£2 Ji2.l d32 fil .4g GSD 

0 0.286 0.382 0.493 0.509 0.823 1. 17 2 0.205 2.374 
0.5 0.252 0.337 0.430 0.450 0.702 0.948 0.176 2.446 
1 0.235 0.292 0.354 b.364 0.518 0.692 o. 177 2.218 
1. 5 0.217 0.268 0.320 0.331 0.456 0.603 0.163 2.285 
2 0.225 0.271 0.319 0.326 0.441 0.575 o. 180 2.030 
2.5 0.212 0.259 0.305 0.315 0.423 0.545 o. 163 2. 185 
3 0. 211 0.254 0.297 0.305 0.404 0.512 o. 169 2.026 
3.5 o. 198 0.241 0.283 0.294 0.388 0.491 o. 148 2.327 
4 o. 183 0.224 0.261 0.275 0.355 0.433 0.138 2.310 
4.5 0.167 0.208 0.244 0.278 0.336 0.423 0. 117 2. 580 
5 0. 187 0.215 0.243 0.249 0.310 0.379 o. 155 1. 938 

NaCl 0.042 0.091 0. 153 o. 197 0.435 0.603 0.023 2.280 

* Hinds, W. C. , "Aerosol Tee hnology" pp. 77-80 1982 
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If the position of bolt was between 3.5 and 1.5, the weight mean dia
meter would be within the range of 0.28 to 0.34 micrometer that are 
required by GB-6166-85. 

4) Comparison of size distribution 
We compared the cumulative mass distribution of 2 kinds of poly

disperse test aerosol, namely, turbine oil and sodium chloride aero
sol. 

The size distribution of BS 4400 sodium chloride test aerosol was 
obtained by the method from i) to iii) in 2.4. As reference, the dis
tribution of GB-6166-85 (9) and BS 3928 (10) sodium chloride test ae
rosol was also included in Figure 8. 

In Figure 9 were compared the cumulative mass distribution of 
turbine oil mist and sodium chloride test aerosol. In Table 4 listed 

their MMD and GSD. 

Table 4 The comparison of size distribution 
parameter of turbine oil and sodium chloride 

Aerosol MMD1 
Oil Mist d: 1. 5 0.54 

d: 3.5 0.45 
Sodium BS-4400 0.44 
Chloride GB-6166 0.32 

BS- 3928 0.44 
BS- 3928* 0.30 

MMD1: Equiv.alent volume diameter 
MMD2: Length. of internal diagonal 
* Dautrebande atomizer 

MMD2 

0.62 

0.45 

0.62 
0.42 

5) Polarization ratio and particle diameter 

GSD 
1. 69 

1. 59 
1. 81 

1. 66 

Only when aerosol is monodisperse and particle diameters are in 
the range of about 0.1 to 0.4 micrometer, the relation between pola
rization ratio and particle diameter would be one to one correspon
dence. 

The turbine oil mist is polydisperse and its diameters are much 

beyond this range. Supposing wavelength-".~ o.5~~m, refraction index 
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m= 1. 48, scattering angle e =90°, semiangle subtended by the illumi
nation and the collecting aperture at the particle are respectively 
15°40 1 and 6°301 (11), we calculated the theoretical polarization 
ratio of type-90 nephelometer f.rom Mie's theory (12-13) and count 
distribution. The exporimental and theoretical polnrization rntio 
are not e~ual but have l~near relation (Fig. 10) 

PR8 x == 0.33 + 0.966 PRth 

with regressnon coefficient 0.9895. 
As showed in Fig. 11, the change of polarization ratio with 

particle diameter is oscillated when dp ~ 0.4 µm. The size distri
bution corresponding to same polarization ratio would be indefinite. 
Only when experimental condition of generating oil mist was con

trolled strictly to keep size dist.ribution constant, monitoring the 

average diameter with polarization ratio would be valuable in prac

tice. 
6) P~ysical meaning of penetration 
Penetration is defined as ratio of aerosol concentration down

atream and upstream. The concentration may be count, weight or only 
just some response depending on concentration. The penetration defi

ned by various concentration are as the followfng: 

Pn -- fC1-E(dp))·N(dp)·d(dp) I {N(dp)·d(dp) 

PW -- fd~·(1-E(d ))·N(d )·d(d) If d3·N(d )·d(d) p p p p p p 

Pr -- fR(dp)·(1-E(dp))·N(dp)·d(dp) / f R(dp)·N(dp)·d(dp) 

Only for monodisperse aerosol the 3 kinds of penetration are all same. 

DOP test aerosol is nearly monodisperse, although strictly 

speaking, is also polydisperse. The response of flame photometer is 

proportional to mass concentration of aerosol in sodium chloride me
thod. The response of nephelometer is light scattering intensity in 

turbine oil method that is not only function of particle concentra

tion, but is also of particle size. The penetration measured by DOP, 

sodium chloride and turbine oil method correspond to 3 kinds of de
finition. 

In order to establish the quantitative relation among various 
penetrations, it is necessary to know the ~nitial distribution of 
test aerosol N, the filtration efficiency function E and the concen
tration response function R. 
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It is the most difficult to estimate the filtration effici~ncy 
function that depends on properties of filter medium and experimen
tal condition. Only when the fiber diameters are nearly monodisperse 
, the efficiency function can be estimated approximately (14). The 
size distribution of fiber is usually polydisperse in practical fil

ter medium. Therefore, it is not possible to set up the general re

lation among these penetrations. 

We calculated the response function of type-45 nephelometer 

based on the following parameter: wavelength J\.=0.54 µm, refrac
tion index m=1.48, scattering angle 6=45°, illuminating semiangle 

9'=d5° 40 1 , and collecting semiangle Y'=2° 45' (11). Fig. 12-13 are 
relative light scattering intensity by count and mass respectively. 

The curve was nearly smooth because of integration of light scat

tering intensity over a wide solid angle. The curve showed that the 

relative light scattering intensity depends remarkably on particle 
diameter. 

The contribution to the intensity of light scattered came 

mainly from the particle of diameter 0.3-0.6 micrometer that occu

pied 50 of mass percentage in turbine oil mist. The easiest penetra-

ted diameter is about 0.1 micrometer (15) that contributed very 

little to the intensity of l:iight scattered. It was probably deter

mined by these factors that penetration vs velocity curves of tur

bine oil and DOP method were nearly in parallel for most of the 
samples tested. 

IV. Conclusion 

Turbine oil method is similar to DOP method in·principle and 
devices. The size distribution of turbine oil mist is not ideal for 

measuring high efficiency aerosol penetration. The turbine oil pene
tration is usually lower than that of DOP. 

The size distribution of oil mist is similar to that of sodium 

chloride, but it is difficult to correlate the penetration obtained 

by both methods. 
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NEW LIGHT SCATTERING SPECTROSCOPY TECHNIQUE FOR FILTER MEDIA 
ASSESSMENT: DYNAMIC RANGE AND SMALL SIZE PERFORMANCE 

Yong w. Kim 
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Lehigh University, Bethlehem, PA 18015 

ABSTRACT 

Evaluation of particulate filter media requires real-time 
determination of the filtration efficiency in a size-resolved manner. 

A new technique and instrumentation has been developed, which meets 
the two requirements of the size resolution and real-time operation. 
The technique entails instantaneous measurement of the intensity 
loss spectrum of a broad continuum beam of light both on the upstream 
and downstream side of a filter medium through which a flow of a 
polydisperse aerosol suspension is maintained. The experimental 
results are gresented which demonstrate the ultimate dynamic range in 
excess of 10 in particle number density and the small size 
sensitivity to well below 0.1 µm in diameter. 

I. INTRODUCTION 

Rapid evaluation of particulate filters for performance as a 
function of particle size is of great importance for filter 
development efforts and from the practical standpoint of managing a 
large-volume filter testing program. The ability to assess the 
performance of a filter medium in a size dependent manner is of 
particular interest in view of the fact that it facilitates 
quantitative determination of the range of applicability of the 
filter medium. There is also a growing interest in using 
polydispense atomized liquid drops as the testing agent for filter 
media, in contrast to thermally generated, supposedly morodisperse 
particulates. In addition, monodispersity of such submicron 
particulates is a subject of debate. The ability to evaluate a given 
filter medium rapidly is another aspect of considerable importance 
because the performance characteristics of the medium changes in time 
during the period of any testing activity. New instrumentation based 
on under-a-minute determinati~n2 of the particle size distribution 
function has been developed, ' which meets the two basic 
requirements mentioned above. 

The technique is based on real-time measurement of the intensity 
loss spectrum of a broad continuum beam of light, which is 
transmitted through a particulate suspension. The measurement of the 
spectrum ranging from the extreme ultraviolet to the near infrared is 
made simultaneously both on the upstream and downstream side of the 
filter medium. Mineral oil.. drops produced by a number of different 
atomization methods are used for this investigation, with particle 
concentration varyfng over several orders of magnitude and particle 
size reaching below 0.1 µm in diameter. 
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In this paper, we present the experimental results in two parts: 
a) a critical comparison of the light scattering loss technique with 

that based on electron microscopy and b) the measurement of particle 
size distributions of a particulate suspension as it goes through the 
stages of dilution and filtration. In the following sections, the 
theory of the light scattering loss spectroscopy technique is first 
reviewed, followed by a description of the experimental setup. The 
procedure for sampling of mineral oil drops from the suspension and 
subsequent determination of their size distribution by electron 
microscopy is described and the results are compared with those from 
the new technique. The results of the changing particle size 
distribution function due to dilution and filtration are then given, 
together with an analysis of the dynamic range and small size 
detection limits. 

II. THEORY OF THE LIGHT SCATTERING LOSS SPECTROSCOPY TECHNIQUE 

Consider a uniform suspension of spherical particles at number 
density n. A narrow collimated beam of monochromatic light is 
directed into the suspension. In the case where the beam diameter is 
very small compared to the total path length, the incremental amount 
of light intensity lost from the beam by scattering over a length 
element dx in the beam direction may be written in a differential 
form 

. ~ 2 
dI (x,>.) = -I (x, ,\) dx n L 7tR f (R) Qs (R, A) dR 

0 

( 1) 

Q (R,A) is the light scattering cross-section at particle rad~uj 
aRd wavelength )+. in uni ts of the geometrical cross-section 7t R . 
has an additional wavelength dependence through that of the index 
refraction of the particle material. Here f (R) is the normalized 
particle size distribution function. 

One can integrate eq. (1) to obtain 

(2) 

where the attenuation coefficient Kf (A) is given by 

Kf(A) = n{xR
2 

f(R) Qs(R,A) dR. (3) 

R 
It 
of 

It is important to recognize that Kf(A) gives rise to a spectrum as 
the wavelength is varied and thus we often refer to it as the 
attenuation coefficient spectrum. 

Kf (A) is at the heart of the light scattering loss technique 
because it contains the vital particle size distribution information 
in the form of a convolution of the two functions Q (R,~) and f (R). 
The unambiguous determination of f (R) hinges on thesbreath of the 
wavelength range in determining the resonance structure of Kf(A)· 
The resonance structure arises from the alignment of maxima In 
Q (R,A) with the maximum of f (R) as the wavelength of the incident 
lfght is varied. The attenuation coefficient K (A) then must be 
measured as a full spectrum covering the major tesonance structures. 
It has been found that measurements of the spectrum in the range 
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2000 A <A< 9000 1 are adequate to cover the resonance range for 
particle sizes in the range 0.01 µm < R < 0.7 µm. 

Accurate determination of the attenuation coefficient spectrum 
depends on accurate measruement of the ratio I(x,~)/I (A). From the 
standpoint of the wide dynamic range requirement, the0 ratio must be 
measured accurately under widely varying conditions in the number 
density n. The main attractiveness of the light scattering loss mode 
is found in the fact that the ratio I(x,A)/I (~) depends on the 
product of n and x. Thus, the quality of th~ measured I(x,A)/I (A) 
ratio can be maintained when the particle number density undergo~s 
changes over many orders of magnitude by appropriately changing the 
path length of the light beam through the suspension so that the 
product nx is kept within a reasonable range. In this way, the 
experimental accuracy of the measured K (A) can be kept high even 
though the absolute magnitude of Kf (A) eecreases with decreasing n. 

Deconvolution of f (R) from the measured Kf (A) spectrum is 
carried out by means of an extremely efficient algorithm. It entails 
searching for a best-fit Kf (A) spectrum from a set of large catalogs 
of pre-calculated Kf(A) 2spectra for a wide range of particle size 
distribution functions. 

III. EXPERIMENTAL DESIGN AND INSTRUMENTATION 

The experimental objective is to measure the incident and 
transmitted intensities through a particle suspension for rapid, 
accurate determination of Kf (A) under a widely varying particle 
concentration conditions as found in a filter evaluation environment. 
The experimental setup is arranged so as to monitor a single, steady 
state flow train of particle-laden air. The major components of the 
apparatus are as follows: i) particle source, ii) particle 
diagnostics station, iii) upstream light scattering loss spectroscopy 
station, iv) filter section, v) concentration monitoring station, vi) 
downstream light scattering loss spectroscopy station, and vii) 
instrumentation for real-time analysis. The overall arrangement of 
the experimental setup is shown schematically in Fig. 1. 

Our particle source consists of a modified Laskin generator 
combined with an atomizer, as shown in Fig. 2. A concentration 
control tee allows the introduction of fresh air through a 2 µm pore 
sintered metal wall of the tube carrying the suspension from the 
particle source. Both the fresh air flow and the flow through the 
particle source are metered so that the percent dilution of the 
suspension can be determined. Heavy mineral oil is used to generate 
the suspension. The particle suspension flows from the generating 
station into a settling chamber (6 11 diameter x 8 11 height), where the 
largest particles fall out of the suspension. 

The suspension next flows through the diagnostics station where 
three different methods may be used to generate data for comparison 
with the size distribution function measured by the method of light 
scattering loss spectroscopy: electron microscopy, a video 
ultramicroscope, and a cascade impactor. In cases where electron 
microscopy is used, particles are first collected onto a microscope 
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grid by placing it flush with the inner wall of a metallic tube 
section which forms a coaxial electrostatic precipitator. The 
precipitator is run at the high corona current mode so that ~ntrained 
particles of different sizes are collected indiscriminately. . 

Gr 
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Fig. 1. Schematic diagram of the experimental arrangement, 
consisting of a particle source, two light 
scattering chambers, a filter section, two 
continuum light sources a spectrograph and data 
processor electronics. 

The light from each station is sampled separately by a grating 
spectrograph. The spectrograph and the entire detection system is 
time-shared by the two sets of optics. 

The incident intensity spectrum I (A) is measured under 
conditions identical to those of the t~ansmitted intensity 
measurement except that the gas flowing through the light scattering 
chamber has no particles suspended in it. We have found that both 
the spectral character of the light source and cleanliness of the 
optical components can be stably maintained for hours of the 
measurement activities. 
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IV. COMPARISON OF THE LIGHT SCATTERING 
AND ELECTRON.MICROSCOPY RESULTS 

The primary thrust of the present investigation has been to make 
a detailed comparison between the size distribution function measured 
by the technique of light scattering loss spectroscopy on one hand 
and the one determined by a direct method for a particulate 

LASKIN 
GENERATOR 

Exces 
drain 

Ime 
noz 
(fo 
ori 

r l 
I 

s oil 

~ 
J 
I 

rsed 
zle 
ur 
fices) 

I 

I 1 

' 
I 

I 

-
,__ 

Compressed 
~ gas(optional) 

~ ......... 
gauge 

• r I 
II I I 

Impactor disc mounted 

f' : 
-~n adjustable positioner 

: 
I 

I 
ATOMIZER 

~xiglas 3-way · 
valve 

-

r --, r -~ 
L ,_,..I I 

Mineral Plexi 

I;~oil [;las- - Miner a 
oil 

' LUI •...II 

<i-
pressed Com 

gas 

L J 

Fig. 2. Particle source consisting of .a modified Laskin 
generatcir and an atomizer. 

suspension which is reliably produced by one of the aerosol 
generators. After much experimentation and critical analyses we have 
settled with the atomizer as the source of particles mentioned in 
section III. 

In regard to a direct method for determination of the particle 
size distribution function, there are two essential requirements 
which must be met: firstly, the method must be capable of producing 
the number of particles per unit volume for each given size interval, 
in contrast to a representation by particle mass, and secondly, the 
method must work for the particle suspension in its full 
concentration· as it exists in the flow train without requiring any 
dilution of it. We· have determined electron microscopy as the 
primary method of direct size determination. 
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As described in section III, collection of particles on a grid 
involves an electrostatic precipitator, which is connected in series 
in the flow train of the particle suspension. The precipitator 
consists of a heavy-wall brass tubing of 7/8 11 inner diameter and 4 11 

length and a 0.0015 11 chromium plated wire which is free standing on 
one end along the axis of the brass tubing. A 1/4" rod with a thin 
snap-on endcap with a 0.100 11 hole permits mounting of a grid for 
placement in the precipitator, flush with the inner surface of the 
brass tubing. The entire precipitator assembly is rotatable about 
its axis. The two ends are fitted with valved Swagelok fixtures so 
that the precipitator can be easily connected at any point in the 
flow train where the particle size distribution needs to be 
determined. 

The precipitator is operated in the positive corona mode, 
meaning that the wire is at a positive potential with respect to the 
tubing which is electrically grounded. Depending on the corona 
discharge current, the trajectories of particles can be varied 
gradually from being axial as that of the fluid flow on one extreme 
to being radial on the other. The degree to which a particle 
trajectory deviates from the axial one depends on the particle size 
for a given corona discharge condition because the radial component 
of the particle velocity grows linearly with the particle radius 
whereas the axial component is independent of the size under steady 
state conditions. In the limit that the particle trajectory becomes 
radial the rate at which the particles arrive at the wall (i.e. at 
the grid which is flush mounted on the wall) is independent of the 
particle size, permitting rapid size-independent collection of the 
particles on the grid. 

The collection of the particles by electrostatic precipitation 
may take place while the flow of the particle suspension is in 
progress or shortly after cutting off the flow by closing the valves 
at the two ends of the precipitator. In the latter mode, a slug of 
the particle laden fluid is trapped and it is therefore possible to 
measure the absolute number density of the particles. The suspended 
particles are swept out to the walls uniformly and the number of the 
collected particles per unit area of the grid surface gives the 
number of particles per unit volume in the suspension. 

Many different protocols for particle collection have been 
examined in order to establish the physics underlying the interaction 
of the particles with the electron microscope grid. The best method 
we have developed is to deposit a layer of high conductivity but 
low-z metal such as aluminum on the nitrocellulose film so that a 
continuous conducting layer is provided, which is at the same time 
transparent to the electron beam. The particles are, however; 
collected on the side where they would come into direct contact with 
the nitrocellulose film.- This is because the wetting property of the 
mineral oil drops involving the surface tensions of the two surfaces 
that are in contact are far more consistently and favorably defined 
for the nitrocellulose surface than any metallic surfaces we have 
examined, including carbon, copper and aluminum. 

The collected particles in a grid is first exposed to the 
saturated vapor of 4% osmium tetroxide solution of water for several 
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minutes in order to reduce the vapor pressure of the mineral oil 
making up the particles before the grid is put inside the evacuated 
column of an electron microscope. 
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Fig. 3. ,Measured particle size distribution by two inde
pendent methods: a) light scattering loss 
spectroscopy (smooth curve) and b) electron 
microscopy (histogram). 

Inspection of the electron micrographs indicates strong evidence 
of wetting of the substrate surface by individual particles, 
resulting in enlarged two-dimensional images. The photographic 
neutral density of each particle image shows a gradual variation at 
the outer edges and remains constant over more that 80% of the 
cross-section. In contrast, a spherical particle such as a latex 
sphere shows a sharp edge with a rapidly. varying neutral density 
profile. 

The factor by which a mineral oil particle spreads out on the 
nitrocellulose surface by wetting has been determined in the 
following sequence of measurements. The precipitator is normally 
positioned with its axis on a horizontal plane and oriented in such a 
way that the plane of a fresh grid is vertical. The valves at both 
ends are closed, trapping a slug of the particle suspension, when a 
count of a time interval, typically in the range of four to ten 
minutes, begins. From the inner diameter of the precipitator, the 
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host gas properties and the mass density of the mineral oil, one can 
determine the largest particle still suspended in the gas. The 
precipitator is then rotated so that the grid is positioned with its 
surface facing up and the corona discharge is initiated and the 
remaining particles are collected onto the grid. The largest 
diameter of the electron micrograph images· is connected to the 
largest particle in suspension. From this comparison, we have 
determined the spreading factor of 3.0. 

In Fig. 3 the measured particle size distribution from the 
photomicrographs are plotted in the form of a histogram, showing the 
number of particles whose radii fall in each radius bin of Q.04 pm 
width. The size distribution is peaked at 0.12 µm in radius with 
considerable populations down to 0.02 µm on the small size end, where 
interests exist from the standpoint of particle filter evalution. It 
is useful to note that any particle sizing methods based on particle 
mass measurement tend to be ineffective for a distribution similar to 
that of Fig. 3 because a single, infrequently encountered 1 um 
particle can offset one thousand 0.1 µm particles. 

Also shown in Fig. 3, is the size distribution function (smooth 
curve) extracted from the measured K~(~) spectrum by comparing it to 
individual records of the catalogs or calculated Kf (~) spectra. The 
two independent results are displayed in such a way that the area 
under each distribution function is normalized to unity. The 
agreement between the two results are remarkably good. It is a 
culmination of the two independent ground-breaking pursuits, a global 
measurement of the particle size distribution by light scattering 
loss spectroscopy on one hand and size analysis of liquid droplet 
particles by electron microscopy combined with electrostatic 
precipitation on the other. 

V. MEASUREMENT OF THE PARTICLE SIZE DISTRIBUTIONS OF 
DILUTED AND FILTERED AEROSOL SUSPENSIONS 

The function of a filter medium is both to reduce the 
concentration of an aerosol suspension flowing through it and to 
radically modify the size distribution function. In particular, the 
size distribution function is altered in such a way that the width 
and maximal radius of the distribution function are reduced in 
magnitude. The manner of the modification is, in general, size 
dependent in a complicated way, in contrast to a step function like 
response, because the deposit of particles in the filter medium takes 
place through several different mechanisms. Simple blocking, deposit 
by collision and adhesion to the walls of the filter pores, and 
coagulation followed by deposit are some of the examples. In much of 
these mechanisms, Brownian motion and flow shears in the flow through 
porous media play prominent roles. 

Diiution of an aerosol suspension by mixing with fresh air 
affects primarily the particle concentration but the size 
distribution can also be altered. Mixing of the two fluids changes 
the fluid pressure which in turn shifts the operating regime of the 
particle source, and also introduces secondary flows in the mixing 
region, resulting in particle loss by deposit and coagulation. 

1173 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

The following sequence of measurements demonstrates the 
sensitivity of the attenuation coefficient spectrum to the particle 
concentration and the size distribution function. Two different 
measurements are made at the upstream light scattering station with 
the aerosol generated by the atomizer source: one at a normal-range 
concentration of the aerosol without dilution and another at a 
reduced concentration by diluting the aerosol with fresh air. It is 
noted that the dilution increased the flow rate of the suspension by 
a factor of 3.61 and decreased the particle concentration nominally 
by the same factor. Fig. 4 shows the uncalibrated incident intensity 
spectrum of the xenon arc lamp. The two measured attenuation 
coefficient spectra are shown in Fig. 5 and Fig. 6, respectively. 
Notice that the optical path length of the upstream station was set 
at x = 7.11 cm. 

Fig. 4. 
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Incident intensity spectrum (uncalibrated) .of the 
xenon arc source. All losses other than the light 
scattering loss have been removed. 

A cursory comparison of the two spectra shows that the 
functional form of the particle size distribution changed slightly 
due to the dilution, in that the width became smaller while the 
maximal size remained the same. The particle number density is seen 
to have decreased actually by a factor of 4.0. 

Fig. 7 shows the measured attenuation coefficient spectrum in 
the downstream light scattering station when the atomizer was 
operated under the same condition as the run shown in Fig. 5. The 
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optical path length of the station was set at x=778.4 cm. A face 
mask filter medium was installed in the filter section for this run. 
The spectrum shows a drastically modified size distribution here. 
The maximal radius of the particles was reduced from that of the 

Fig. 5. 

1.00 

.-· 

1850 3900 

Wavelength, ! 
5950 8000 

The product of the optical path length and the 
attenuation coefficient spectrum, measured for an 
undiluted aerosol in the upstream light scattering 
station. x = 7.11 cm. · 

aerosol upstream of the filter by a factor of 4 with an attendant 
decrease in the width. The ~article concentration is smaller by a 
factor as large as 8.21 x 10 . It is quite clear that the overall 
reduction in

5
the mass transport rate due to filtration is well in 

excess of 10 . 

VI. CONCLUSIONS 

There are two issues of great interest. One is the ultimate 
dynamic range of the method in terms of the particle number density 
and another is the small size limit to which the method of light 
scattering loss spectroscopy is applicable. In regard to the dynamic 
range, what one needs to ascertain is to maintain a significant level 
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of attenuation of the incident beam of light due to light scattering 
over the entire spectral range of interest. Since the convolution 
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Fig. 6. The product of the optical path length and the 
attenuation coefficient spectrum, measured for 
a diluted aerosol in the upstream light scattering 
station. x = 7.11 cm. 

integral giving rise to the Kr(~) spectrum contains a product of the 
particle number density and tfie path length of the light beam through 
the aerosol suspension, the path length may be varied commensurate 
with a large change in .the particle number density so that the 
product remains relatively constant, thus preserving the accuracy 
with which the Kf (A) spectrum can be measured. We have established 
that it is practical to track the density

4
change through the path 

length change by a factor of up to 6 x 10 . In addition, the 
photoelectric detector output may be allowed to vary by as much as a 
factor of 10 without sacrificing the accuracy and precision of the 
measur5ment. Combining the two control features, a dynamic range of 
6 x 10 in the particle number density is readily attained. 

On the matter of the small size limit, the primary consideration 
has to do with the short wavelength content of the continuum light 
source. This is because the entire concept of the size distribution 
determination by light scattering loss spectroscopy has to do with 
analysis of the resonance structure. For experimentally significant 
detection of small size particles the first maximum of Q (R,~) must 
be in the neighborhood of the desired size range. Sincesthe 
practical wavelength limit of light scattering spectroscopy in air is 
1800 .K, we find that the particles of the order of 0.06 µm in radius 
may be brought into resonance at 1800 !. Given that such resonance 
conditions are met, it is possible to determine the particles whose 
radii are as small as 0.01 µm. 

This work has been supported in part by the Chemical Research, 
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Development and Engineering Center of the U. s. Army and Lehigh 
University. The author acknowledges valuable assistance by R. 
Marlowe, A. Verbalis and S. H. Kim. 
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Fig. 7. The product of the optical path length and the 
attenuation coefficient spectrum, measured for 
a filtered aerosol in the downstream light 
scattering station. x = 778.4 cm. The undiluted 
aerosol suspension of Fig. 5 flows through the 
filter section. 
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DISCUSSION 

BERGMAN: What is the smallest concentration of 
particles at about 0.1 µm that your device can measure? 

KIM: It is a good question and I do not 
have a definite answer for it at present. The dynamic range is very 
wide and given a high concentration suspension the technique can 
handle comfortably the suspension downstream of a high efficiency 
filter. My guess is that 10 particles per cc would be alright and 
with special care to optics the optical path length can be increased 
substantially, but how much more has yet to be seen. One other point 
is that we have considered compressing the downstream gas in order to 
increase the particle concentration and shift the burden somewhat from 
the optics. 
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RACTERISTICS. PRELIMINARY CHECKS OF THE SYSTEM AND FIRST RESULTS OB
TAINED. 
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Piazzale A. Moro 2, Roma, Italia· 

E. Neri 
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S.P. Anguillarese 301, 00060, Roma, Italia 

ABSTRACT 

A system for measuring size distribution, concentration and a
verage velocity of aerosol particles, by means of a light scattering 
technique is under study in our laboratory. 
In its ultimate configuration, it should allow to handle concentra
tions up to 10 7 particles/cm3 and particle dimensions within the 0.1 
+ 1.0 µm range. 
A preliminary study using polystyrene latex spheres (PLS) suspended 
in ethyl alcohol has been performed to ensure continuous laminar 
flow condition and controlled monodispersion. 
An argon-ion laser operating at 514.5 nm (JEMoo.) has been used. The 
scattering volume Vs has been defined setting the collection optics 
at an angle of 90° with respect to the laser beam direction. The di
mensions of Vs have been selected to operate in single particle mo
de. Particle sizing is obtained by measuring the peak intensity of 
the light pulses scattered within a given acceptance angle (I&n). 
Preliminary results, obtained with a uniform intensity distribution 
realized using the reduced image of a slit illuminated by the laser 
beam, are presented and discussed. 

Introduction 

A measure of the aerosol characteristics (i.e. aerosol concen
tration, size distribution and average velocity) performed without 
taking any aerosol sample out of the main stream can be very useful 
in investigating the spectral efficiency performances of the parti
culate air filters. 
Such a system should allow the above-mentioned analysis, within the 
flow duct, upstream and downstream of the test filter, using the sa
me technique. 
The particular laser particle spectrometer we are developing, in its 
final version, should perform the analysis of the individual aerosol 
particles within the following characteristic parameter range: 

aerosol number concentration from some 10 2 up to 10 7 particles/cm3 

particle size distribution within the range ( 0 .1 + 1. 0 µm) 

particle average velocity up to some 10 m/s 
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List of Variables 

The list of the quantities we will refer to in the following 
section are: 

Ao = wavelenght of the incident light beam (A) 

b 0 = laser beam radius 

e = scattering angle 

d = particle diameter (µm) 

a = n*d/A0 = scattering parameter 

n =relative refractive index [n(PLS)/n(ethyl alcohol)] 

V~ = scattering volume 

p = pinhole radius 

fl, f2, f3, f4 = foci of lenses Fl, F2, F3, F4 

D = diaphragm diameter 

r = particle number concentration 

m, = f 2/fl = magnification of the incident light optical system 

m& = f 4/f3 = magnification of the collection optical system 

W = slit width 

w• = W * m f 

dcr(n,a,S)/dQ = differential light scattering cross-section 

ht (x,y,z) = collection efficiency 

J(x,y,z; Xe) = photon flux (photons/sec*cm2) 

I( ~0) = light intensity (photons/sec) 

The q~antity to be measured is expressed as: 

f 
d a ( a, n , Ao) 

I A n = dQ J ( \ ) ( ) LUL X, y, z; /\Q fl X, y, Z 
dQ 

flQ 

which, for a given value of the refractive index and for a given e 
will be a function of the product J(x,y,z; ~0)*~(x,y,z) and of the 
scattering parameter a.<4>, p.) 
If one keeps the product J(x,y,z;~J*~ (x,y,z) reasonably constant, a 
direct dependence on a (that is, on the particle size) will be ob-
tained. · 
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General Features Of The Apparatus 

The optical system 
A schematic layout of the optical system used is shown in Fig.1. 

An argon-ion laser beam of radius b 0 , propagating along they axis, 
illuminates a vertical slit S, whose reduced image is focused in the 
center of the sample pipe by a confocal lens system (Fl, F2), in or
der to obtain a rectangular intensity distribution along x. 
The second confocal lens system (F3, F4)~ which defines the scatte
ring plane, is set at 90° with respect to the laser beam direction. 
A pinhole of diameter p is set in the focus of F4, and all the tran
smitted light is collected by a P.M.tube via an optical fiber. 
The limiting diaphragm, of diameter D, set in the common focus of F3 
and F4, selects the angular divergence accepted by the collection 
optics. 

LASER 

lll 
M 

x « 
x 

Y AXIS 

I i Ir,~ 
J: ...J 
Q. : 
<I: : ... : 
0 i l "' 

SLIT \ f 
Im~\ f 

l, I; I 

Ii. 

Fig. 1 Schematic layout of the apparatus 

Due to the axial simmetry, the collection efficiency~(x,y,z) of 
this system can be plotted as a function of r = Jty2+z2) and x in 
the spatial region around the focus of the field lens F3 which is 
chosen as the origin of the reference frame. 
Fig.2 shows the map of ~ (r,x) calculated on the z = 0 plane, for 
f 4 = 300 mm 
f 3 = 140 mm 
D = 10.4 mm 
p = 50 µm 
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Fig. 2 Collection efficiency map 

The maximum efficiency ("t = 1) diamond shaped region centered around 
the origin of the reference frame and the limiting lines out of 
which~= O, can be observed in the figure. 
The collection efficiency never vanishes in the region within these 
two lines, i.e. light scattered within this spatial region is always 
collected by the detector with a collection efficiency which is a 
slowly decreasing function of both x and r. 
As a consequence, the collection optics cannot define the scattering 
volume dimension along the x-direction. 
Now, crossing the rectangular distribution of the laser beam inten
sity with the efficiency distribution of the collection system (i.e. 
setting the origin of the reference frame in the center of the sam
ple pipe) a w_ell defined scattering volume v5 will result in the re
gion where the product 

ri (x,y,z) * J {x,y,z;l-. 0 ) # 0 

In such an arrangement, indeed, all the particles which pass out of 
Vs are not detected, either because J(x,y,z) = 0 or because 

'\. (x,y,z) = 0. 
The single particle mode operation is achieved by a suitable choice 
of the scattering volume dimensions, in order to obtain, for a given 
concentration, 

vs<< 1/p 
( 1 ) 

A digital oscilloscope performs the signal analysis and transmits 
the peak and pulse width values, to a personal computer that acts as 
an M.C.A., ·thus building·up a frequency hystogram of both peak vol
tages and pulse widths related to the light scattered by highly mo
nodisperse calibrating particles during their passage through the 
scattering volume. 
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Scattering volume geometry 

Assuming the following slit S dimensions: 

heigth h >> b0 

width w << b0 

and accounting for the magnification of the optical system 

the resulting intensity profile, is centered in the middle of the 
particle flow with an effective width 

w'= w*m1 

Accounting for the magnification of the collection system 

m 2 = f 4 / f ~ 

the transverse dimensions of the resulting scattering volume in the 
plane x = 0 will be 

where p is the pinhole diameter. 
If wt is chosen smaller than the x-dimension of the ~ = 1 diamond, 
the product ~ * J will be constant for any value of (y,x) inside ~ 
and zero elsewhere. 
Thus, the resulting Vs geometry will be represented by a cylinder 
whose dimensions are: 

height = H = w• 

base diameter = B = P/m2 

To obtain an approximately constant value of the light flux J as a 
function of z as well, the further condition 

has to be fullf illed. 
In our case, (i.e. for a laminar particle flow regime along the z
direction), this condition is not relevant, because we are not con
cerned about the light signal shape but only about the peak value. 

Single particle mode operation 

. The dimensions of Vs can be easily changed varying one or all 
of the following parameters 

i) slit aperture (taking into account diffraction phenomena) 

ii) pinhole diameter 
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iii) magnification of both incident and scattered light lens sy
stems. 

The maximum single particle mode aerosol concentration is determined 
by Eq.(1). This means that the system can be used for varying aero
sol concentration simply changing Vs . 
The maximum concentration f nna~ is found on the further condition 
that "edging effects" are negligible. This condition is given by 

d(((V)1 
s 

In our case (particle diameter~ lµm), the choice 

(V ) 1 = 10 d s 

fulfill the condition; thus, the maximum aerosol concentration theo
retically allowed is given by: 

If; for istance, 
two particles at 
order of 1 % 
The maximum aerosol 

Pmax < < 1 I 1 Q3 d3 

-2 3 3 

Pmax = 10 I 10 d the probability of obtaining 
the same time in the scattering volume is of the 

concentration in this case is: 
. 7 3 

Pmax = l 0 particles / cm 

Preliminary experimental checks 

In order to obtain the light pulses independent of the particle 
flow pattern within Vs , a finely adjustable slit was adopted. 
In this way, only the middle portion of the gaussian laser profile 
is used; therefore, an approximately uniform light density along the 
collection axis x has to be expected. 
The actual distribution achieved in our experimental set-up has been 
checked by measuring the light power distribution throughout the i
maging plane of the slit by means of a 5 µm diameter pinhole coupled 
to a photodetector. 
The resulting data are plotted in Fig.3 

I (x) 
lmax - Imin 

!!,. I - 18 % 
lave 

Fig. 3 Light intensity distribution along the x axis in the imaging 
plane of the slit S 
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The same profile of the distribution could be obtained rotating the 
slit of 90° and recording on the digital oscilloscope the signals 
related to the light scattered by the latex particles while passing 
through the scattering volume. · 
In this case the limiting effect of the slit concerns the z axis, 
namely, the direction of the particle flow. A simple way of measu
ring the particle velocity in the actual flow regime can thus be ob
tained. 

Pulse height resolution 

In order to distinguish between the different contributions to 
the signal spreading (i.e. inhomogeneity of the light density di
stribution within the scattering volume, photon statistics, etc.) a 
preliminary analysis of the intrinsic spreading of the signal ampli
tude related to a train of simulated rectangular light pulses has 
been performed. 
Both height and width of the rectangular light pulses have been cho
sen so that the photons constituting the individual pulses are ap
proximately as many as those constituting the real pulses scattered 
by the PLS particles during their passage through v5 (Tab.1). 
The observed spreading will be taken into account in the subsequent 
analysis of the experimental data. 

Tab.l 

photons/ sec ~ph photons/sec · ~ph 
( 

~ 

9 * 10 77 % 1.08 * 10 22 % 
( ~ 

1.8 *10 54 % 2.16*10 15 % 
l1 ~ 

3.6 * 10 38 % 4.32 * 10 10 % 
8 9 

7.-2 * 10 28 % 8.64 * 10 6.5 % 

P.M.T. response characteristics 

In order to check the response characteristics of the P.M.T. 
within the pulse height working range, the light power scattered by 
the particles has been evaluated using the measured power incident 
onto the particles and the calculated values of the angular dif fe
rential scattering cross-section relative to different values of the 
scattering parameter a.C4}, Ct> 
The simulated conditions have then been obtained by means of a green 
LED feeded by a "WAVETEK" pulse generator. 
Optical coupling and PMT power supply were the same as those adopted 
during the test runs with the PLS spheres. 
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Preliminary Test Results 

In order to avoid the presence of both multiplets and interfe
ring aerosols produced by the spraying process, a liquid suspension 
of highly monodisperse polystyrene latex (PLS) of known size has 
been used. 
The monodisperse polystyrene latices were constituted by particles 
supplied by Dow Chemical Co. 
All latices used were previously filtered and carefully purified to 
be sure that only monomeric particles were present in the suspen
sion. C 3) 

% % 

% 

channels (mV /ch) 

PLS = 1..1 µ 

Fig. 4 

channels (mV /ch) 

PLS = 0.822 µ 

Fig. 6 

% 
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The monodispersion was checked before running the tests by a photon 
correlation laser spectroscopy technique.< 3 > 

The spectral response of the system to these monodisperse aerosols 
has been determined running a few preliminary tests under controlled 
laminar flow condition (Re = 40) in a particle concentration range 
of about 104 + 10~ p/cm3. 
Figs.(4,5,6) show the hystograms of the spectral response of the sy
stem to PLS particles of 1.1 µm; 0.49 µm and 0.822 µm in diameter, 
respectiyely. 
The relative spreading that affects the experimental data, can be 
roughly explained in terms of the optical set-up characteristics and 
photon statistics. 
The measured relative spreading resulting from the power density 
fluctuations within the scattering volume Vs has been found to be a
bout 18 % , while the relative spreadings, caused by the fluctua
tions related to the variable number of photons which constitute the 
single light pulses scattered by particles of different diameter, 
have been found to be about: 

= 12 % for particles 1.1 µm in diameter 

= 38 % for particles 0.822 µm in diameter 

= 26 % for particles 0.49 µm in diameter 

A relative spreading of 

~ ( 1.1 µ) ~ \/(~!) + (~ph) 

~ (0.822 µ) ~ \/(~I) + ( ~ph) 

~ ( 0.49 µ) ;;:: \/ (~I) + ( ~ph) 

- 21.6 % 

- 42 % 

= 31.6 % 

should be expected in the hystograms of Figs (4,&,5) 
Fig.(7) shows the spectral response of a run performed on a suspen
sion containing both 0.822 µm and 0.49 µm PLS particles. 
The corresponding peaks are well resolved, exhibiting no appreciable 
overlap. 

Conclusions 

Due to the relative refractive index [n(PLS)/n(ethyl alco
hol)=l.171] light scattering is less intense than in the case of 
airborne particles. For this reason, the spreading related to the 
photon statistics will contribute to a less extent when performing 
the measurements into an aerosol laden air flow. 
A 90° scattering geometry has been chosen since it optimizes the de
finition of the scattering volume Vs. 
This in turn allows a very good resolution between particles of dif-
ferent sizes in their actual flow regime. . 
On the other hand, in this scattering configuration the li~ht scat
tered by the particles is strongly dependent on the refractive in
dex, therefore, it is difficult to perform the calibration of the 
instrument. 
To overcome this difficulty, a new arrangement of our system is fo
reseen which includes also a forward scattering collection optics. 
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In this case it's easier to relate the interference pattern of the 
light scattered by the particles to their sizes and average shapes. 
The light pulses collection will be enabled by the 90° collection 
system, so that we'll be sure to gather only the light scattered by 
the particles that pass through the scattering volume previously de
fined. 
The single particle mode operation would be still fullf illed on the 
condition that a suitable slit aperture coupled with a light beam 
stop in forward direction is adopted. 
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NUCLEAR GRADE HEPA FILTERS* 
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Abstract 

We ha~e developed a new test procedure for evaluating filter penetrations as 
low as 10- at O.l-µm particle diameter. In comparison, the p5esent U.S. nuclear 
filter certification test has a lower penetration limit of 10- • Our new test 
procedure is unique not only in its much higher sensitivity, but also in avoiding 
the undesirable effect of clogging the filter. Our new test procedure consists 
of a two-step process: (1) We challenge the test filter with a very high 
concentration of heterodisperse aerosol for a short time while passing all or a 
significant portion of the filtered exhaust into an inflatable bag; (2) We then 
measure the aerosol concentration in the bag using a new laser particle counter 
sensitive to 0.07-µm diameter. The ratio of particle concentration in the bag to 
the concentration challenging the filter gives the filter penetration as a 
function of particle diameter. The bag functions as a par~icle accumulator for 
subsequent analysis to minimize the filter exposure time. We have studied the 
particle losses in the bag over time and find that they are negligible when the 
measurements are taken within one hour. We also compared filter penetration 
measurements taken in the conventional direct-sampling method with the indirect 
bag-sampling method and found excellent agreement. 

I. Introduction 

The present U.S. filter test method used to certify high-efficiency 
particulate air (HEPA) filters for use in nuclear facilities will not have 
sufficient sensitivity for future grade HEPA filters. The current filter test 
method, which uses 0.3-µm dioctyl phthalat5 (DOP) aerosol~)and a light-scattering 
photometer, has a sensitivity limit of 10- penetration.l This sensitivity is 
adequate for the present nuclear grade HEPA filters, but not for future more
efficient filters. Th~ present nuclear grade HEPA filters have a maximum 
penetration of 3 x 10- • Ultra-Low Penetration Air (ULPA) filters that have less 
than 10- penetration for O.l-µm particles are already in wide use in clean rooms 
in the semiconductor industry. Since the air cleaning requirements in existing 
and future processes involving nuclear materials are becoming more stringent, the 
use of ULPA filters in these. processes will also increase. Unfortunately, no 
adequate test method currently exists to certify the efficiency of these filters. 

Considering the large quantity of ULPA filters already in use and planned 
for use in clean rooms, the lack of an adequate test procedure represents a major 
problem. To address this problem, many companies and organizations are 
investigating new test methods for determining the penetration of these 
filters. The most notable of these organizations is the Institute of 
Environmental Sciences, which has formed a working group to establish a 
recommended practice for ULPA filtration. This group is currently conducting a 

*This work was performed under the auspices of the U.S. Department of Energy by 
Lawrence Livermore National Laboratory under contract No. W-7405-ENG-48. 
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round-robin test on various low-penetration filter media using only laser 
particle counters. Several filter manufacturers are also advertising the 
efficiency of their ULPA filters for 0.12-µm diameter particles as measured by a 
laser particle counter. However, 0.12-µm is the smallest particle size their 
laser counters can measure. 

These various efforts to establish an ULPA filter test method are all based 
on using a laser particle counter as a substitute for the current photometer test 
with 0.3-µm dioctyl phthalate (DOP) aerosols. The implicit assumption in these 
new laser tests, as well as in the current DOP photometer test, is that the 
penetration of any filter can be represented by the penetration measurement for a 
single particle size. Unfortunately, this is not true since all filters have a 
maximum penetration at a specific particle size and a lower penetration for other 
particle sizes. Moreover, the particle size of maximum penetration can shift to 
smaller or larger sizes depending on the filter parameters, such as the diameter 
of the fibers in the filter mat (smaller fiber yields a smaller particle diameter 
of maximum penetration; a larger fiber yields a larger particle diameter of 
maximum penetration), and the test conditions, such as the air flow (higher flow 
rate yields a smaller particle size(2f maximum penetration, and a lower flow 
yields a larger particle diameter). J Thus, it is necessary to measure filter 
penetration as a function of particle size to measure the maximum filter 
penetration. 

For filters having even lower penetrations than 10-6 there is an additional 
problem due to filter clogging. In order to measure a sufficient number of 
particles that penetrate the filter, the filter has to be challenged with such a 
large quantity of aerosols that the filter becomes clogged. This filter clogging 
causes serious errors in the penetration measurement, even for the new filter 
tests that are being developed using laser particle counters. We encountered 
this clogging problem when we attempted to measure the aerosol penetration in 
venting filters proposed for use in containers for transporting transuranic 
waste. This report summarizes our work to develop9a new filter penetration test 
that can measure filter penetrations as low as 10- without encountering the 
filter clogging problem. 

II. Previous Test Methods for ULPA Filters 

Figure 1 shows a schematic of our standard test method for evaluating ULPA 
filters. The method uses particle-size spectrometers to measure the particle 
concentration as a function of size before and after the test filter. The ratio 
of the downstream to upstream concentration yields the filter penetration as a 
function of particle size. Since the concentration of the challenge aerosol 
typically exceeds the limits of the particle-size spectrometer, it is necessary 
to dilute the challenge aerosol before making the upstream measurement. The 
particle size spectrometer in our studies consists of an electrostatic classifier 
(EC) coupled to a condensation nuclei counter (CNC) for measuring particle sizes 
from 0.01- to 0.5-µm diameter and a LAS-X laser counter for measuring particle 
sizes from 0.12- to 3.0-µm diameter. The complexity ~f this system requires a 
computerized data-acquisition and instrument control. Figure 2 shows the 
penetration as a function of particle size for a HEPA filter having a DOP 
photometer penetration of 0.005%. We used the filter test method shown in Fig. 1 
to generate this data. Note that the limiting size of the laser counter falls on 
the peak filter penetration. 

Figure 3 shows an alternative test method for evaluating ULPA filters. This 
method is based on challenging the filter with a monodisperse aerosol and 
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counting the particles before and after the filter. The ratio of the particles 
penetrating the filter to those challenging the filter is the filter penetration 
at that particle size. We can use the test method in Fig. 3 to generate filter 
penetration as a function of particle size. This is done by varying the size of 
the monodisperse aerosol and measuring the penetration at each size. TSI, Inc. 
has developed an automated filter tester that uses an E~)to generate monodisperse 
aerosols and a CNC to measure the filter penetration. l 

The two filter-test methods shown in Figs. 1 and 3 are the primary methods 
for measuring filter penetration in ULPA filters. In principle, the two methods 
are equivalent and yield identical penetration measurements. However, in 
practice, the two methods are not equivalent because of limitations of the 
components. We have compared the two test methods in Table 1. 

Table 1. Comparison of filter test methods 

Filter size limit 

Maximum particle 
concentration 

Sample flow rate 

Sample time 

Filter plugging 
tendency 

Monodisperse 

Sma 11 filters 

105 particles/cc 

0.31 l/min (1.4 l/min) 
for CNC 

Long for CNC 

High7for penetrations 
<10-

Heterodisperse 

No size limits 

107 particles/cc 

0.1 l/min for laser 
0.3 l/min (1.4 l/min) 
for CNC 

Short for laser 
long for EC/CNC 

High7for penetrations 
<10-

The lack of a high-output monodisperse aerosol generator limits the size 
filter that can be tested with the monodisperse method to small hand sheets and 
respirator cartridges. Using5an EC as a mocodisperse generator also limits the 
challenge concentration to 10 particles/cmj. The monodisperse method typically 
is also more time consuming than the heterodisperse method because of the time 
required to make concentration measurements at each of a series of different 
particle sizes. For the heterodisperse method using a laser spectrometer, all of 
the particle sizes are measured at the same time. However, if an EC and a CNC 
are used as the spectrometer, then the sample time is the same for the two test 
methods. Both test methods also suffer equally fro~ filter plugging when 
measuring filters having penetrations less than 10- • 

Based on the test characteristics shown in Table 1, the preferred filter 
test method for future nuclear grade filters is that based on heterodisperse 
aerosols. The single most important factor controlling the selection of test 
method is the lack of a large capacity monodisperse aerosol generator. This 
restricts the monodisperse test method to very small filter units. In contrast, 
the heterodisperse method has no such restriction and is already being used to 
evaluate full-scale HEPA and ULPA filters. 
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A recent improvement in laser particle counters has made the heterodisperse 
test method even more attractive. Particle Measuring Systems, Inc. has 
introduced a new laser particle counter, µ-LPS-HS, that can count particles as 
small as 0.065-µm diameter. This increased sensitivity allows filter penetration 
measurements over a sufficiently wide range to accurately define the penetration 
curve. Figure 4 shows the penetration measurement of two similar HEPA filters, 
one measured with the new µ-LPS-HA and the other with the LAS-X. The LAS-X could 
measure only half of the penetration curve, while the µ-LPS-HS measures the 
complete curve. Prior to the introduction of the µ-LPS-HS, it was necessary to 
use the EC and CNC for the smaller particle size measurements, which added 
greatly to the sampling time. 

For filters with penetrations less than 10-7 none of the test methods are 
satisfactory because of the problem with filter clogging. If a filter is not 
loaded with particles, there is no difference in the filter penetration between 
solid and liquid particles in the region of maximum filter penetration. However, 
if the filter is loaded with particles, then there is a large difference in the 
filter penetration between solid and liquid particles. By the time a sufficient 
number of particles is measured downstream of the filter, the filter becomes 
clogged with particle deposits, which severely alters the penetration 
measurement. If solid particles are used in the filter test, the primary effect 
of the filter clogging will be a reduced filter life and an undereltimation of 
the filter penetration. This is caused by the buildup of solid particles trapped 
on the filter mat, which helps to capture other challenge particles, thereby 
yielding an erroneously high efficiency. The solid particles remain in the 
filter and cannot be removed by drying the filter, as is possible with liquid 
particles; this leads to a reduced filter life. 

If liquid particles are used, then the filter loading can cause an 
overestimation of filter penetration. The liquid particles trapped on the filter 
fibers will coalesce and travel toward the back of the filter because of the air 
flow; once the liquid reaches the downstream side it can spray out, implying an 
anomalously high penetration. In a real environment, however, a concentration so 
high would never occur that such problems as.liquid spraying and solid-particle 
loading would be a concern. The liquid particles can also cause potential 
problems in clean-room applications due to liquid evaporation. 

Figure 5 shows the penetration of dioctyl sebacate (DOS) aerosols through a 
Matheson filter Model 6134-PSFF. The increasing filter penetration seen in the 
repeat measurements is due to particle spraying from the rear side of the filter. 

III. New Test Procedure 

We analyzed the filter test method to see what parameters could be altered 
to minimize filter clogging during the filter test. The objective was to modify 
those parameters in the test procedure that had the greatest impact on clogging. 
The filter penetration measurement consists of measuring the particle 
concentration upstream and downstream of the filter. Since the upstream 
concentration is very high and easy to measure, we concentrated on the downstream 
measurement. Equation 1 shows the many parameters the affect the downstream 
concentration measurement. 

N(d) = Cu(d} x PF(d} x Fs x Es(d) x Eo(d) x t 
where, 

d = particle diameter 
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N(d) = downstream particle counts 
Cu(d) = upstream particle concentration 
PF(d) = filter penetration 
Es(d) = efficiency of particle size separator 
E0(d) = particle detector efficiency 
t = time 
Fs = sample flow rate 

We see that the only parameters that we can adjust are the upstream particle 
concentration, Cu(d), the sample time, t, and the sample flow rate, Fs. The 
upstream particle concentration and sample time are inversely related. These 
parameters offer no help in reducing the filter clogging problem. The efficiency 
of particle size separator is necessary for spectrometers using the EC to account 
for the significant particle losses. 

The efficiency of the particle size separator, E , accounts for any particle 
losses. For example, a significant particle loss in the EC can lead to a tenfold 
decrease in the downstream particle concentration. A major source of the 
particle loss in the EC is the small fraction of particles that are charged in 
the EC. Researchers are investigating method$5for reducing this loss by 
increasing the fraction of charged particles.l J There is no comparable loss in 
laser particle counters. Since this loss term depends on the particular 
instrument used, we cannot modify it in our filter test procedure. 

The particle detector efficiency, Ed, depends on the particular instrument 
used in filter testing. For ULPA filter testing, the primary concern is 
measuring the small particle sizes. The CNC detectors generally have 100% 
counting efficiency while laser optical counters have decreasing counting 
efficiency as the particle size decreases to the counter detection limit. We 
will therefore treat the particle detector efficiency as a fixed parameter in our 
test procedure development. 

Thus, the only remaining parameter we can modify to minimize the filter 
clogging is the sample flow rate, Fs. From Table 1, see that the sample flow 
rate for the CNC and laser counter is 0.3 l/min and 0.1 l/min, respectively. 
TSI, Inc. has recently introduced a new CNC that has a flow rate of 1.4 l/min. 
These flow rates are very small compared to the flow through a test filter. In 
most of our tests on Sandia National Laboratories filters, the filter flow rate 
was 20 l/min. Thus, only a small fraction of the particles that penetrate the 
filter are actually counted. The situation is far worse for standard 
610 x 610 x 305 mm sized ULPA filters. Since the sample flow rate is determined 
by the instrument, we could not change this parameter. 

However, we were able to increase the effective sample flow rate by 
collecting all of a large fraction of the filter exhaust in a plastic bag for 
later analysis. Figure 6 shows that we have replaced the downstream particle 
spectrometer with a sample bag. By trapping all or a large fraction of the 
filter exhaust in an inflatable Tedlar bag, we can significantly reduce the 
exposure time of the ULPA filter. Previous instruments measured only a small 
sample of the downstream air, requiring a long time before a large enough 
specimen could be obtained. Our sampling bag collects a large amount of the exit 
air, allowing a measurement from the total sample, rather than a proportionate 
sample. The challenge aerosol is removed once the bag is sufficiently full. 
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We then measure the particle-size distribution in the bag using the 
particle-size spectrometers; from this we can determine the total number of 
penetrating particles in each size increment, and also the particle diameter of 
maximum penetration. This new filter test method effectively saves the 
downstream aerosol sample to accommodate the small sampling rate of the particle
size spectrometer. 

Figure 7 is a schematic of the filter test apparatus developed in this 
study. The key elements of the apparatus are the particle generator, the 
particle counter, the particle collection bag, and the diluter. A variety of 
different particle generators and particle counters can be used in this 
apparatus. In our study, we used a Laskin nozzle generator to generate DOS 
aerosols. The particle counter was a µ-LPS-HS laser counter from Particle 
Measuring Systems, Inc. This instrument can measure particles as small as 
0.065-µm diameter. The flow system in the test apparatus is completely sealed to 
prevent excessive purging of the air lines. The thick tubes in Fig. 7 represent 
the air flow rate of the test filter, while the thin tubes represent the sample 
air flow. Although Fig. 7 shows valves in the sample lines, we did not use any 
on the downstream side of the filter. We found that most valves generate 
aerosols that interfere with our filter test measurements. In place of the 
valves in Fig. 7, we used surgical clamps and surgical tubing to direct the air 
flow. Also not shown in Fig. 7 are the differential pressure and mass flow 
meters that are used to measure the filter flow resistance as a function of air 
flow. 

The diluter used in our test apparatus is shown in Fig. 8. This diluter has 
two stages of dilution to achieve dilution ratios of 10,000 - 40,000 to 1. In 
the first stage dilution, a small volume of concentrated aerosols is blended with 
a large volume of filtered air. We use a photometer in the first stage dilution 
to verify that the particle concentration remains constant throughout the filter 
test. A small sample of the diluted aerosol is then pulled through a HEPA filter 
with a capillary tube pressed through the filter. This allows a small amount of 
unfiltered air to pass through, thereby providing a second stage dilution. We 
verified the dilution ratio of each dilution stage in separate experiments by 
measuring the particle concentration as a function of particle size before and 
after the diluter. The product of the two dilution ratios was then used as the 
dilution ratio in our filter tests. 

The test procedure used in our filter tests consists of a sequence of steps 
that insures a minimum background particle concentration for the ultra-low filter 
penetration measurements. The first few steps are conducted using the filtered 
air and no aerosols. After the test filter is installed, we measure the pressure 
drop across the filter as a function of air flow. We then measure the background 
particle concentration using the direct line in Fig. 7 to sample a portion of the 
flow toward )he dump. If the total concentration is less than 0.01 
particles/cm , then both the filter and the particle counter are satisfactory, 
and we proceed with cleaning the bag and measuring the background 
concentration. We do this by repeated cycles of inflating and evacuating the bag 
using filtered air passing through the test filter and into the bag. If the 
background concentration exceeds 0.01 particles/cm3 in either of the two steps, 
we discontinue the test and take corrective action before proceeding. The 
problem is usually due to leaks into the system, although we sometimes encounter 
dirty filters that shed small p~rticles. 

Once all of the background concentration measurements are completed, we 
adjust the particle generator and measure the particle concentration challenging 
the filter. To do this, we dilute a sample of the concentrated aerosol and 
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measure the particle concentration using the µ-LPS-HS. The measured particle 
concentration is then multiplied by the dilution ratio to yield the particle 
concentration that challenges the filter. The test filter is not exposed to the 
concentrated aerosols during these measurements. A valve, not shown in Fig. 7 
directs the concentrated aerosols to a dump. 

We then measure the concentration of aerosols that penetrate the test filter 
by directing the concentrated aerosols through the filter and into the collection 
bag. The bag was previously cleaned and evacuated in a previous step. After a 
short time to purge the lines, the bag exit is sealed, which causes the bag to 
inflate. After the bag is inflated to the desired level, the challenge aerosol 
is diverted to a dump, and the bag inlet is sealed. We then measure the particle 
concentration in the bag by opening the bag exit clamp and pull the bag sample 
into the particle counter. Depending on the desired precision of the penetration 
curve, we count the bag sample for one to two hours. 

IV. Evaluation of New Test Method 

We compared filter penetration measurements using the bag sampling method 
with measurern~nts on the same filter using the direct-sampling method and found 
excellent agreement. Figure 9 shows that the bag method yields essentially the 
same penetration as the direct method. The comparison test was made on a 
relatively low efficiency filter so we could measure the filter penetration using 
the direct method without clogging the filter with aerosol deposits. We could 
not conduct similar tests on higher-efficiency filters because the filter would 
become clogged with aerosol deposits in the direct-sampling method. 

We also investigated particle losses in the bag sampling system and losses 
inside the bag after extended aging. Figure 10 shows the-minimal particle loss 
that occurs in passing from the test filter, through the bag and into the 
particle counter. We see that about 95% of the particles pass through the 
sampling system (5% loss). There is a small decrease in particle penetration 
with decreasing particle size below O.l-µm diameter, presumably due to Brownian 
motion. 

Figure 11 shows the decrease in particle concentration after increasing 
times inside a Tedlar bag. Although the- exterior of the bag was treated with an 
anti-static agent, it is very likely that an important factor in the particle 
loss is due to electrostatic forces. If the particle concentration inside the 
bag is not measured immediately, then the resulting penetration measurements will 
have increasing error at increasing bag residence times. This is shown in Fig. 
12. It is possible that even the immediate bag measurement has an appreciable 
error due to the rapid decrease in particle concentration since it takes about 30 
minutes to take the bag measurement. 

We conducted additional particle-loss experiments to see the effect of 
electrostatic charge on the bag. Figure 13 shows the particle concentrations at 
increasing residence time in a Velostat (electrically conducting) bag. Comparing 
the decrease in particle concentration in Figs. 11 and 13 shows less particle 
loss in the electrically conductive bag than in the electrically insulating 
bag. The corresponding penetration curves, computed from the data in Fig. 13, 
are shown in Fig. 14 and have a similar trend. However, the error in the 
computed filter penetration is not as great when using the electrically 
conductive bag compared to the insulating bag. These tests confirm that 
electrostatic forces play a major role in particle losses within the bag. 
Although we can significantly decrease these losses by using an electrically 
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conducting bag, the losses are still very large at increasing bag residence 
times. Thus, it is necessary to take the particle concentration measurements 
from the bag immediately after the bag is filled. 

The effect of particle concentration on particle loss in the bag can also be 
seen in Fig. 13. Since the bag is electrically conducting, loses due to electric 
field deposition are eliminated. Recent studies (6) have shown that the rate of 
particle loss in static chambers is directly proportional to particle 
concentration. Thus the fraction of particles lost in the bag is lower for 
filters having a lower penetration than for filters having a higher penetration. 

V. Filter Penetration Measurements on Sandia Filters 

We conducted a large number of filter-penetration tests on ULPA filters 
using the test method described in this report. Figure 15 shows the ULPA filter 
and the internal filtering elements that were fabricated at Sandia National 
Laboratories. The ULPA filter element is a cylinder formed by wrapping glass 
fiber media over itself five times. A wire screen is wrapped over the cylinder 
to provide structural support. The cylinder is sealed to an end cap and to the 
entry port of the filter holder using a high-temperature silicon adhesive. The 
ULPA filter assembly is then completed by welding a filter housing onto the 
filter element. 

The typical results of our filter penetration measurements are shown in 
Figs. 16 and 17. We measured the filter penetration at 20 l/min since this flow 
rate was the maximum flow anticipated through one filter. The pressure drop 
across the filter at this flow rate is about 0.3 psi. Figure 16 shows the 
particle concentration upstream and downstream of the filter as well as the 
background noise. In separate experiments, we established that the background 
was due to instrument noise, not particles. We compute the filter penetration 
from the ratio of the downstream to the upstream concentration after subtracting 
the background. Figure 17 shows the results of these computations. Based on 
many similar 9est results, the ULPA filters have a peak particle penetration of 
about 5 x 10- • 

The scatter in the penetration data is due to the small number of particles 
counted in the bag. The solid line in Fig. 17 represents the expected 
penetration curve if we had a large number of parti.cles. We could decrease the 
scatter by sampling the particles in the bag for longer times. For example, Fig. 
18 shows the penetration on another filter in which we sampled the bag for four 
hours. However, since we know that increasing the particle residence time in the 
bag will increase the error in filter penetration, we typically sample the bag in 
less than one hour. 

VI. Conclusions 

We have developed a new filter test method that measures filter penet9ation 
as a function of particle size for filters with penetrations as low as 10- • 
This new method overcomes the problem of filter clogging with particle deposits 
that occurs with previous filter test methods. Our new method consists of 
collecting all or a significant portion of the filtered exhaust into an 
inflatable bag to minimize the filter exposure to the particle challenge. We 
then measure the particle concentration in the bag in a separate step. Although 
particles are lost in the bag if it is left standing for many hours, the loss is 
not significant if the bag is sampled shortly after filling. Filter penetration 
measurements using the new bag technique are in excellent agreement with previous 
test methods. 
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Figure Captions 

Figure 1. Schematic of existing filter-test method for measuring filter 
penetration of HEPA and ULPA filters as a function of particle size. 

Figure 2. Experimental penetration of a HEPA filter as a function of DOS 
particle diameter. The.LAS-X counter measures particles greater than 
0.12 µm diameter. 

Figure 3. Schematic of filter-test method using monodisperse aerosols for 
measuring filter penetration of ULPA filters as a function of particle 
size. 

Figure 4. Experimental penetration of two similar HEPA filters, one measured 
with a µ-LPS-HS and the other with a LAX-X laser particle counter. 

Figure 5. Experimental penetration of an ULPA filter as a function of DOS 
particle diameter. During the 12-minute test, five repeat 
measurements were made with the LAS-X particle counter for particles 
greater than 0.12 µm and a single measurement with the EC-CNC analyzer 
for particles smaller than 0.12 µm. 

Figure 6. The new filter-test method for measuring filter penetration of ULPA 
filters, using a bag sampler. 

Figure 7. Filter test apparatus. 

Figure 8. Schematic of diluter set-up used in these tests. 
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Figure 10. 

Figure 11. 

Figure 12. 

Figure 13. 
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The new bag method yields essentially the same results as the direct 
method. 

Particle penetration through the bag sampling system, from the test 
filter, through the sample bag to the particle counter. 

Particle concentration measurements in a Tedlar (electrically 
insulating) bag at increasing times. 

Filter penetration calculations using the bag concentration 
measurements from Fig. 11. 

Particle concentration measurements in a Velostat (electrically 
conducting) bag at increasing times. 

Figure 14. Filter penetration calculations using the bag concentration 
measurements from Fig. 13. 

Figure 15. ULPA filter and internal filtering elements viewed.from the inlet 
opening. · 

Figure 16. Typical particle concentration measurements upstream and downstream of 
the ULPA filters. The background is due to instrument noise and not 
particles. 

Figure 17. Particle penetration through ULPA filter using the data from Fig. 16. 

Figure 18 •. Particle penetration through the ULPA filter using particle 
concentration data obtained from a four-hour bag sample. 
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DISCUSSION 

POURPRIX: Have you considered the effect of the 
electrical charge of particles on the bag deposition? 

BERGMAN: Yes, we have. Because of the 
limitation of time I did not present all the results. The question 
about charge interfering with the test method is discussed in the 
paper. In the paper, there is an ~xample of a Tedlar bag which does 
not conduct electricity and can build up a charge on the bag. If we 
compare Figures 11 & 12 with Figures 13 & 14, we see a greater par
ticle loss in the insulating bag than in the conducting bag. The 
increased particle loss in the non-conducting bag is due to electrical 
effects. The result is a more dramatic loss of particles within the 
bag. The effective particle charge is due primarily to storage in the 
bag. Charged particles would be trapped within the filter because of 
the extra collection mechanism. We are talking about a io9 protection 
factor for a filter, any particle with a charge will be trapped in the· 
filter. An unfortunate thing about particles is that even when you 
neutralize them they rapidly regain a charge, so just passing them 
through a tube will increase a charge, we can not avoid it. One of 
the big sources of charge is the charge on the bag that causes pre
cipitation. Therefore, all our test methods are now done with a 
conductive bag. duPont sells some of these and other plastic manu
facturers do, also. 

SCRIPSICK: Is there any treatment to the bag so 
that it is particle free on the inside? Much of the focus has been on 
particle loss in the bag. Have you found problems with particles 
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being resuspended from the inside surface of the bag, especially 
during flexing for inflation? 

BERGMAN: No, we do not have a problem with 
particles being released from the bag surface. As described in the 
paper, we have a stringent procedure for measuring background aerosols 
from any source, whether from leaks in the system or particle released 
from surfaces inside the test system. We measure the concentration of 
particles in the bag using clean filtered air to challenge the filter. 
Every step in this background test is identical to the test with an 
aerosol challenge. If there are particles present in the background 
bag measurements, the test cannot proceed until the source of back
ground particles is removed. The most common source of background 
particles appears to be due to leaks and not wall releases. 

DYMENT: Some years ago, about 25 to be exact, 
we were carrying out some penetration tests on fine-fiber filter media 
with sodium chloride aerosols. We were sampling both upstream and 
downstream of these filters, using either thermal precipitators or 
electrostatic precipitators, depositing onto~electron microscope grids 
coated with carbon films, and then counting particles to establish 
upstream and downstream concentrations and relative size distribu
tions. We had problems with clogging effects at this time, and to 
reduce flow through the filter, for the same reasons as the present 
authors, we collected our downstream samples in a PVC bag which was 
coated inside and out with an anti-static fluid. We had to sample 
from the bag for one to two hours in order to get a sufficient con
centration onto our grid samples and I would affirm that this 
"accumulation" technique was very useful for this type of 
circumstance; although I would characterize it as a "last resort" 
method for any kind of regular testing protocol because of the tedium 
involved. We were very worried about the possibility of decay of the 
aerosol in the bag but we concluded that it was alright for the 
laboratory experiments inasmuch as overall accuracy in this type of 
work was not great at that time. We did not have the benefit of laser 
techniques to determine particle size. 

BERGMAN: I agree the method is classified as a 
"last resortn method. Unfortunately, it is the only option that we 
have for filters with penetration less than 10-7 

DYMENT: Does your Figure 14 give "snapshot" 
or integrated values for the specific times? You cited one hour, two 
hours, 14 hours, 42 hours. Are the effects integrated over time from 
naught to the stated time or are they point values? 

BERGMAN: Figure 14 gives a "snapshot" of the 
measured penetration measurements. 

DYMENT: 
period? 

They are integrated over the complete 

.BERGMAN: They are, .. .at that time, integrated 
results. It is a snapshot of what happened. Mr. Dyment raised t~o 
points. One, if you use this bag technique on filters, as he correct
ly assessed, (and I am glad he did evaluate it many years before as it 
illustrates that is an appropriate method) on filters when you can 
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measure downstream concentration directly, you will have such a high 
concentration that you will have increased coagulation and, co~se
quently, greater deposition in the bag. We are talking about much, 
much lower concentrations, several orders of magnitude lower con
centration, where coagulation does not occur. It is a stochastic 
process, just a few particles here and there, so the rate of decay in 
the bag is not of the same order of magnitude as would be experienced 
at higher concentrations. The second point is that it is a despera
tion act, when there is no other technique. I would be the last one 
to advocate it for mass testing, but when you have no other way of 
testing the performance of filters, this is a solution, a stop gap 
measure, until new technology, new instrumentation, new techniques, 
can be developed. It allows you, with relative ease, using standard 
instruments and standard test methods, to evaluate filters that the 
nuclear industry wants to use in applications like venting transuranic 
containers on the highways. If you do not have a suitable test 
method, it will not be possible to use the containers. It is a last 
resort, but it does give a means of assessing the performance of such 
filters. 
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METHODS OF TESTING HEPA FILTERS WITH SHORT UPSTREAM APPROACFIES 

G. Q. Kirk, C. E. Childress, and D. D. Schmoyer 
Martin Marietta Energy Systems, Inc. 

Oak Ridge, Tennessee 

Abstract 

The design of an air cleaning system to be used in a high gamma 
radiation/field presented unique problems for in-place Dioctyl 
phtha~afe (DOP) leak testing. The design required remotely 
9naflgeable HEPA (High Efficiency Particulate Air) filters in a 
-disposable, stainless steel housing, located underground in a 
stainless steel-lined concrete pit. The conventional approach of 
providing ten duct diameters of upstream mixing for the dispersion 
of the challenge aerosol was not a viable solution to the necessity 
of testing the second filter stage in the system. 

To establish aerosol (DOP) injection ports that could provide 
mixing in accordance with ANSI N510-80, a full-scale housing was 
built. The housing and components were built of Plexiglas to view 
the DOP streams. A series of tests was designed in which the 
following factors were varied: (1) aerosol distributors, 
(2) aerosol distributor locations, (3) baffle design, and 
(4) baffle location. DOP concentration measurements were taken 
immediately upstream of the filters. The uniformity score, as 
determined by ANSI N510-80, was defined as the larger of maximum 
minus average divided by average, or average minus minimum divided 
by the average values of DOP concentration. Three tests met the 
uniformity score requirement of 0.20, but all three had ten duct 
diameters of upstream mixing. The type of aerosol distributor, 
duct length, and flow rate were found to most affect the uniformity 
score. 

Report 

ANSI/ASME N510-80, Testing of Nuclear Air Cleaning Systems, is 
the standard used by Oak Ridge National Laboratory (ORNL) to control 

in-place testing of HEPA filters. This standard covers "field 
testing of engineered safety features and other high efficiency air 
cleaning systems for nuclear power plants and other nuclear 
applications". The standard also provides "a basis for the 
development of test programs and detailed acceptance and 
surveillance test procedures". 

Three 1,000 CFM HEPA filters would be necessary to handle the volume 
in the unique ORNL off-gas system. The three would be stacked in a 
vertical array and mounted in a stainless steel housing that would 
be disposed of. Since the gamma fields in which the filters would 
be located are on the order of 100 R/HR, commercially available bag
in/bag-out units were judged to be difficult to design for ALARA- (As 
Low As Reasonably Achievable) criteria. 

1210 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

A filter housing, similar to the one shown in Fig. 1, would be 
provided with 18-in.-diam inlet and outlet openings, each equipped 
with quick-disconnect joints for coupling the openings to the 
permanent ducting system. As depicted in Fig. 1, the housing would 
be located underground in a stainless steel-lined concrete pit, 
covered with a movable concrete slab. Thus remotely operable, quick 
disconnect joints where the housing interfaces with the permanent 
ducting system would be necessary. The conventional approach of 
providing ten duct diameters of upstream mixing for the dispersion 
of the challenge aerosol was not a viable solution due to the 
necessity of testing the second filter stage in the system. 

STAGE 1 
STAGE 2 

r--, 
I I 
I I 

,----, 
I I 
I I 
I I 

------,---~--

I I 
I I 
L--_J 

I I 
I I L __ .J 

1-REMOVABLE--l 
HOUSING 

TOP VIEW 

SLAB OVER 
PIT 

-5 ft.· 6 In. 
REMOVEABLE 

HOUSING 

ELEVATION 

3000 CFM 
~~----- FLOW 

Figure 1. Conceptual Design of Filter Pit 

It was expected that a short upstream aerosol introduction point 
would distribute a disproportionate amount of the aerosol on the 
middle filter thereby reducing the reliability of the DOP tests. 
Four design features which affect turbulent flow, and thus the 
uniformity of the DOP across the filters were tested: (1) annular 
aerosol distributors, (2) turning vane baffles, (3) perforated 
plate baffles, (4) different distributor and baffle upstream 
locations. A mockup test facility was constructed to test the 
combinations of these features. 
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Figure 2 shows the schematic design of the mockup, with the 
18-inch diameter inlet and outlet openings intersecting with the 
geometric center of the middle filter. The housing was made of 
Plexiglas to facilitate viewing the flow paths of the DOP. 

'EXHAUST 
DUCT 

FLOW 

Figure 2. Mockup Test Configuration 

A series of 30 tests was conducted in the mockup facility. A 
full factorial statistical design was used to determine the set-up 
for each test. Two aerosol distributors (annular fixture, open 
jet), three distributor locations (distance from filter box: 180 
in., 97 in., 25 in.), two baffle designs (turning vanes, perforated 
plate), and two baffle locations (distance from filter: 6 in. and 
18 in. ) were tes.ted. The tests were conducted in a random order 
over a six-week period. 

In each test the aerosol concentration was measured approximately 
one inch upstream of the filters. A series of 18 sampling ports was 
installed four inches apart down the side of the filter housing (see 
Fig. 2). At each of these points five DOP concentration readings 
were made across the filter face. This sampling technique netted a 
total of 90 readings per test, or a DOP concentration reading for 
each 20 sq. in. of filter surface. 

A measure of uniformity of DOP across the filter face was 
determined for each run. The uniformity score was defined as the 
larger of: 

Max - Average Concentration 
Average Concentration 

or Average - Min Concentration 
Average Concentration 

In accordance with ANSI N510-80, Par. 9.4, "If the maximum and 
minimum readings differ by more than plus or minus 20% of the 

1212 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

average reading, relocate the injection port, or provide means for 
additional mixing between the injection port and the sample 
point, ... ". Acceptable results were judged to be those which 
yielded a uniformity score of less than 0.20 at a flow rate of 3,000 
CFM. No combination of parameters at duct lengths less than ten 
duct diameters came close to an acceptable uniformity score. For 
example, Fig. 3 shows the DOP concentration across all three filters 
for the test with a flow rate of 3,000 CFM and an annular 
distributor and turning vanes. 
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Figure 4. Concentration Range 
with Commercial Unit at Rated Flow. 

It was also shown that·the design guide of ten duct diameters was 
three times better than a location of two duct diameters. Only 
three tests met the uniformity score requirement, and all three 
tests were at ten duct diameters using the annular distributor. Of 
the factors tested, the type of aerosol distributor and duct length 
were found· to most affect the uniformity.score. 

Because none of the devices met the uniformity score desired, a 
commercial distributor unit was purchased. A series of six tests 
was run using the commercial inlet distributor unit. The number of 
filters in the test configuration (1, 2, or 3) and the flow rate 
(1,000, 2,000, or 3,000 CFM) were varied during the test. The 
uniformity score of all six tests satisfied the requirements of 
ANSI N510-80. 
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Figure 4 is a composite showing the spread in upstream readings 
across the face of the three filters with a total of 3,000 CFM flow 
through the system. These data show that the resultant uniformity 
score meets the requirements of ANSI N510-80. 

Figure 5 shows the spread in upstream readings across the face of 
the three filters with the flow rate reduced to 2,000 CFM. Again 
the resultant uniformity score meets N510-80 requirements. 
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Figure 5. Concentration Range with Commercial Unit 
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Conclusions 

Turning vanes and perforated plate baffles do 
help meet ANSI N510-80 uniformity requirements. 
injection point, as is available from commercial 
effective way of meeting the criteria. 

not, by themselves, 
A baffle near the 
units, is an 

We have demonstrated that one can design a testable three-high 
array that meets the requirements of ANSI N510-80 based upon inlet 
units similar to the commercial unit tested. Furthermore, the inlet 
distributor unit need not be located ten duct diameters upstream of 
the filters. 
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DEVELOPMENT OF FILTER SYSTEMS 

Injection Systems and Mixing Device Evaluation 

D. Loughborough 
Harwell Laboratory 

United Kingdom Atomic Energy Authority 
Oxfordshire OX11 ORA 

ABSTRACT 

A problem when in-situ testing High Efficiency Particulate Air (HEPA) filters 
is to ensure that the test aerosol provides a uniform challenge to the whole of 
the filter face. Uniform challenge is defined in this case as a concentration 
variation of aerosol across the plane of the duct of less than +/- 10%. 

Injecting into an open duct via a single point injector requires a minimum of 
30 hydraulic duct diameters (De) between the injector and sample point to ensure a 
mixed flow. This may be reduced to 10De with the use of a Stairmand disc mixer. 

Work carried out at the Harwell Laboratory and reported here, has investi
gated methods of reducing the lengths of ducting required for an in-situ filter 
test. It also shows that there is a minimum aerosol exit velocity below which the 
mixing length requirement may be substantially increased. 

By ensuring that this m1n1mum velocity is exceeded, Harwell has developed a 
system of multiple point injectors in conjunction with a modified Stairmand disc 
which reduces the mixing length to 5.5De. 

Further work has investigated "two plane" devices which reduce the lengths of 
ducting to 4.0De, although these have an associated increased resistance to 
airflow. 

I. INTRODUCTION 

Wherever a filter installation is required to meet a standard, for example 
the efficiency requirement assigned following a hazard assessment, it is essential 
that in-situ testing is performed to demonstrate that the required standard is 
achieved. It is necessary to test the integrity of both the filter itself and its 
seal within the ductwork, and to this end it must be periodically tested in-situ 
with a uniform aerosol challenge, usually DOP or Ondina-EL. This paper will deal 
with the techniques which may be used to inject the aerosol into the duct, and in 
particular to ensure that it is uniformly mixed without the need for long lengths 
of ductwork for testing purposes. 

Injecting an aerosol with a single point injector into the centre of a duct 
requires approxi~ayely 30De between the injection and sample point before a mixed 
flow is achieved 

1 
• The flow is assumed to be mixed when the variation in sample 

concentration is < "20% across the duct. A slightly longer length of ductwork is 
required downstream of a filter to enable any edge leakage to become acceptably 
mixed so that a truly representative sample (and hence efficiency measurement) can 
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be obtained. These constraints may require unacceptably long lengths of ductwork 
in ventilation plant. AECP 1054 suggests the use of artificial turtu}ence 
inducers such as a Stairmand disc to reduce the mixing length required 2 . A 
Stairmand "disc" in this case is a square or rectangular plate, mounted centrally 
within the duct. 

The work reported here can be conveniently divided into three sections. The 
first section will examine the apparent anomaly between test results from two 
similar test rigs, one with square, one with rectangular ducts. The second 
section details a series of tests using multiple point injectors which were 
developed using data established in the first section. The third details work 
carried out with multiple disc mixers including "two plane" devices used in 
conjunction with multiple point injection. 

II. DESCRIPTION OF TEST RIGS/EQUIPMENT 

i) Test Rigs 

a) Rig A 

Test rig A, Fig. 1 is controlled via a damper situated adjacent to a centri
fugual fan which draws air through the ductwork. The rig has square cross section 
ducting with a side length of 0.6 m. A Taylor TDA-4A aerosol generator (generator 
A) was used, which has the capacity to operate with 1,3,6 or 8 jets at a supply 
pressure of 20 to 40 psi. Aerosol detection was made with a Phoenix JM 8000 
aerosol photometer (using the linear scale only). 

Aldi:=>!'---_!_-A__( _____ ___,__!~ s? 

b) Rig B 

~ -c 

- 0 c 0. 
·0 c 
0. .Q 

E -;:; 
:J <I.I 
[j ·c: 
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0.5 De single point Injector 

0.25 De four point injector 

Note: Stalrmand disc area 
= 112 area of duct 

Injection central to 
disc 

Maximum useable 
length of rig = 12 De 

FIG. 1 RIG A AEROSOL MIXING TEST RIG 

0.6m sq. 

View on 'A' 

Test rig B, Fig. 2 is also controlled via a damper situated adjacent to a 
centrifugal fan which draws air through the ductwork. The rig has rectangular 
cross section ducting, a vertical side length of O. 91 m and a horizontal side 
length of O. 58 m and a straight length of ducting from the datum of 14De. A 
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Phoenix SG40 aerosol generator (generator B) was used which has the capacity to 
operate with 1,2,3,4,5 or 6 jets at a supply pressure of 20 psi. Aerosol 
detection was made with a Phoenix JM 6500 (linear scale model) aerosol photometer. 

Fan 
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Airflow 
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I 
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-c 
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8.. § 
E u 
.3 <!> 
o E' 

0 
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0.6 De single and multi 
point injection 

Note: Stairmand disc area 
= 1;2 area of duct 

Maximum Ieng\ h of 
rig used = 14 De 

CJ) 

ci 

FIG. 2: RIG B AEROSOL MIXING TEST RIG 

ii) Aerosol Generation 

View on 'A' 

Disc 0.405 x 
0.651 m 

Traditionally, di-octyl-phthalate (DOP) aerosol has been used for in-situ 
filter testing and mixing work. However, suggestions that this may have adverse 
health effects has led to the use of an alternative aerosol, Ondina-EL. The 
aerosol produced is polydisperse of approximately (0.3 micron mass median diameter 
and has a similar size distribution to that of DOP 3). 

The aerosol was conveyed to the injection nozzle through a 25 mm I.D. plastic 
hose. The nozzle itself is a length of 25 mm O.D. steel tube with a 90° bend at 
one end enabling aerosol injection in line with the airflow. The size of the 
injection nozzle is reduced for multiple point injectors. 

iii) Aerosol Detection 

The relative aerosol concentration was determined by drawing a sample of air 
from the duct via a 6 mm diameter probe facing into the air flow through a total 
light scattering photometer. The signal was then fed to a chart recorder via an 
electronic signal integrator (one on each rig). The integrators have identical 
time constants and their only function is to reduce signal "noise". The chart 
recorder enables the operator to analyse the data after completion Of each test. 
These two devices help to reduce the likelihood of operator error and improve 
repeatability. 

III~ TEST PROCEDURE 

i) Determination of Mixing Length 

Establishing mixing lengths involves sampling for concentration at numerous 
positions along the duct downstream of the injector/mixer. Typically 7 or 8 
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locations were moni tared so that a pattern of m1x1ng with increasing distance 
along the duct could be established. Each sample position or plane was monitored 
by inserting a 6 mm diameter probe into the rig and slowly traversing across the 
duct. Three such scans were carried out per plane (top, middle and bottom) of 
sufficient duration - a minimum of 60 seconds per scan - so that an overall 
picture of the concentration variation across the whole of the duct was built up. 
The maximum and minimum concentration values were noted from the chart recorder 
output. 

The criterion adopted in this work is that the flow was assumed to be mixed 
when the concentration variation or mixing· value across the plane of the duct was 
less than +/- 10% about the mean value; equivalent to 20% or less for the 
following formula:-

CONCENTRATION VARIATION (CV) % MAX CONCENTRATION - MIN CONCENTRATION X 100 % 
MEAN CONCENTRATION 

Generally, mixing lengths are recorded in units of duct diameters, though in 
this case they refer to hydraulic diameters (De) as the air flow is in square or 
rectangular and not circular ducting. 

ii) Comparison Testing: Square and Rectangular Test Rigs 

Initial tests showed that under identical conditions of flow and using 
similar mixing devices, rig B gives mixing lengths which were 1. 6 times that of 
rig A. Since the two test sections are very similar both in shape and hydraulic 
diameter (0.6 m and·0.71 m), a series of tests were undertaken to identify the 
cause of this discrepancy. 

The investigation showed that the only difference of any significance was the 
type of aerosol generator. Generator A can have 1,3,6 or 8 jets (20 to 40 psi) in 
operation at any one time, whilst the Generator B can operate with 1 to 6 jets (20 
psi only). These factors may therefore affect output from the two generators 
by variation in either the characteristic particle size distribution or the 
aerosol exit velocity from the generator/in~ection nozzle. 

In order to establish which parameter causes variation in test results, the 
particle size distribution for the two generators was compared using a laser 
particle sizer, and the exit velocity from each generator measured using a hot 
wire anemometer. 

Two series of tests were carried out in rigs A and B to determine the mixing 
length requirement as a function of nozzle exit velocity. Maximum and minimum 
concentration levels were recorded at seven positions alon·g each duct at aerosol 
exit velocities of 10, 17 and 26 mis on rig A, and at 12 and 17 m/s on rig B. The 
air velocity in the duct was fixed at 4 m/s. 

iii) Multiple-Point Injection 

Rigs A and B were then used to study improved mixer designs. Since the duct 
shape of the two rigs differ, the designs of the discs and the position of the 
injectors also differ. The distance between the injectors and the discs also 
varied between the two rigs. 
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Having established the exit velocity criterion in the previous tests, a 
n.umber of multiple-point injectors were designed and tested which used 2, 3 and 4 
point injection, and the Stairmand disc as a mixer. The position of the injection 
points relative to the disc are shown in Figs 3 and 4. Each individual injection 
nozzle was designed for an exit velocity of 17 mis. 

0 
lO 

Rig A disc:= 0.424 m square 

212 0 
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' ·:-r-:-
0 0 

0 Original design (50 mm edge disc) 

© Revised design (cenlre al quadrant) 

lnjec\lon pain\ lo disc= 0.25 De 

0 0 
-o "' -.t C'1 
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INJECTCRS RELATIVE 1D DISC 

iv) Multiple Disc Mixing 

a) Three and four disc mixing 
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FIG. 4: RIG B - POSITICN OF MJLTIPIE 
POINT INJECTCRS RELATIVE 1D DISC 

A development of the Stairmand disc mixer is the four disc mixer as detailed 
in Fig. 5. A four point injector was positioned to inject at the centre of each 
disc. Mixing trials were carried out at a duct air velocity of 4 m/s and an 
aerosol exit velocity of 17 m/s in rig B. A second device, a three disc mixer was 
also tested in rig B. Each disc being one sixth of the cross sectional area of 
the duct as is detailed in Figure 6, which also shows the configuration of the two 
four point injectors tested. 

It should again be noted that all the injectors are designed not only to give 
an aerosol exit velocity of 17 m/s but also so that the concentration of aerosol 
from each nozzle is identical. 

b) Four disc, four injector mixer and Stairmand disc (44S) 

In order to further reduce the mixing length, an additional Stairmand disc 
was placed in rig B, 0.25De downstream of the four disc mixer as shown in Fig. 7. 

Further tests were carried out with separation distances between the "plane" 
of the discs of 0.85De and 1.45De to determine its effect on mixing lengths. 

Two tests were also carried out on rig A with the plane of the discs 
separated by 0.25De and an injector to disc separation of 0.25De. 
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+ + 
+ + 

• Each Disc 1/8 Area of Duct 

Each Disc at Centre of Quadrant 

· Injection Central to Each Disc 

FIG. 5: RIG B - CDNFICIJRATICN OF 
4 DISC MIXER (4D) 
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I,--- I 

- ........... 

Airflow 

4 l'oinl (41') Injector 4 Disc (4D) Mixc1· Slai1·mand Disc Mixer 

Rig B ·Rectangular Section Duct 

FIG. 7: CONFIGURATION OF 4+4+STAIRMAND DISC (44S) MIXER 

IV. RESULTS AND DISCUSSION 

i) The Effects of Injection Velocity 

The results obtained for mixing length using rigs A and B can differ by 
greater than 60%, and this cannot be explained simply in terms of differences in 
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geometry. Since the equipment used to generate the aerosol differs in design 
between the two rigs, the aerosol size distribution and the velocity at which it 
is injected into the duct were measured. 

Graph 1 shows no difference in size distribution of the aerosol between the 
two generat·ors. Large differences in aerosol injection velocity do, however, 
occur and table 1 indicates values which differ by an order of magnitude. Graphs 
2 and 3 show the effects which this variation in injection velocity has on mixing, 
for rigs A and B respectively. These graphs demonstrate two important factors 

a) That injection velocity has an important bearing on mixing performance. 

b) That despite differences in rig designs and generator type, the results of 
mixing experiments are the same provided the injection velocity remains 
constant. 

It is important, therefore, that the velocity of aerosol injection is 
carefully controlled and that injectors and mixing devices are correctly designed 
and used, if accurate and repeatable results are to be obtained. 

TABLE 1 : VELOCITY CHECK ON AEROSOL GENERATORS 

TYPE PRESSURE No OF JETS· VELOCITY 
psi - OPEN mis 

40 8 30.0 
T 

40 6 26.5 A 
y 

40 3 11:5 L 
0 

40 1 7.0 R -------------- --------------- ---------------
T 20 8 22.0 
D 

20 6 17. 5 A 
4 20 3 10~5 
A 

20 1 4.5 
p 20 6 17. 0 
H 

20 5 ;4;5 0 
E 
N 20 4 i2.o 
I 

20 3 io:o x 
s 20 2 6.3 
~ 20 1 3.0 
0 

In addition, graph 2 shows that little improvement in m1x1ng is achieved by 
increasing the injection velocity beyond 17 mis, at a duct air velocity of 4 mis. 
Indeed at very high injection velocities the aerosol tends to re-agglomerate and 
may cause unwanted droplet deposition. 

Graph 4 highlights the importance of duct air and injection velocity on 
mixing performance. The selection of injection velocity for a given air velocity 
is important and not a simple choice, but since the majority of tests are 
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performed at duct air velocities less than 7 mis an injection velocity of 17 m/s 
was chosen for all subsequent tests. 

These tests indicate that the standard m1x1ng length required for a Stairmand 
disc is 1 ODe. Designs of injectors and mixers to improve this will now be 
discussed. 

ii) Multiple Point Injection 

In order to reduce the mixing length, a series of injector geometries were 
tested, as shown in Figs 3 and 4. Graphs 5 and 6 show the results of these tests, 
but reductions in mixing length were moderate, achieving a maximum mixing length 
reduction from 10De to 7.5De using a four point injector on rig B. 

iii) Multiple Disc Mixing 

a) Three and four disc mixing 

The benefits of multiple point injection can be significantly enhanced when 
coupled with multiple mixing discs. Graph 7 shows that reductions in mixing 
lengths to less than 6De can be achieved readily by suitable combinations of 
injector, baffle and injector positioning. Further reductions may be possible 
using 6,8 or more injection points. 

b) Combined mixer designs 

In order to achieve shorter m1x1ng lengths, it is possible to combine m1x1ng 
devices in series within the duct. Clearly this is not without disadvantages, but 
where complexity and pressure drop may be sacrificed, significant further 
reductions in overall mixing length can be achieved. In this case, a four disc, 
four injector mixer was placed before a Stairmand disc, and the combination termed 
a type 44S mixer. 

The gap between the two parts of the mixer was varied and the m1x1ng length 
determined as before. Graph 8 shows that a gap of 0.25De gives mixing lengths as 
low as 4.5De. Incr~asing the gap will generally increase the mixing length, but 
this goes through a peak as flow patterns change. A similar mixer installed in 
rig A with a gap of 0.25De gave mixed flow within 4.0De, (graph 9) indicating that 
very low mixing lengths may be easily achieved with suitably designed multiple 
injectors and mixers. Graph 9 also demonstrates the good repeatability between 
tests. 

Pressure drop for this device with a disc separation distance of 0. 25De was 
approximately 70 Pa (7 mmH 2 0) at a duct air velocity of 4 m/s. This can be 
compared with approximately 40 Pa for a Stairmand disc and the three and four disc 
mixers. All these devices can be "feathered" to reduce the pressure drop when no.t 
in use. 

V. CONCLUSIONS 

It can be concluded that for duct air velocities in the range 4-7 m/sec in 
ducts with hydraulic diameters (De) in the range 0.6 - 0.71 m: 
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a) There is a minimum value of injection velocity below which the full 
effect of a mixing baffle is not obtained and it is not possible to 
achieve adequate mixing with the air stream within acceptable lengths of 
ductwork to achieve a uniform challenge to HEPA filters for the purpose 
of measuring their filtration efficiency. 

b) Above the minimum injection velocity, it is possible to achieve adequate 
mixing using a Stairmand disc, a single point injector and a spacing 
between the injector and filter (the mixing length) of about 10De. 

c) It is possible to reduce the mixing length using multiple injectors and 
combinations of mixing discs arranged in one or two planes across the 
duct. Values as low as 4De have been achieved - at the expense of some 
complexity and pressure losses within the system. 

VI. ACKNOWLEDGEMENT 

Acknowledgements are given to British Nuclear Fuels plc, who provided the 
majority of funding for this work. 

VII. REFERENCES 

(1) LOUGHBOROUGH, D., - unpublished work (1986). 

( 2) Atomic Energy Code of Practice (AECP) 1054 June 1979 "Ventilation of Radio
active Areas". (Being revised.) 

(3) PARKER, R.C., and STEVENS, D.C., - unpublished work (1986). 

1224 



GRAPH 1 

u 400 
0 
L. 

<IJ 
0. 

"O 
c 
0 
u 
<IJ 
l/) 

0 
~ 
l/) ..... 
c 
:J 
0 
u 
<IJ 

u 
..... 
L. 

d 
0... 

300 

200 

100 

20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

+ 
I 

o Phoenix gen.era tor 

+ TOA- 4A generator 

p,article size (microns) 

PARTICLE SIZE DISTRIBUTION - PHOENIX SG-40 AND TAYLOR TDA-4A GENERATORS 

c 
0 

..... 
d 
L. 

d 
> 
c 
0 
..... 
d 
L. ..... 
c 
<IJ 
u 
c 
0 
~ 
<IJ 
:J 

d 
> 
Cl 
c 
x 

::::£ 

160 

140 

120 

100 

80 

60 

40 

20 

10.0 m/s (average) 

17.0 m/s (average)· 

26 .. 5 mis 

Region of mlxed flow 

0 "-'===~~~~~~~~~~~~~~~~="'-''-"-""~== ......... ~~~~ 
0 2 4 6 8 10 12 14 

Duct diameters from datum 

GRAPH 2 RIG A - STAIRMAND DISC MIXING: VARIOUS AEROSOL EXIT VELOCITIES 
1 POINT INJECTION (DUCT VEL = 4 m/s; SEP = o.6 De) 

1225 



c 
0 -d 
.... 
d 
> 
c 
0 -d .... ..... 
c 
<!.> 
u 
c 
0 
~ 

<!.> 
::i 

d 
> 
01 
c 
x 
~ 

160 

140 

120 

100 

80 

60 

40 

20 

20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

\ 
\ . 

\ 
\ 

\ -, ·, -, -, -,_ 

17.0 m/s 

12.0 m/s 

Region of mixed flow 

....... ...... _ 
........... -....._ -------

lllltllPIPlllBl•iltJR1iiii 0 ~~~~~~~~~~~~~~~~~~~~~~~~~ 
0 2 4 6 8 10 12 14 

Duct diameters from datum 

GRAPH 3 : RIG B - STAIRMAND DISC MIXING VARIOUS AEROSOL EXIT VELOCITIES 
1 POINT INJECTiON (DUCT VEL = 4 m/s; SEP = 0.6 De) 

GRAPH 4 

70 

<II 60 
0 
Ln 
di 
..... 50 
Cl 

c 40 
0 ..... 
Cl 
.... 
Cl 
:> 30 
c 
0 

..... 
Cl .... -c 
<II 
u 
c 
0 
u 

-------....... 

' ' ' ' 
Duct Vel = 7 m/s 
Duct Vel = 4 mis \ 
Region of mixed flow \ 

\ 
\ 

' 

0 2 4 . 6 8 10 12 14 16 18 
Injection velocity (m /s) 

RIG A - CONCENTRATION VARIATION AT VARIOUS AEROSOL EXIT VELOCITIES 
1 POINT INJECTION (SEP = 0 .. 6 De) 

1226 



c 
0 

...., 
d 
..... 
d 
> 
c 
0 
...., 
d ..... 
c 
QJ 
u 
c 
0 
u 
~ 

QJ 
::J 

d 
> 
Ol 
c 
x 

~ 

c 
0 
...., 
d 
..... 
d 
> 
c 
0 

...., 
d 
L.. 

c 
QJ 
u 
c 
0 
~ 
QJ 
::J 

0 
> 

160 

140 

120 

100 

80 

60 

40 

20 

20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

NB . 

4P injection (1) 

4P injection (2) 

1P injection 

Reg ion of mixed flow 

(1) Original configuration 

(2) Revised con! igurat ion 

•9fll&Blla"Wliiiflll 0 ~~~~~~~~~~i.:=~i.:=~~~""""'""""'~~~~ ...................... l:..:.:.:.:.:.:.:.:.:.:I 
0 2 4 6 8 10 12 14 

Duct diameters from datum 

GRAPH 5 : RIG A - STAIRMAND DISC MIXING 
MULTI-POINT INJECTION (DUCT VEL = 4 m/s; SEP = 0.25 De) 

180 

160 

140 

120 

100 

80 

60 

2P inject ion 

3P injection 

<> 4P injection 

4P injection revised 

k\J:jf\jl Region of mixed flow 

Ol 
c 40 
x 

~ 

20 

0 2 4 6 8 10 12 14 

Duct diameters from datum 

GRAPH 6 : RIG B - STAIRMAND DISC MIXING 
MULTI-POINT INJECTION (DUCT VEL = 4 m/s; SEP = 0.6 De) 

1227 



c 
0 

...... 
0 
L.. 

0 
> 
c 
0 

...... 
0 
L.. ...... 
c 
Cl! 
u 
c 
0 u 

Cl! 
::J 

0 
> 
Ol 
c 
·x 
::E: 

c 
0 

...... 
0 
'-
0 
> 
c 
0 

...... 
0 
'-...... 
c 
Cl! 
u 
c 
0 u 

Cl! 
.2 
0 
> 
Ol 
c ·x 

::E: 

20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

160 
-<>- 3D + 4P inj 

140 
-o- 3D + 3P inj 

-o- 4D + 4P inj 

120 l%m:i@mtl Region of mixed flow 

100 All discs equi - spaced 

80 

60 

40 

2 6 8 10 12 
Duct diameters from datum 

GRAPH 7 RIG 8 - THREE AND FOUR DISC MIXER 
MULTI-POINT INJECTION (DUCT VEL = 4 m/s; SEP = 0.6 De) 

160 

140 

120 

100 

80 

60 

40 

20 

-<>- 1.45 De disc separation 

-o- 0.85 De disc separation 

-o- 0.25 De disc separation 

iM@§'f[Jl Region of mixed flow 

Discs at centre of each quadrant 

Duct diameters from datum 
GRAPH 8 : RIG 8 - 44S MIXING DEVICE 

4 POINT INJECTION (DUCT VEL = 4 m/s; SEP = 0.6 De) 

1228 



c 
0 

..... a 
'-a 
> 
c 
0 

..... a 
'-..... 
c 
Cl.I 
u 
c 
0 
u 

Cl.I 
.2 
a 
> 
0) 
c ·x 

::::?: 

20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

160 

1L.0 

120 

100 

80 

60 

L. 0 

20 

Discs centre of quadrants 

Injection central to discs 

IM@!@@l@I Region of mixed flow 

Duct diameters from datum 

GRAPH 9 : RIG A - 44S MIXING DEVICE 
4 POINT INJECTION (DUCT VEL = 4 m/s; SEP = 0.25 De INJ & DISC) 

DISCUSSION 

SCRIPSICK: This is for either or both of the 
speakers. The problems we have at filter test facilities are with the 
downstream side of the filter when we are doing quality assurance 
testing. I think the data that have been presented will be helpful in 
trying to spruce up the design for mixing of the downstream aerosol. 
One of the things we would be concerned with, since we would be trying 
to mix the aerosol before we sample it, would be aerosol losses. I 
was wondering whether aerosol losses due to the mixing plates, or 
mixing systems, were addressed in either of the studies? 

LOUGHBOROUGH: Aerosol losses on the upstream side 
are not really relevant because the sample set point is at the filter 
face. Do you mean sample losses in the sampling lines? 

SCRIPSICK: No, I mean.losses associated with the 
downstream mixing equipment. I realize that in your situation it is 
not important because you are taking your sample downstream of where 
you are mixing it. We are in the reverse situation, and you may be 
also, if you want to have one sampling point downstream to get a 
representative sample. I am just wondering if either of the efforts 
addressed the issue of particle losses in these mixing systems? 
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LOUGHBOROUGH: Mixing downstream is important and in 
most cases is more difficult than upstream due to the location and 
nature of the leakage aerosol. Errors due to particle losses in 
sample lines (of the same length) are assumed to cancel each other 
out. Particle losses can be significant when the injection point is 
very close, say <0.15 D to the Stairmand Disc (or similar) mixing 
device. Other losses within the system e.g. adhesion to the duct 
wall, have not been investigated. 

DORMAN: Do you have anything to say on this 
Mr. Kirk? 

KIRK: No, we did not address aerosol 
particle loss. 

DYMENT: I would like to say, first of all, 
that both authors appear to have a target of ± 20% as the acceptable 
degree of variation to be aimed for~ I am not sure, by reading the 
pre-prints, whether the scale of scrutiny is the same in each case. 
It may be, in fact, that ± 20% means something different if you are 
looking at variations on a shorter time scale in one case as compared 
to the other. I wonder if the authors would comment on that, please? 

The second question is to Mr. Kirk, could he·please say what type of 
commercial distributor he examined that he found satisfactory and what 
sort of resistance it introduced into the circuit. Also what is its 
length and what dimensions were in the duct work? 

KIRK: The commercial, in-place test unit 
that we used was the Flanders Filters design. However, I would like 
to say that we did go to other companies. We looked at their designs, 
and we believe that they would perform as well because we witnessed 
testing with the other designs and they gave the same test results. 
The in-place test unit that we did use was positioned where it 
provided acceptable results. It was approximately 20 in. from the 
filter housing. 

LOUGHBOROUGH: Could I answer the point that I think 
I made it during the talk on the degree of mixing. The value that I 
was working to was approximately ± 10%. I think the value given is ± 
20% so there is a slight difference in what is considered mixed or not 
mixed. 
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CLOSING COMMENTS OF SESSION CHAIRMAN DORMAN 

The papers presented at this Session have dealt with the comparison 
of different test methods, with methods of assessment by particle size 
determinations and, lastly, with mixing of test aerosols upstream of 
the filter system. 

It is difficult to obtain a true correlation of results of methods 
used in different countries and we are indebted to Dr. Zhang Jing Kun 
for useful data. When large HEPA filters are used, it is necessary to 
ensure that they are free from leaks, either in the filter or in the 
sealing. If there are appreciable leakages the results from all 
methods are likely to be similar. The best method is perhaps to test 
small sheets of paper in a leak-proof holder, bleeding-off through a 
tap the requisite aerosol from the main duct. 

The methods of assessment of very high efficiency filters require 
equipment different from that employed in routine tests; it must be 
more sensitive and is almost certain to involve particle counting. 
One of the problems of such tests is that in order to get a reasonable 
count of downstream particles there is a danger of partially clogging 
the filter with the test aerosol. Dr. Bergman's paper was devoted to 
efforts to avoid overloading. It is fortunate that the downstream 
aerosol concentration and charge from ULPA filters are so low that 
coagulation in the sampling bag is negligible. The papers from Italy 
and from Professor Kim mark advances in particle counting and I expect 
that we shall hear more about them at future Conferences. 

The last two papers dealt with upstream mixing in short ducts. 
Practical filter systems have rarely been designed with concern for 
testing and some ingenuity is often necessary to obtain reliable 
results. It is, of course, important to provide good mixing of 
aerosol upstream but perhaps more important than upstream homogeneity 
is downstream mixing before sampling. If there are edge leakages in a 
filter system (not uncommon) a centrally situated sampling pipe 
downstream may seriously underestimate the total aerosol penetrating. 
On the other hand, with a central hole and central sampling, the 
aerosol will be overestimated. Errors of x 5 to x 1/5 can easily be 
made. Judicious use of an orifice plate and mixing baffle can shorten 
the duct length for good mixing and avoid multi-point sampling. 
Perhaps someone will take this problem on board and present a paper to 
the 21st Conference. 
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OPENING COMMENTS OF PANEL MODERATOR BANTON 

The Field Testing sub-group of the ASME Committee on Nuclear Air 
and Gas Treatment (CONAGT) is responsible for writing the ANSI/ASME N-
510 standard for testing nuclear air treatment systems. The newest 
revision of the standard is currently in the final approval stage by 
the CONAGT Main Committee. We expect it to be approved this fall 
(1988) by the Main Committee and we hope it will be approved by the 
ASME Board of Nuclear Codes and Standards early next year. Although 
the information presented today may be modified, we believe it is 
important to provide a glimpse of the changes, the improvements, and 
the potential problems that it may cause if not adapted carefully. 
This panel will begin with the presentation of three papers. 
Following the third paper, the session will become an open forum for 
discussion. 
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Abstract 

ANSI/ASME N509(l) and 510 (2) are undergoing revision based on 
the results of a required five (5) year review cycle, comments 
received from users of the standards at workshops and through 
inquiries. This paper discusses the highlights of the significant 
revisions to ANSI/ ASME N510 and reasons for the changes. 

I. INTRODUCTION 

Standards which are approved by the Ame~ican National 
Standards Institute (ANSI) are required to undergo a review every 
five (5) years to determine whether they should be reaffirmed as 
published, withdrawn, or revised. CONAGT Committee members 
decided to give those standards which are heavily referenced by 
utility Technical Specifications, Regulatory Guides (5 & 6), FSAR 
and Procedures, the utmost priority in the review process. It was 
apparent that both ANSI/ASME N509 and N510 needed clarification 
based on conflicts and on inquiries received from users. 

In 1984, the ASME Committee on Nuclear Air and Gas Treatment 
(CONAGT) considered whether to perform maintenance revisions of 
ANSI/ASME N509 and N510. CONAGT's original intent was to 
supersede N510 with the Code on Nuclear Air and Gas Treatment 
ANSI/ASME AG-1 (3). However, due to delay in preparation and 
approval of some code sections, it was apparent that N510 could 
not be superseded in the near future. 

In addition, it is important to note that we in the nuclear 
air cleaning business have been experiencing an upsurge of 
activity, energy, and interest in regulations, codes, and 
standards. This has come at a time when the nuclear power 
industry is generally not vigorous, as far as new design goes. 
Construction of our third generation of commercial power plants 
has progressed through the testing phase of nuclear air cleaning 
systems, and we now know that we only need to keep the 
commmunication lines open to tap the wealth of knowledge that 
exists in the hands of the users. 
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To achieve this important goal it was essential to obtain 
more industry user input for an N510 revision, and to provide 
needed input to the standard writers on changes needed to reduce 
implementation problems, CONAGT·decided to hold two open workshops 
in 1985. 

The workshops were organized into multiple round-table 
discussions on numerous topics such as ANSI/ASME N509 and N510 
revisions, Source Term Implications, Regulatory Concerns, Field 
Testing of Nuclear Air Cleaning Systems, Operation and Maintenance 
of Nuclear Air Cleaning Systems and Field Testing Personnel 
Training. Of significance, the new revision of these two 
standards will eventually put to bed the existing conflict between 
them. For more information on these workshops, refer to D. 
Hubbard's paper. 

It should be noted, however, that at the present time, these 
revisions are not yet approved by ASME CONAGT, the Board of 
Nuclear Codes and Standards, or ANSI. The intent of this 
presentation is to highlight the proposed changes as a 
constructive public service in the hope of spurring interest and 
comments to improve the final version and to demonstrate that the 
consensus standards process is responsive to industry needs. The 
results of the ASME review process will be made available to the 
public for comment prior to issuance. It is anticipated that the 
resolution of the Main Committee Comments and the ASME Board of 
Nuclear Codes and Standards (BNCS) approval process will be by the 
end of 1988. 

Those interested in receiving the revised standard, when 
available for public comment, should contact the Secretary for the 
Committee on Nuclear Air and Gas Treatment through the American 
Society of Mechanical Engineers in New York, New York. 

II. DISCUSSION OF PROPOSED CHANGES 

All changes made in this revision are made to field test 
systems that are built strictly to ASNI/ASME N509 standard. The 
following discusses the significant proposed changes and the 
reason for the changes. 

Scope and Application of N510 

Over the last several years, it beca~e apparent that many 
Nuclear Air Treatment Systems (NATS) systems were either built 
before N509-1976 or NSl0-1975 standards existed, or the actual 
installations do not contain all that the design standards 
intended. Simply, there are many systems in-place which do not 
provide all of the N509 design features, usually with respect to 
testability. For these reasons, this revision of N510 is 
specifically structured for the comprehensive testing of N509 
designed systems. This standard is also, at present time, being 
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revised to address previously raised concerns, inconsistencies, 
etc. Highlights of all changes to N509 standard are described 
in the Air Cleaning Conference paper by S. C. Ornberg( 7 ) 

Definitions 

Due to inconsistencies between N509, the NATS design 
standard, and NSlO, field testing has at times been made tedious. 
Furthermore, some basic.definitions were either missing or 
contradictory. A major effort to resolve these concerns has 
resulted in a consistent and additional set of definitions for 
N509 and NSlO standards. One of the most important changes in 
this section was to clarify the relationships between Operating 
Pressure, Test Pressure, Design Pressure, and Structural 
Capability Pressure. 

In addition, there has been much discussion on what is an 
air-cleaning system, what is an air-cleaning unit and what is a 
bank of filters. In some cases, where system was used, "unit" or 
"bank" was meant. Definitions are being added or revised to 
clarify this intent. 

General Changes 

A number of general changes are proposed. The current 
revision of the standard is less wordy and does not attempt to 
provide as much detail in the body as did the 1980 edition. In 
other words, it is restructured into a guidance document. 

The visual inspection checklist has been expanded and 
compared line by line with the new upcoming revision of N509 so 
all "shall" statements in N509 are addressed in NSlO inspections. 
Also, asterisks were placed by those items which need inspection 
during acceptance testing and/or after any system modification or 
repair. 

Personnel qualification was addressed. ·ANS 3.1, Quality 
Assurance Program, and project specifications were added in this 
revision to enhance and add needed flexibility to assure the 
required level of personnel qualification is attained. 

It is the committee's intent to provide only minimum 
functional requirements for test instrumentation and to make the 
requirement as hardware independent as possible. This will 
eliminate any inquiries or special justification to develop or use 
new instruments. 

A note was added to the Airflow Capacity section after step 
8.5.1 to clarify which part is for Acceptance and which is for 
Surveillance. Notes have also been added which delete the 
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requirement for Airflow Distribution (after step 8.5.2) and 
Air/Aerosol Mixing Uniformity (after step 9.1) for banks having 
only a single HEPA filter. Deleted are "DOP Spray Method", 
formerly section 6.6, and "Li~uid Penetrant Method'', formerly 
section 6.7. A new "Audible Leak Location Method", section 6.5.5, 
has been added as ANSI N509 allows for this technique as a 
qualitative test to identify leaks prior to system qualification 
test. Should it be necessary to quanitify a leak, then one of the 
quantitative leak rate test methods that is being added to this 
revision should be followed. 

Airflow Capacity Test will be performed at 1.0 times the 
designed dirty pressure drop in lieu of the currently specified 
1.25 times said pressure. The test can be performed with 
resistance being simulated. Filter installation for the purpose 
of performing the Airflow Capicity test now is optional. Another 
major change made in this revision was impacting the Airflow 
Distribution Acceptance Criteria which changed from ±20% to less 
than or equal to 120%. 

Duct and Housing Leak Test was restructured into Structural 
Capability Test and Leakage Test. When determining leak rate, 
N510-80 had specified a method which utilized a totalizing gas 
meter. This revision proposed the utilization of a flowrate meter 
as an acceptable method. This is acceptable providing that the 
necessary changes in the technique and data collection/analysis 
are made. The SMACNA 15.d(8) test standard is referenced for the 
direct flow leak test method. 

The Continuity Test currently required to verify the Air 
Heater performance was deleted. As often experienced, a test 
measuring the temperature differential across the heating coil is 
more meaningful and practical. 

Duct Damper Bypass and System Bypass Tests 

Bypass can have many meanings, depending on the situation. 
For N509 and N510, when bypass is used, it refers to a "a path by 
which contaminated air can escape treatment by the installed HEPA 
and/or adsorber banks." Examples are leaks in filters, filter 
frames, defective or inefficient bypass dampers, unintended 
passage through adjacent plenums or penetrations such as 
electrical conduits, pipes, floor drains or loop seals. 

To demonstrate that the filter system is performing at the 
desired level, it is important to insure that these bypasses are 
such that the filter banks and the system will perform their 
intended function at the required high efficiency and that the 
amount of leakages are within the acceptance criteria developed by 
the designer in the relevant Design Study. 
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This has resulted in two (2) new sections added in the 
standard to insure that there is no ambiguity as to the specific 
test requirements. 

The new proposed NSlO includes a test of the bypass dampers 
which is similar to the tests performed on HEPA filter banks. DOP 
Aerosol provides a quick method for quantifying leak tightness and 
can usually be used to locate leaks should the leakage exceed 
acceptance criteria. 

System leakage test is performed by injecting the challenge 
aerosol far enough upstream, and sampled far enough downstream, to 
determine the overall effectiveness of the filter system, 
including all bypass and leakage pathways. 

Surveillance Testing 

Systems vital to the safety of the plant, its personnel, and 
the public are subjected to frequent testing. These tests are 
specified in Technical Specifications of any. operating nuclear 
power plant. NSlO provides the test methods to accomplish this 
testing, although it does not provide acceptance criteria unique 
to each facility. That criteria is contained within the facility 
Technical Specifications. 

The methods and techniques given in proposed revisions to 
N509 and NSlO, while intended for new systems, should be reviewed 
for existing systems that have experienced difficulty in meeting 
N510 testing requirements. Facility owners should review their 
system designs and operations in light of these revised standards 
for specific enhancements and improvements within their facility. 
Experience has shown that new equipment designed, constructed, and 
installed to these revised standards not only improve the filter 
systems technically, but can provide cost savings too. 

III. SUMMARY 

The above proposed revisions are currently being balloted by 
the ASME CONAGT Main Committee. After resolution of ballot 
comments and Main Committee approval, the revisions are balloted 
by the ASME Board of Nuclear Codes and Standards. By the end of 
1988, the final version of these revisions should be available for 
public comment. Interested parties should contact the ASME 
Secretary for information. Contructive input from users of the 
standard is eagerly sought. 
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BACKFITTING ANSI N510 FOR NON-ANSI N509 DESIGNED SYSTEMS 
A UTILITY RESPONSIBILITY 

STEVEN G. BANTON 
PACIFIC GAS AND ELECTRIC 

ABSTRACT 

Most of the Nuclear Power Plants in the United States were designed prior 
to the first issue of ANSI N509-1976, 11 Nuclear Power Plant Air Cleaning 
Systems" and ANSI N510-1975, "Testing of Nuclear Air Cleaning Systems". As 
a result, many of the installed nuclear air treatment systems were not 
designed to meet all of the design criteria required in ANSI N509. Since 
the issue of Regulatory Guides 1.52-1978 and 1.140-1979, the utility 
industry has been faced with a backfit dilemma. Many of the utilities in 
the United States committed to specific sections of Regulatory Guide 1.52 
in their Technical Specifications which deal with the in-place testing 
requirements of the HEPA filters and carbon adsorbers. In the process of 
performing these inplace tests for the first time it was discovered that 
the uniform air-aerosol distribution prerequisite to the leak test could 
not be achieved due to system design. As an option to installing expensive 
manifolds or installing flow mixing devices, it was easier to simply use 
the multi-point sample technique to obtain upstream average concentration~ 
for determining the overall bank leakage. With the issue of the newest 
revision of ANSI N510, the multi-point sample option has been deleted. 
Many utilities will eventually want to update to this revision and 
therefore need to re-address the issue of uniform air-aerosol distribution. 

ANSI N510 WAS WRITTEN TO TEST ANSI N509 DESIGNED SYSTEMS 

The limitations section of ANSI N510 states, "This standard shall be 
applied in its entirety only to systems designed and built to ANSI N509 
specifications. Sections of this standard may be used for technical 
guidance for testing air cleaning systems designed according to other 
criteria". 

This implies that for nuclear air treatment systems not designed 
specifically to the ANSI N509 design criteria, certain testing requirements 
of ANSI N510 do not apply. This statement was put into the standard for an 
important reason. It was understood that some pre-N509 systems currently 
in operation at some plants cannot possibly meet the air-aerosol 
distribution requirements for single point sampling because they have 
housing and/or inlet duct work geometries that make uniform air-aerosol 
distributions impossible. In previous revisions to ANSI N510, an option was 
provided so that an alternate method was available for obtaining an 
upstream average air-aerosol distribution. This was section 11 of the 
earlier revisions and allowed entry into the housing and a multi-point 
traverse of the upstream air-aerosol concentration for use in the leakage 
calculation. The main purpose of this paper is to warn the utilities that 
the 1988 revision to ANSI N510 has had the multi-point sample option 
deleted. The only reason why the section was deleted was very simple. 
Since ANSI N509 design criteria ensure a uniform upstream air distribution. 
and air-aerosol distribution geometry, then all N509 systems must meet the 
acceptance criteria for these distributions to be accepted in the field. 
Therefore, there is no need for the multi-point option. For the utilities 
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who depend on the option to test their systems, the clause in the 
limitations section was added to provide for exception to the uniformity 
requirements as well as any other criteria of the standard they could not 
meet. 

Most utilities have committed to either the 1975 or the 1980 ANSI N510 
testing methods in an often complex matrix of licensing agreements~ These 
may involve direct reference to the standard, or indirect reference through 
Regulatory Guide 1.52 in their Technical Specifications, Final Safety 
Analysis Report, or other written licensing documents. ANSI N510-1988 is a 
much improved standard, with years of industry experience and improved test 
methodology included. All utilities should upgrade their procedures to 
include this latest information. However, before upgrading your Technical 
Specifications and FSAR to this standard you must be sensitive to the 
deletion of the multi-point sampling criteria. Losing this option may 
force you into meeting the air-aerosol distribution criteria, which may 
require extensive redesign of the inlet ductwork and housing, installation 
of flow straightening devices, or the installation of sampling and 
injection manifolds. 

ALTERNATIVES FOR TESTING NON-ANSI N509 OESIGNEO SYSTEMS 

The key to ensuring you do not get trapped into system design modifications 
as a result of upgrading to the new ANSI N510-1988 is by being sensitive to 
the trap. You should carefully review each system and test history to see 
if the multi-point sampling method is currently being utilized, 
specifically because the air-aerosol mixing uniformitv criteria.cannot be. 
met. If you are lucky enough to be in compliance with these criteria, or 
are already using manifolds, then you should have no problems upgrading to 
the new standard. If you cannot meet mixing uniformity, you may want to 
try harder. Sometimes moving the tracer injection port to a new location 
or even using duel injection ports may improve the mixing enough to meet 
the criteria. If this does not work, you may be able to design an 
inexpensive temporary manifold system which can be installed for each 
periodic test. You may want to just go ahead and make the modifications 
anyway. This can usually be cost justified because single point sampling 
takes less time and usually reduces radiation exposure when testing 
contaminated systems. Whatever option you choose, it should be completed 
prior to committing to the new standard. 

Another option would simply be to not upgrade you commitments to this new 
standard. It is likely that the NRC will not push the utilities in the 
near future into upgrading to ANSI N510-l988, but Regulatory Guide 1.52 is 
in the process of revision and will probably use the latest N510. Because 
of this, we will probably all be forced to address this issue in the long 
term. 
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A PROPOSED NEW APPROACH TO ALLOW IMPROVEMENT OF 

NUCLEA~ AIR TREATMENT SYSTEMS FOR POWER PLANTS 

John W. Jacox 

President 

JACOX ASSOCIATES 

ABSTRACT 

Historically Nuclear Air Treatment Systems (NATS) have had a lbw 
priority as nuclear power plant systems. This low priority 
includes the full spectrum of system life from initial 
specification and space allocation through design, fabrication, 
installation, start-up, operation, testing and maintenance. In 
some plants, the only NATS that are properly maintained are those 
that are required in the Plant License Technical Specifications 
(PTS) ... 

There are undoubtedly a number of reasons for this situation. 
The fact that there is no complete and accurate data on the 
total cost of these systems is suggested as a major contributor 
to these continuing problems. When it is impossible for a systems 
engineer to obtain the cost data to present to management as a 
part of the package for proposed system maintenance, 
modifications or improvements these requests have little chance 
of approval. Worse, the major cost overruns that regularly occur 
due to poor specification, design, fabrication, installation and 
maintenance are not assignable to the specific NATS so the 
normal industry driving force of detailed cost analysis can not 
operate. This is certainly a major reason that-we have all seen 
the same problems repeated over the life of the civilian nuclear 

.Power industry. 

This paper will define the scope 
accurate cost data, offer examples 
proposed solution. 

INTRODUCTION 

of the problem of lack of 
of it's severity and a 

Originally, NATS were simply modified HVAC systems to provide 
higher efficiency particulate filtration. The problem of iodine 
was recognized and adsorber banks were added to these still 
essentially HVAC systems. Over the years additional components 
have been added based on the,ory and experience. Since these 
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systems were at first generally perceived simply as "HVAC" there 
was initially little technical differentiation. Finely the need 
for formal technical guidance and differentiation was realized 
and the technical speciality of which we are all a part was born. 
Unfortunately the management and cost accounting aspects were 
not equally recognized as needing separate status for handling 
NATS. This has lead to the NATS usually being combined with the 
general HVAC system costs and, therefore, not available for 
detailed cost analysis. This has made the system designer's and 
engineer's job more difficult since he can not even perform a 
cost benefit analysis of a proble~ let alone present sufficient 
data to obtain management approval for most changes. 

This situation has lead to the propagation of serious 
deficiencies in the NATS that are in many cases both technical 
and financial problems. Until adequate cost data is available 
to allow the correction of these problems to be justified, they 
will continue to plague us. 

DISCUSSION 

Historically NATS have had an unfortunately low priority and 
perceived importance in the nuclear power industry. While they 
admittedly do not directly produoe electrical power they are 
required to be operational by good engineering practice and in 
specific cases by regulation. As the Three Mile Island-II 
incident proved the NATS can be the final containment of a 
radioactive release if operating optimally. (1,2,3,4) Or, if not 
optimum they can be the weak link that allows a major release. 
At TMI-II the NATS were less than optimum but did provide a very 
significant and valuable final barrier. 

In almost every plant there are many NATS that are not in the 
PTS. Such was the case with the Auxiliary Building NATS at 
TMI-II. These non-PTS systems too often receive little or no 
attention during start-up, operation and long term maintenance. 
One must assume that at some point an engineering analysis 
indicated that these NATS were needed or they would not have been 
provided. At some plants even the NATS in the PTS are given 
only the specified minimum attention to testing and maintenance 
which is usually far less than that required for optimum 
performance. 

One major reason for insufficient management attention and 
support is the lack of accurate cost data for start-up, 
operation (including all NATS related License Event Reports -
LERs), maintenance and testing. The only time there is a highly 
visible cost for a NATS is at initial purchase. Most of the 
time the NATS costs are grouped with other, larger expense 
categories (usually general HVAC). Perhaps a contract for 
ANSI/ASME N510 testing may be found as a separate cost, but this 
is only a part of the total testing cost when the considerable 
plant support that is ~equired is included. (5) At all other 

1243 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

times, both prior to purchase and throu~h the life of the plant, 
today's accounting systems combine the design, engineering, 
installation, start-up, Acceptance Testing, QA/QC, operation, 
maintenance, operational Testing, repair and pl.ant life extension 
costs ~ith overall pJant HVAC: or other large general accounts. 
This creates a critical condition where the Gnly time NATS 
costs are highly visible is when it is most sensitive to being 
degraded in the interests of "cost control''. There is always 
extreme pressure to purchase the lowest priced systems. 

Experience has frequently demonstrated that these are NOT the 
most cost effective NATS, even as they are being installed. There 
is simply no dala to allow formal comparison uf the original 
purchase prices versus the installed and Acceptance Tested cost, 
let alone a good estimate of 40 year life cycle costs. More than 
once the author has seen Start-up and Acceptance Testing 
experience significant cost overruns due to poor system design 
and/or fabrication that greatly exceed any conceivable saving 
from using the low bidder. In fact the excess costs of Start-up 
and Acceptance Testing can exceed the initial purchase price of 
the NATS from their vendor. 

Certainly there are legitimate installation, Start-up and 
Acceptance Testing costs but it is those that are clearly 
remedial that are of concern. For reasons that admittedly are 
not well understood, systems are accepted by both vendor and 
utility (or A/E) personnel that are grossly outside the 
specification upon which the contract is based. Some years later 
when the system is in the Start-up/Acceptance Testing phase and 
these problems are encountered by the system engineer and 
testing group, the remedial work required is subjected to extreme 
programmatic scrutiny. This is proper in our industry, but the 
point that is so perplexing is how in some cases clearly 
nonconforming systems were accepted in the first place. 

The old excuse that ANSI/ASME N509 did not exist when the NATS 
were ordered certainly does not apply to· plants started up in the 
past few years. (6) These NATS have been explicitly purchased 
to N509. Worse there have been systems with deficiencies so 
extreme that they were not acceptably designed or fabricated to 
basic good engineering or industrial practice. Obviously, these 
problems are costly to correct. 

The correction of system problems is seriously complicated by 
the extreme programmatic requirements that are applied to the 
correction. Often corrections are not authorized due to both 
cost and schedule considerations. These are not corrections that 
are considered to impair the functioning of the system (although 
even this is often a matter of dispute). They are corrections 
that would make the system more efficiently operable, testable 
and maintainable for the life of the plant. Where a correction 
would delay the plant start-up no one would question that the 
corrections be postponed unless it were an actual PTS or FASR 
violation. However, rarely, if ever, would the proper 
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correction have actually delayed a plant start-up. At worst it 
would impact one of the very detailed sub-schedules that are 
deemed so important. They are important, but should not be so 
binding as to cause real improvements tci be postponed, and then 
all too often lost forever. 

Two examples of the problem are offered. These are from the 
author's first hand, long-term, on-site experience. They are 
necessarily not rigorous, since the point of this paper is that 
actual data does not exist to allow a rigorous analysis. It is 
stressed that these examples are based solely upon the author's 
personal experience. They are not presented as average, 
best/worst case or necessarily the industry norm. The author has 
been involved in the start-up of plants with fewer problems as 
well as plants with worse problems. 

The first example is a two reactor PWR site with both reactors 
completed and on-line. It includes both skid mounted systems from 
more than one vendor and built in place systems. There are over 
30; probably somewhat more than common but not extraordinary. (7) 

The N510 Acceptance Testing took over three years of continuous 
work. The testing contractor had between one and five test 
engineers on site for that entire period with perhaps a few days 
off for holidays and while major rework was being completed. 

If the initial cost estimate for the testing was reasonable, then 
based on the author's personal knowledge over $500,000.00 
additional was spent with the testing contractor due to NATS 
deficiencies and programmatic delays. Let me stress that the cost 
estimate was requested to be made on the basis that the systems 
would pass each test. This is both reasonable and a standard 
request. As accurately as it is possible to estimate, the initial 
quotation was realistic and accurate. 

In addition to the testing contractor personnel there were 
personnel from another supporting contractor to provide the 
craft labor. Based on the number of men this contractor provided 
and the then average price a utility was charged for such labor 
this craft support cost well over ten times that charged by the 
testing contractor. This is due to the considerably larger number 
of craft personnel involved, often working three shifts. 

Additionally, there were large costs for the utility and A/E 
personnel involved in a great many meetings, backup engineering 
and paper work. Not only engineers were involved in the necessary 
corrections but also QA/QC personnel, schedulers, clerical and 
purchasing personnel, etc. 

Even with just the direct testing contractor and craft support 
the costs due to the NATS problems exceeded $5,500,000.00. While 
perhaps not large compared to a multiple billion dollar plant it 
is certainly significant. Further, this remedial cost does not 
include all the material and indirect costs mentioned above 
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since they are not separately listed to 8.llow such analysis. 
Worse, while the NATS were corrected to be able to perform their 
minimum required function, they continue to suffer deficiencies 
that will add significant long term operational costs. 

The second example is a BWR plant originally planned as a two 
reactor plant but only built as a single reactor station. 
Reactor-2 is not currently planned to be built. This change did 
add design and construction changes but due allowance hag been 
made for this very real design revision work in our examination. 

The NATS for this plant are all skid mounted and from one vendor. 
They were specified to N509-1975, then partially "up-graded" to 
the 1980 edition. Many items were found that clearly did not meet 
either edition of the standard. Further some items that were 
signed-off by the vendor, A/E and utility were also found to be 
deficient. 

The most startling example is the impregnated absorbent which 
was specified, certified and accepted to N509-1975. The 
certified test report itself contained data that clearly showed 
the adsorbent to be non-conforming. This was pointed out to the 
owner and the carbon was retested by another laboratory at a 
cost of $40,000.00. At least here is a visible remedial cost but 
it is far from the total bost even for this specific problem 
since it does not include the large costs of the major procedural 
effort required when safety related material is found to be 
non-conforming. Furthermore, it not does it include the equally 
large number of man days spent in meetings to resolve this 
problem. At least the problem was found before the carbon was 
installed. 

To try to put some rough numbers on the excess costs for this 
start-up, the author was originally to spend 6 to 8 weeks at the 
plant as a start-up consultant. This extended to being required 
on-site for about 50 weeks. -The testing contractor was also 
on-site many more months than would have been necessary if the 
systems had initially been in full compliance with the 
specifications. The utility Start-up Engineers and craft support 
were again at least ten times the cost of the testing 
contractor. From first hand observation the excess costs were 
over $1,000,000.00. 

This is a very conservative estimate and the total cost 
certainly considerably more with the less visible support costs 
included. The total price for all the NATS from their vendor, 
even with many change notices included, was about $1,250,000.00. 
In this case the remedial costs were on the same order as the 
purchase price of the NATS. 

At least both these plants have been fully licensed and are in 
full commercial operation. The point of these examples is not the 
specific technical or programmatic problems, although they are 
both significant and worthy of study in there own right; it is 
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the costs involved that are under consideration. In both cases 
the author tried to determine by personal investigation if the 
detail costs were assigned on a system by system basis. In both 
cases the answer was no. The costs for utility and A/E personnel 
did not even differentiate between the NATS aspect of their work 
and the more general HVAC systems work. At best, all an after the 
fact study could determine would be the outside contractor costs 
which in most cases were NATS specific. In the case of craft 
support, clearly not as specific. All other costs are either 
general "HVAC" or, simply, overhead. 

Why are these costs so important? They are important so it will 
be possible to make both real time and retrospective analysis of 
the trade-offs on the cost benefit of any aspect of these 
systems, from initial functional specification and space 
allotment through plant life extension. Often the low bidder is 
only a few percent below other bids. All bids, by definition, 
meet the technical requirements at this final stage of 
evaluation. 

If the low bidder is not to be awarded the contract there must 
be very tangible and documentable reasons for this decision. The 
best basis for such a decision would be a detailed cost benefit 
analysis of this vendor's past performance in addition to a 
rigorous review of the current bid for both technical excellence 
and total costs. 

Such an analysis requires that actual total NATS cost be 
available. This is not to say or imply that the low bidder is 
always deficient or that there is an inherent problem with the 
bidding process. The problem is more general. There is 
insufficient effort (time and money) put in the front end of a 
project to develop detailed specifications an review vendor 
responses to the inquiry, the bid evaluations and oversight of 
the fabrication. In the examples cited, some additional up front 
effort would clearly have saved significant time and money that 
was required to be spent to upgrade the installed systems to 
minimum acceptability. 

How much should each of these steps be increased? This is a 
question that has no quantifiable answer, but without the real 
total costs for the system to be accepted let alone efficiently 
maintained and tested there is no possibility of providing even a 
helpful answer. · 

PROPOSED IMPROVEMENT 

The proposed improvement is two fold and quite simple. It is to: 
(1), provide more up front effort to ensure technically correct 
and well designed .NATS that use the best known engineering 
practice and meet all the applicable Standards and Regulatory 
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requirements are instaJ.Led in the plant, and l 2) 
accounting procedures so costs are retrievable 
system basis. 

improve the cost 
on a system by 

By implementing the second improvement there will be ample data 
to assist in implementing the first. 

With todays computer systems, very little added work would be 
required following an initial procedural improvement. Perhaps 
mor·e detai 1 on time sheets and purchase requisitions, but no 
major changes. With this improved system, management could 
analyze the real costs of a NATS, not only for new installations 
but also the existing ones. 

Does anyone really know the true cost of the ever popular 
adsorbent 1va ter deluge S,Ystem problems"/ ( 7, 8) Hoh' many License 
Event Reports (LERs) will have to be processed for a control room 
positive pressure problem to equal the cost of upgrading the 
Control Hoom pressure boundary and the NATS to eliminate tbe 
problem? ( 10, 11,) 

The cost of processing LERs is significant and a very real cos~ 
that should be assigned to the equipment when it is the equipment 
design or construction that is the root cause of the LER. Similar 
examples could be listed at great length. The point is that we do 
not know our real costs and, therefore, cannot make enlightened 
decisions. No matter how excellent and detailed ANSI/ASME N50Y 
or ASME AG-1 may be they, by their very charter they cannot be 
so proscriptive (nor would the owners want them to be) that 
NATS can be designed and built without good, experienced 
engineering judgement being the most important aspect of that 
work. (12) 

Only when we know our real costs can we make the needed 
adjustments to our priorities and obtain the most technically 
excellent and cost effective systems so absolutely necessary for 
safe and efficient plant operation. Shifting some of these 
currently remedial costs to the front end of the project may be 
initially painful, but it is strongly proposed that such a shift 
will prove to be extremely cost effective. Possibly more 
important, it will provide technically superior NATS to protect 
the plant and the public. Good engineering must be a "given" in 
the nuclear industry; good cost accounting (and, therefore 
control) to back it up will only be available when management 
understands its true value as a tool to improve the financial AND 
technical aspects of the plant's NATS. 
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AUDIENCE DISCUSSION 

OLSON: I have a couple of comments and then a 
question. Jack Jacox, relative to your discussion, I do not think you 
are far wrong on what needs to be done and I think if we are going to 
increase the use of nuclear power, we are all aware of the cost 
involved; right now pushing eight billion dollars. That cost has a 
big influence on whether other power plants will be built. We may 
hate to account to our bean counter friends at the utility, but it is 
going to be a necessary evil. The best way to handle that now is to 
be sure we have our ducks in a row as far as the issuance of applic
able codes and standards is concerned and to be fully aware of what we 
are heading into the next time we tackle a new power plant. In one of 
the papers, it was mentioned that N-510 is being revised because it is 
not yet included in the ASME/ANSI AG-1-1988 Code on Nuclear Air and 
Gas Treatment. Can you give us a statement on when we can expect AG-1 
to be revised to include the requirements of N-510 and whether there 
are other changes that might result from incorporation into AG-1? 

BANTON: our Subgroup is responsible for preparing 
the TA section of AG-1 which includes testing. We have been trying to 
start work on the TA section for about 5 years.but we keep getting 
delayed with the N~510 revision. Our current plan is to have a first 
ballot by the Main Committee of CONAGT on the TA section by the summer 
of 1989. AG-1 comes up for revision every three years but addenda can 
be issued every six months and we hope TA can be published by.the end 
of 1989. 

JACOX: AG-1 is unusual for ASME codes inasmuch as 
it is being issued piecemeal. Some parts of the ASME boiler codes 
came out piecemeal originally but, since some parts are over 100 years 
old, people have forgotten it. Testing sections are not the only ones 
that. are still missing from AG-1. There is a three year cycle for the 
code to be reaffirmed, revised, or withdrawn. We hope withdrawal of 
AG-1 will not happen for a long time. Our current schedule is to 
issue addenda annually, but when we get all of the sections issued the 
interval will probably change to every six months. There is not 
enough support or personnel to have revisions or addenda every six 
months until we get all of the major sections out. 

KOVACH, J. L.: The question I have relates to N-510. 
Yesterday, we heard from our French and Belgium colleagues about a 
significant improvement in methodology for testing carbon adsorber 
systems which can not only determine a leak but also determine the 
location of the leak. This same methodology is now sort of semi
standard in Canada and the U.K., and it is being practiced in the U.S. 
with some compromises to ma~e sure that it still meets the wording of 
N-510, even if it is not exactly an N-510 test. Now, we are issuing a 
revised N-510 which will not cover this technology, although it has 
been picked up by the rest of the world where nuclear plants are 
starting up at higher frequency than in the United States. What are 
we going to do about making sure that we are not going to be restric
tive in some of these standards and that we are keeping up with new 
developments, not just codifying old practices? 
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BANTON: I think the answer is that they will be 
covered in AG-1. It has been a desperate battle for the last three 
years to get out N-510. I consider it to be a good interim standard 
while we wait for a TA section in AG-1. We will be addressing tech
nological changes in testing methods in TA. We tried very hard in 
revising N-510 to open it to new technology. The basic method for the 
carbon adsorbers is to use a halide gas challenge and a single point 
sample. We deleted many specifics in the latest revision and I think 
it is more flexible than were the earlier revisions. 

JACOX: From a strictly practical standpoint, N-
510 is pretty well set in concrete. If we try to make all of the 
required changes, we will not only be another year or so away from 
completion on N-510 but we are already over the five year limit that 
ASME requires for their codes and standards to be affirmed, withdrawn, 
or modified. One of the many advantages of putting everything into 
AG-1 will be the availability of semiannual addenda to publish new 
technology and corrections. N-510 is less than perfect, but it is the 
best that the system allows at the moment. 

BANTON: This revision to N-510 was somewhat like 
building a nuclear plant; at some point in the design you have to 
freeze it. I think that we finally did that three years ago and we 
are just now ready for final revision. 

KOVACH, J. L.: I understand the philosophical problem. 
How many plants are we going to build that will use N-509-88 before 
the AG-1 code is completed? 

BISHARA: I do not think anyone in this room has an 
answer to the question of how many new nuclear power plants will be 
built in the next decade. 

KOVACH, J. L.: 
before a decade. 

I hope the AG-1 code will be complete 

BISHARA: However, your comment is well taken as it 
pertains to existing plants. We tried to address technical specifi
cation system testing as well as surveillance testing. It was our 
intent to address current surveillance test requirements and the 
problems associated with them. I think something that CONAGT needs to 
work on is shifting gradually from the design, construction, and 
acceptance testing phase to surveillance testing and addressing back
fi tting, maintenance, and operation of current nuclear power plants. 

ORNBERG: We just mentioned N-509 and it was men-
tioned in a previous session. N-509 has been through three ballots in 
the ASME Committee on Nuclear Air and Gas Treatment. It has almost 
made it through one ballot on the Board of Nuclear Codes and Stan
dards. I expect we will be completing the process in the next month or 
two. Therefore, the 1988 revision of N-509 should be out for public 
comment before the end of this year (1988) and then published. 
Concerning use of that standard for new plants, you may see it used on 
older domestic plants first. Through the years, some plants may · 
decide to backfit, or add additional systems, or, with nuclear plant 
life extension, consider upgrading filtration systems. It is being 
used overseas right now so we may see the first orders for N-509-88 
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systems coming out of overseas plants. A point I want to make on 
revisions to recognize or incorporate new technology, is that a 
technical inquiry can be made to the standard. It has traditionally 
taken quite a while for a response, and during the startup phases of 
new plants it has been difficuit to respond as quickly as needed. But 
we have it organized to the point where it should take only a couple 
of months to decide on an issue and get it approved through the Main 
Committee. Therefore, new techniques could be submitted as a techni
cal inquiry and picked up that way. You can keep the standard alive 
and current by this method. It was mentioned that there is an 
Appendix B on laboratory testing of carbon but there was not enough 
time to go into detail. I think you may want to clarify what the 
intent of that appendix is and the depth it goes into in specifying 
testing of carbon. 

JACOX: Appendix B, a non-mandatory appendix, 
provides additional guidance on test methods and is designed to ensure 
tpat the accuracy and repeatability of the calibrated instruments used 
for laboratory testing provide accurate laboratory results. A round
robin, worldwide survey was made several years ago among testing 
laboratories. Standard samples were sent out to each of the labora
tories on which they performed the tests in ASTM standard D-3803. The 
results showed a wide variation and created a lot of concern. Analy
sis of why the results were so scattered revealed that D-3803 did not 
include adequate guidance on instruments. To address that concern, we 
added Appendix B to N-510. In our opinion, it will create the 
repeatability and accuracy that we need. 

EDWARDS: One of the trends we have noticed is for 
the operating facility that is going to operate the filter system to 
take an active interest in its construction. When it is specified 
that the owner is going to witness a full scale test of the specific 
system that is going to be delivered, it provides assurance that the 
owner is going to address testability and air flow capacity. For 
example, Westinghouse came and did exactly that for a system that we 
manufactured. There is also some work we are doing overseas where a 
prototype, or the actual system that will be delivered to each site, 
has to be examined and tested for air flow distribution, air flow 
uniformity, and penetration. I think some ·of these concerns would be 
addressed if operating engineers of the facility would take an active 
part in the manufacture. 

BISHARA: Current thinking is what we have incor-
porated into the current revision of N-510. It is to recognize the 
owner's QA program as well as the owner's product specific speci
fications. That makes the owner the responsible individual, not 
a mere bystander. If the owner elects to have assistance from someone 
else, that someone else has to fit within his organization and has to 
act as one of his own people under all circumstances pertaining to 
quality assurance requirements.· 

EDWARDS: That will certainly close some interface 
problems that have existed up till now. 
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BANTON: I agree with the concept. I have worked 
at two nuclear power plants at which they had to make a transition 
from the start-up to the operating phase, and I have been involved in 
start-up and then operation of three units. My biggest concern is 
that after the acceptance test, the system enters the surveillance 
phase and then becomes the sole responsibility of the owner. A lot of 
information gets lost when the start-up phase is performed by a 
contract group that comes in, performs the acceptance tests, writes a 
report, gives it to the owner, and disappears. The owner suddenly 
comes to the realization that he has to do periodic surveillance tests 
and does not know how because he did not take part in the initial 
start-up acceptance test. It is a common problem across the industry. 
When N-510 was originally written, it focused heavily on acceptance 
testing. We have put a lot more meat into the standard concerning 
surveillance test portions. 

JACOX: It is necessary for the plant staff, or 
owner personnel, to be involved at a much earlier date. I have seen 
it from the other side as I have always been a contractor or consul
tant. Something I should stress is that, although N-510-88 has been 
written from a different point of view, the owner still has the option 
to delegate everything to a contractor. We hope that the owner will 
not, but it is outside the scope of a standard to mandate that an 
owner may not delegate. It is up to the utilities to see the ad
vantages of coming in earlier. I have seen it go from almost an 
avoidance of any utility involvement to having them begin working hand 
in glove with the testing start-up people, whether contract or their 
own utility start-up people, five years before the plant is scheduled 
to start up. Without exception, the earlier they get i_n, the smoother 
the plant runs. ·- - · .. · ·· 

PATEL: While updating the technical specif ica-
tions for our plant, we found mention of testing only upstream HEPA 
'filters, not downstream. The specific question is, does proposed N-
510 address testing of upstream HEPA filters, only? Plant Technical 
Specifications refer to ANSI N-510 for surveillance testing, but it is 
not mentioned in ANSI N-510 or in R.G. 1.52 or R.G. 1.140. I asked 
the same question of Dr. Bellamy yesterday and he said they are going 
to include this when updating the regulatory guide. We are going to 
the NRC to get our license. Will revised N-510 support licensing of 
my plant? 

BANTON: I think the answer is, yes. At the CONAGT 
Main Committee, it was mentioned that a newer version to R.G. 1.52 is 
in the works and we expect to see it within a year. NRC expects to 
update that regulatory guide to address the latest version of N-510. 
There should be considerable update that we can use to address our 
technical specification revisions in the future. 

PATEL: Does proposed ANSI N-510 address testing 
of upstream HEPA filters only? Plant Technical Specifications refer 
to ANSI N-510 for surveillance testing. This is the new change that 
needs to be addressed in proposed revisions of NRC R.G.s 1.52 and 
1.140, ANSI N-509 and N-510. At present, ANSI N-509 proposes this 
revision for N-510. Will the authors please respond to this for R.G.s 
1.52 and 1.140? An NRC spokesman provided the suggestion that the 
proposed revisions may include this item. 
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BISHARA: That is not necessarily true. We have 
encountered this problem over and over. It is correct that R.G 1. 52 
refers to ANSI N-510 as well as N-509. R.G. 1.52 is not going to be 
revised for a while. Right now, it is N-510, 1980 or 1975. What you 
need to do is address previous papers and other conferences. What you 
need to do is work with your engineering group to come up with a line
by-line assessment of what you have versus what the regulatory guides 
require. Submit that line-by-line assessment, including all your 
exceptions and your reasoning for your exceptions, and believe me if 
it is done correctly, in a technically acceptable way, it is most 
likely that the regulatory body will accept it. You also mentioned 
that you are not a member of this committee. I invite you to submit a 
request to join our sub-committee so you know what is going on as you 
go along. There is no problem with that. 

PATEL: Normally, all plants address their excep-
tions, point by point, according to section 6.5. But what is the 
thing that will cut down cost and testing time and all those things? 
This is the point we heard about. We noted it and we are mentioning 
it, as well as the exceptions to N-510 and R.G. 1.52. 

ORNBERG: The latest edition of N-509 has been 
revised to delete the requirement for installing a downstream HEPA 
filter. In its place, we are requiring a high efficiency bag-type 
filter. We are calling it a high efficiency post-filter, it is not a 
HEPA filter.. Some of the revisions to N-509 were addressed at the 
last air cleaning conference and I think that topic was included. You 
can go back to the last proceedings if you want to find out a little 
bit more about some of the details in the revision. I think N-510 
only has criteria for testing HEPA filters, it does not make a 
distinction whether it is upstream or downstream as far as I remember. 
I know at least one other facility has had it accepted that the 
downstream HEPA does not have to be tested. N-509 has been revised to 
delete the requirement for a downstream HEPA filter; all that is 
required is a high efficiency bag-type filter. 

BANTON: The problem you have with your system is 
very common. for most of the systems designed before N-509 came out. 
The downstream HEPA is primarily put in to catch the carbon fines that 
come off the carbon adsorber stage. Revised N-509 does not have a 
requirement for a downstream HEPA filter bank, but that is not going 
to help us with our systems that already have a downstream filter. 

PATEL: You are aware that technical specifica-
tions were issued before N-510, and they included surveillance re
quirements. That is my main question, is N-510 going to address this 
issue? 

BISHARA: N-510 addresses testing of N-509 systems. 
That is what it states in the definition sections. In Table 1, the 
visual inspection, we followed N-509 line by line. The chairman of 
the sub-committee responsibl_e for the N-509 changes is Steve Ornberg 
and I would like to take this opportunity to commend him for an 
excellent job. surveillance testing is addressed in N-510, and N-510 
refers to N-509, so what you have is what is in N-509 and you have to 
live with it. However, I want to caution you.that what you have right 
now at the Comanche Peak Plant does not conform with the new N-509. 
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So, no matter what you are going to have to come up with in the 
meantime, you must make a point by point assessment and take necessary 
exceptions. 

JACOX: I think what we assumed, but did not make 
explicit, is that all three pairs of N-509 and N-510 that bear the 
same date are completely tied together. In other words, N-510-1975 
applies only to N-509-1976 systems. Admittedly, there is that little 
glitch that one came out first. N-510-1980 applies only to N-509-1980 
systems and N-510-1989 will apply only to systems built according to 
N-509-1989. The technology that will make it possible to test down
stream HEPA filters is included in N-509-89 and N-510-89 inasmuch as 
manifolds are recommended and guidance in building them and using them 
is included. If a utility chooses to upgrade its systems by making 
physical modifications, or if they chose to upgrade the systems to 
more conveniently and easily test them without having to enter the 
housing, the technology is in the new N-509 and N-510. From a licens
ing or a regulatory standpoint, unless the utility chooses to ratchet 
itself, rather than waiting for the Commission do it, it would not be 
necessary to make these changes. 

KUMAR: This is a follow up of what Jack Jacox 
talked about regarding cost. I hear statements about the costs of 
filtration units bought from outside, but I would appreciate it if the 
A-Es, or designers, would pay a little more attention to the system 
design itself so that we get correct air flow volume and distribution 
as needed. Especially in the converging and diverging portions, so 
there will be no separation of the boundary layer. The reason I am 
saying this is that I have seen in the field a u-turn into the inlet 
to the filtration unit and the flow measuring traverse points on the 
bend. You can get great variations in flow measurement depending on 
where you take your readings. 

JACOX: I agree. I felt uncomfortable writing a 
paper based on personal experiences for the numbers that I used. I 
considered expanding the topic to address the entire system but I 
thought that would be going too far. However, the same problems and 
the same answers apply. Perhaps the costs are even greater on the 
whole system than on filtration housings alone. 

BISHARA: I have a further comment on Mr. Kumar's 
statement about the responsibility of A-Es to prepare a good design. 
Even though the A-E is responsible, you can not put all the blame on 
the A-E's shoulders because the A-E comes up with a design and sends 
it to the utilities for review. Therefore, the utilities should be 
responsible for providing a comprehensive review and the utility 
should involved their maintenance and operating people as well as 
others in the organization to provide adequate comments pertaining to 
the design. Therefore, when the overall design is not adequate, I 
think that everybody involved is responsible. 

KUMAR: What you have said is true, but during the 
1970s the utilities were at the mercy of the A-Es. I have worked for 
three A-Es so far, and I know. Now, I am in the middle of it. 
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BANTON: I would also like to say that during the 
time I have been involved with sub-group work, one thing I have 
realized is that when the nuclear industry boomed in the late 1960s, I 
do not think the nuclear air cleaning industry was quite ready for it. 
I think it responded very well, but by the time we had standard N-509-
1975, most of the plants had already been designed. I know that at 
the two plants where I worked, the design was not based on nuclear air 
cleaning standards, it was based on general architectural type build
ing ventilation systems. That is the mess we are now trying to back 
fit. With AG-1 and the new N-509 standards I think we are now in much 
better shape to design nuclear air cleaning systems. The latest round 
of ventilation designs that went like a wave through the ·nuclear 
utility industry were the technical support center (TSC) ventilation 
systems. The technical support center became a basic requirement as a 
result of the TMI accident, even though standards were in place. At 
one utility, I had to amend the contract to reference N-509 because 
when the original design people went in and wrote up the contract 
specifications, they referenced the same old standards that were used 
in the original plant design. Fortunately, we jumped in and required 
an N-509 type of system before the contract was issued. It is some
thing that everybody needs to be fully aware of. Just because there 
are standards available, it does not mean that when utilities need to 
redesign their ventilation systems, they will use the~. 

FIRST: Since we seem to be so very much inter-
ested in history at this session, let me go back about 12 years and 
bring up another matter that has been on the agenda for a long time 
with very little success. I am referring specifically to an attempt 
that CONAGT made to prepare a standard for qualification of personnel 
doing systems testing. In its latest revision, it was intended to be 
a non-mandatory Appendix C of ANSI/ASME N-510. Because of very 
violent objections by the utility industry to including it in N-510, 
it has not advanced. Nevertheless, it seems to me that much of the 
discussion that has taken place this morning, as well as in other 
sessions at other times, has involved the problems of testing by 
people who are not thoroughly qualified to do it. I bring it up 
because this session may be an appropriate opportunity to present the 
information as a part of this morning's discussion. 

JACOX: As quite a few of the people here know, I 
have been heavily involved on the battle-losing side and I could not 
agree more that we need some guidance.· Yes, ANSI 3 .1 and N-4526 do 
give a lot of guidance on the duration of experience that one needs to 
have, but in no case are they specific on the nature of the experi
ence. I hesitate to review the whole matter but, as I mentioned in 
both this paper and the one I gave earlier on LERs, when you have 
identical failures of equipment at the same plant, as well as at other 
plants, it shows that there are faulty systems. There may be serious 
disagreement about how one cures a fault, but, when looking at LERs 
from one "particular plant and seeing that they had the same problem 
repeated 15 times in a three year period (each of which required an 
LER) it should be a red flag that something needs to be done. I 
cannot imagine a solution that would not include additional training, 
although I do not know whether proposed Appendix c to N-510 would have 
been appropriate in this example. The utilities do a great deal of 
training at great expense, but it has not been perfect. Steve Banton 
may have a slightly different ~oint of view. 
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BANTON: It is one of my favorite issues. My 
approach to the training issue is mainly one of perception. I have a 
totally different perception about nuclear site training and testing 
activities than most of the people who have focused entirely on only 
one area of testing. The test staff at Diablo Canyon performs a wide 
variety of tests. One of them is ventilation testing. We also do 
integrated leak rate testing and ASME Section 11 pump and valve 
testing. We do reactor physics testing and a wide range of mechanical 
and electrical system testing. As the department manager, I am 
responsible for making sure that each and every engineer who goes out 
and performs these tests not only has a good procedure but is quali
fied to do the work. Most utilities have very extensive programs to 
qualify their people to become familiar with and understand how to do 
these tests. I do not want to offend anybody, but, although I believe 
that ventilation testing is a science, is a very technical subject, I 
do not think it is the most technical subject that we have to deal 
with at the plant site. I challenge anyone in this room to compare a 
reactor physics test or an integrated leak rate test, with respect to 
complication and depth, to a ventilation test. The reason I am 
opposed to a specific standard for qualification of personnel for 
testing is that I do not believe there are industry problems associ
ated with lack of qualified people to do testing. There is a very 
strong program in the industry to support training, and many utilities 
use it. Since we do not have a qualification program for integrated 
leak rate tests, or reactor physics tests, or diesel tests, or even 
battery tests, I think it would be a hindrance to have a specific 
requirement that required extensive experience for my engineers to go 
out and do a test that has been entirely proceduralized and is actual
ly a routine test. 

PARTHASARATHY: Most of the discussion I have heard this 
morning relates to utilities and nuclear power plants. I guess we 
should not lose sight of the fact that there are non-power plant 
facilities that use N-509 and N-510. Today, there are plants starting 
up, being built, and being designed. While the surveillance part of 
the standard is being upgraded, we should continue to improve the 
acceptance part, also. I hope you do not lose sight of the fact that 
there are other facilities being designed and build according to N-509 
and N-510. 

BISHARA: We are still addressing acceptance test-
ing, and we are adding additional emphasis on surveillance testing, 
which was totally lacked in previous revisions. I appreciate your 
comment. The AG-1 code is not just addressed to nuclear power plants, 
but to all nuclear facilities. 

JACOX: Code AG-1 will be, much broader in scope 
than N-510. It took five years to complete the N-510 revisions 
because it involved not simply correcting some small problems here and 
there but a major re-write. We had to restrict our revisions or we 
would never have gotten it out. There will be a significant expansion 
in both the types of facilities and the types of equipment that will 
be included in Code AG-1. Right now, N-510 essentially covers only 
the filter housing, although we did expand duct testing to include 
SMACNA standards, AMCA standards, etc. These standards were not 
disallowed previously but, because they were not mentioned, some QA 
people ruled they could not be used. Therefore, we did expand N-510 

1257 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

somewhat, but AG-1 will be a very major expansion in scope, although 
the first issue of the TA Section of AG-1, which is the nuclear 
treatment testing section, may come out piecemeal. There is a TB 
Section in AG-1 which covers offgas systems. This is totally new. It 
is too early to predict, but it is very possible that the TA Section 
could come out close to N-510 initially; an expansion perhaps, but 
close to N-510. It may not include fuel plants or reprocessing plants 
in any detail but later there would be a revision or an addendum which 
would include other types of facilities. As has been mentioned 
numerous times, we extend an invitation to people with expertise to 
join the committee. At the moment, the committee is made up of power 
plant oriented personnel but we welcome people from other facilities 
who would like to participate. 

BISHARA: I would like to add that the revised N-510 
is not based on our efforts alone, it is based on all the input we 
receive from numerous qualified individuals, many of whom are in this 
room. Standard N-510 is going to be issued for public comment by the 
end of this year or the beginning of next year. We invite you to 
review it and provide us with whatever constructive comments you think 
will help improve it. If you need a copy of the standard, please call 
Mike Merker, the secretary of ASME in New York, and he will send you a 
copy of N-510 and/or N-509. 

WILLIS: My general observation is that safety 
problems are people problems. Our experience in recent years in the 
HVAC area is that we have serious people problems in many of the 
utilities. When we looked at the way people were handling these 
systems we found that utility management was pleased as punch if they 
could find someone who knew where the on-off switch was located. Is 
the committee maintaining or achieving a kind of liaison with the 
committee that deals with power plant staffing to let the utility's 
management know that they need someone on the staff who at least knows 
whether a system blows or sucks? 

BISHARA: I appreciate your comments and I would 
like to share with you something from my experience over the years 
pertaining to personnel qualification. If I had to sit down today and 
write down an outline of personnel qualifications for performing N-510 
testing, believe me, I would have a difficult time doing so. Let me 
tell you why. It would not be correct for me to consider the qualifi
cations of the contracting companies to be the qualifications required 
for N-510 testing. Nor would it be adequate, either, for me to base 
it on the qualifications required for a system start up engineer. I 
have yet to see an individual who combines all the talents that define 
"a qualified individual", one who understands logic diagrams, who 
understands N-510 testing requirements, who understands system opera
tion; but that is the kind of person you have to have. It is very 
difficult to obtain all these requirements from utilities, or even 
from the contractor organizations. I am not saying it is not achiev
able, but it is very difficult. I have known few people who posses 
all these qualifications. 

FIRST: I think you have made the most potent 
argument I have heard for· having a qualification standard. Certainly, 
you do not have people who have all the enumerated qualifications 
because nobody has ever asked anyone to acquire them in a formal way. 
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In response to Mr. Banton's statement, I find it very difficult to 
accept the idea that because we do not have standards for personnel 
who test nuclear air cleaning systems, we should have no standards for 
any other activity. What you should be saying, in my opinion, is that 
we not only need personnel qualification standards for those testing 
nuclear air cleaning systems but we need personnel qualification 
standards for all the other jobs that you mentioned. Why make the 
argument, because we do not know how do "this" we should not do 
"that"; it is anti-intellectual. 

BANTON: I am not sure how to respond to that. My 
feeling is that in the area of testing qualification, the utilities 
are overwhelmed, literally overwhelmed, by the requirements for 
training and qualified personnel. My biggest problem is keeping a 
staff of people that are qualified. If I sent someone away for three 
years of training on ventilation testing, chances are he would not 
come back from the training school because the dynamics of the in
dustry are such that he would find more money elsewhere. 

FIRST: Are you saying you cannot afford to hire 
qualified people? 

BANTON: No, I am not saying I cannot afford to 
hire qualified personnel. The problem I have is finding them in the 
first place. I have a hiring problem just like all the other utili
ties. If I could go out and hire a staff HVAC test engineer with ten 
years of experience for the amount of salary I am allowed to pay, I 

·would love to do it. Like a lot of utilities across the country, I 
have problems with budgets and head count levels and everything else. 
There is one program going on that has been heavily endorsed by INPO 
and it is being jammed down our throat by the NRC, especially in 
Region 5. It is the system engineering program, and a lot of utili
ties are pick~ng it up. It involves having a dedicated engineer on 
site who focuses on all aspects of the system. I think we are a bit 
beyond a lack of somebody on our staff who can tell "whether a ven
tilation system blows or sucks," but I have had trouble in the past 
when I did not have somebody on my staff who knew about ventilation. 
I think that the utilities are now focusing on system problems more 
and more and we are taking care of things. The question whether we 
need to have personnel qualification standards for all of our testing 
activities, really should be a utility concern. 

JACOX: I think the idea of having system en-
gineers is excellent and a big step in the right direction. Coming 
back to the specifics of my cost-benefit paper, the· utilities do not 
know how much money they are wasting by not having people who know 
what their real costs are and where their money is really going. Even 
Steve Banton mentioned earlier that he sent some people for additional 
training because of one test that did not work quite as smoothly as it 
should. I think that this experience would be a major argument to not 
only get Steve a raise but to make it possible for him to hire the 
fellow with ten years ventilation experience at a realistic salary 
because the utility management finds it is much more cost efficient to 
be paying that fellow whatever more is needed than to have a couple of 
people who are less qualified and wasting time and money learning on 
the job, and then immediately getting promoted out or hired away. One 
of the things I have found after 20-plus years in this business is, 
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with a few rare and very pleasant exceptions, that the utilities 
promote people just when they get reasonably good at their job. After 
getting promoted, the individual is too busy with the new job to 
transfer his experience to his replacement. That is a point that I. 
make in the paper, that the utility industry must do a lot better job 
of transferring experience and training. We have expensive training 
programs sponsored by IMPO, EPRI, and other organizations but I think 
it would be more efficient in some cases if training were on a one to 
one basis. When we do not know costs, we cannot control them; a 
cliche but true. 

COLLINSON: On this very same topic, we find that 
quality assurance has hit us with a vengeance over the last few years, 
and, in particular, we find that even doing research and development 
contract work some 20% of additional cost is incurred from all the 
paper work involved. Now, for example, we find that when we agr~e to 
do testing of charcoal beds on-site for British Nuclear Fuels, the 
contract for the work involves providing a detailed job specification 
and the name of the person allocated to the job. The customer may 
request a curriculum vitae of this person in order to assess his 
suitability for the task. They could turn down the nominated person 
if they consider his past performance has not been satisfactory. We 
are finding, therefore, that the paperwork involves signatures both by 
ourselves and the customer to validate both the job specification and 
the people who are going to do the job. 

BANTON: Do you use ANSI N-510 in the U.K.? 

COLLINSON: No. I have been connected with a Code of 
Practice, AECP 1064, dealing with the design and testing of charcoal 
filters. The document will be issued by UKAEA Standards Section 
(Risley) later this year. We do have other codes which pertain to the 
design and testing of HEPA filters. I am not connected with these 
systems. Although our codes are in some respects mandatory, generally 
they are recommendations only. I think it is the licensing authori
ties who determine what should be mandatory. From what has been said 
this morning, I believe your codes are more mandatory than ours appear 
to be. 

BI SHARA: would you be kind enough to send us a copy 
of your code? 

COLLINSON: Yes, I have agreed to send one to Dr. 
First and we will do that. 

BISHARA: I would like to go back to the subject of 
personnel qualification pertaining to testing HVAC systems. I recall 
that it took me four years to train a graduate mechanical engineer 
just out of college on (1) reading wiring and logic diagrams (2) 
reading flow diagrams (3) balancing, N-510 testing, and leak testing. 
It took four years to make one good test engineer who now understands 
everything you expect him to know about HVAC. I think the big chal
lenge we have is not the lack of adequately addressing the qualifica
tions we need for HVAC system testing but the ambiguities contained in 
N-4526 as well as in ANSI 3 .1. For instance, ·to be a test engineer 
level 2 or level 3, all that you need is a degree plus six years of 
experience in a nuclear power plant, or no degree plus 14 years of 
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experience. Experience in what? Just in a nuclear power plant, that 
is all it says. I think that was the point Steve Banton was making, 
if these standards are good enough to qualify engineers who can do 
other very complicated testing, why are they not good enough for what 
the utilities think of as little, not that important, HVAC systems? 
However, if we can prove our point pertaining to a need for improved 
personnel qualifications for the contained jobs in these two revised 
documents, I think the utilities can start to recognize how important 
personnel training is for HVAC systems. 

WILLIS: I think my point was that the unapproved 
standard on personnel qualifications that you mentioned is a source of 
embarrassment. The nuclear utility management is left in ignorance of 
their need for well trained people in all categories. 

KOVACH, J. L.: I can just hear the announcement: "Ladies 
and gentlemen, welcome to XYZ Airline, Flight 46. Our pilot today had 
14 years experience as a luggage handler with.our airline. We decided 
to move him over to the pilot position under the equivalent of ANSI N-
4526 as it applies to airlines." That is what the utilities are 
doing. 

BISHARA: Under ANSI N-4526, he would only need four 
years experience in airlines to be able to fly the plane. Can you and 
Charles Willis agree with me on that? That is what we are dealing 
with. Now, I agree it is not the way it is supposed to be with 
personnel qualification but that is the requirement you have to deal 
with unfortunately. 

BANTON: This concludes the panel discussion 
period. I want to thank all the contributors. I think we had a 
really good conversation. 

FIRST: May I have the last word? For the infor-
mation of all those who are curious about the contents of proposed 
non-mandatory Appendix C to ANSI/ASME N-510, I wish to offer a copy of 
the draft that was approved by CONAGT Main Committee but voted dowh by 
ASME's Board of Nuclear Codes and standards. I wish to emphasize that 
Appendix c, being non-mandatory, was only intended to provide guidance 
for those responsible for the safe operation of a nuc·lear 
facility. 

1261 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

DRAFT #7 - 25 JULY 1986 

Proposed Appendix C to ANSI/ ASME N-510-1986 

Qualifications of Field Testing Personnel for 

Nuclear Air and Gas 

Treatment Components and Systems (Nonmandatory) 

Foreword 

The purpose of this nonmandatory appendix to ANSI/ASME N-510-1986 is to provide guidance on good 
practice criteria for qualifying personnel who test nur.lear and and gas treatment components and sys
tems. It is intended as a guideline to assist organizations in establishing and evaluating their own train
ing and qualification practices for these personnel. The basic approach recognizes the value of 
performance-based training to provide test personnel with the necessary knowledge and skills to perform 
the required tasks. It is not intended to be used as a strict specification. The guidelines provide a means 
of recognizing individuals with previously acquired proficiency. It remains the responsibility of the organ
ization performing the tests to specify the detailed methods and procedures for meeting their own 
requirements. This nonmandatory Appendix C cites specific qualification criteria appropriate for person
nel who test engineered safety systems in nuclear power plants. The guidelines are meant to supplement 
the widely accepted, but general, nuclear qualification standards that apply to all nuclear-related test 
personnel 

C-1 INTRODUCTION 

C-1.1 Purpose 

This appendix describes qualification criteria for personnel who perform nondestructive initial and 
periodic in-place field tests and examinations of installed nuclear air and gas treatment systems, 
associated components, and their control systems to ensure the integrity of the structures, the ade
quacy of their function, and their ability to perform their intended function effectively and reliably. 
It is intended for those who perform, supervise, and evaluate the results of the test procedures con
tained in paragraphs 5-15 of ANSI/ ASME N-510-1986 and to provide an interpretation of para
graph 4.3 (Personnel) of ANSI/ASJYIE N-510-198fi that states, "Tests shall be made only by persons 
who have demonstrated their competence .... " This appendix cites specific personnel qualification 
criteria that are implied by more generalized statements contained in other applicable personnel 
qualification standards. 

C-1.2 Definitions 

The following definitions are provided to enhance uniform understanding of this nonmandatory 
Appendix C: 

C-1.2.1 Calibrate 

To verify the operation of a measurement device by comparing its performance factors and read
ings against known sti;tndards and to ascertain proper correction factors when deviations from the 
standard reading occur. 
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C-1.2.2 Certification of Systems 

Issuance of a document by holders of an Operating License that attests to the capability of com
ponents or systems to meet specified requirements. 

C-1.2.3 Certification of Test Reports 

Signing a report by a person in responsible charge that identifies the test procedures used and 
certifies the accuracy and completeness oft.he reported data. 

C-1.2.4 Criteria. (Personnel Qualification.} 

Education, experience, and other applicable characteristics used to evaluate the qualifications of 
personnel to perform the prescribed nuclear air and gas treatment system tests. 

C-1.2.5 Examination 

Synonymous with inspection. 

C-1.2.6 Inspection 

Determination of conformance t.o predetermined quality requirements by examination, observa
tion, and/or measurement. 

C-1.2.7 Qualification 

Abilities gained through training and experience that enable an individual to perform a required 
function successfully. 

C-1.2.8 Testing 

Determination or verification of the capability of a component to meet specified requirements by 
measuring or otherwise ascertaining its response to physical and chemical standards and/or 
operating and environmental conditions. 

C-1.2.9 Verifiable Evidence 

Information capable of being confirmed by audiLable documents. 

C-2 CR.ITER.IA FOR. QUALIFYING_TESTING PilliSQNNEL 

C-2.1 General 

This section defines typical criteria that qualify personnel to test and certify the effectiveness of 
nuclear air and gas treatment components and systems that are within the scope of ANSI/ ASME 
N-509 and N-510. 

C-2.2 Levels of Qualification 

Three levels of qualification are defined, but some institutions may elect to use only two by elim
inating the trainee level (Level I). Personnel qualified to Levels II and III are judged to have the 
ability to perform the prescribed inspections, examinations, tests, and to supervise lower-level 
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personnel while performing these tests. Only Level III personnel are qualified to plan test programs, 
evaluate test results, and certify test reports. 

C-2.2.1 Trainees (Level I) 

Trainees may be used in data-taking assignments and for equipment operation provided they are 
instructed and closely supervised by a qualified Level II or Level III individual participating in the 
inspection, examination, or test. Trainees are not qualified to perform any of the duties of Level 
II personnel except under the close supervision of Level II or III personnel. 

C-2.2.2 Level II 

Level II personnel are (a) capable of and ex:perienced in performing all the inspections, examina
tions, and tests that are required in ANSI/ ASME N-510, Plant Technical Specifications, and 
other applicable standards at the sites to be tested (b) familiar with the tools and equipment to 
be employed and proficient in their use ( c) capable of calibrating all inspection and measuring 
equipment as calibration is defined in paragraph C-1.2.1 and ( d) capable of determining that the 
measuring and test equipment is in correct calibration, is in proper condition for use, and is per
forming in accordance with approved inspection, examination, and test procedures. 

C-2.2.3 Level III 

Level III personnel (a) possess all the capabilities of a Level II personnel for ANSI/ASME N-510 
inspections, examinations, and tests at the sites to be tested and, in addition, (b) are capable of 
(1) planning inspections, examinations, and tents, (2) arranging tests, including preparation and 
setup of related equipment, as appropriate, (3) supervising, or maintaining surveillance over, the 
inspections, examinations, and tests, ( 4) supervising and attesting to qualifications of lower level 
personnel, (5) reporting inspection, exainination, and test results, (6) evaluating the validity and 
acceptability of inspection, examination, and test results, and (7) explaining the reasons when 
compliance cannot be demonstrated and, when requested, making appropriate recommendations 
for remedical actions. 

C-2.3 Education and Experience 

C-2.3.1 Trainees (Level I) 

This is an entry position into the field of nuclear air and gas cleaning system testing. It requires 
no prior experience. A minimum educational qualification is a high school equivalency diploma. 
Trainees must receive basic instruction in radiaLion safety, as a prerequisite. 

Note - It is recommended that the general educational qualifications of Trainees be of such nature 
that they may, through special education and experience, qualify for Level II. 

C-2.3.2 Alternative Education .aru:LExp..crien.rJ.!...ili.ll&ria for Levels II and III 

The minimum education and experience criteria for Levels II and III discussed in the following 
sections should not be treated as ahsolut.e. Alternative qualifying factors include (a) demon
strated capability through previous performance and satisfactory completion of proficiency tests 
and (b) reduction in experience requirements in recognition of qualification and experience in 
allied testing areas covered under ANSI 45.2.6 or other relevant standards. The experience factor 
giveri in weeks is based on a normal 40-hr. week. When work is performed in excess of a 40-hr. 
week, credit may be based on total hours. 
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C-2.3.3 Level II 

The following criteria, or an equivalent combination of education and experience, may be used to 
evaluate personnel seeking Level II qualification: 

(a) High school graduation, attendance at structured courses containing topics relevant to radia
tion safety and testing air and gas treatment systems offered in a plant or school training pro
gram, and 25 weeks of comprehensive in-place testing experience within a five-year period of 
nuclear air and gas treatment systems under direct supervision of a qualified Level II or Level III 
person. The 25 weeks of experience should include not less than 3 nor more than 5 weeks of 
instrument maintenance, adjustments, and calibrations in the laboratory, with the remainder of 
the training period devoted to comprehensive field testing experience, ru:. 

(b) Completion of college-level work equivalent to a 2-year associate degree in an appropriate 
field of science, technology, or engineering, or a 4-year baccalaureate degree in a field other than 
science, technology, or engineering, plus satisfactory completion of a one week program of radia
tion safety and 15 weeks of comprehensive in-place testing experience within a five-year period of 
nuclear air and gas treatment systems under direct supervision of a qualified Level II or III per
son. The 15 weeks of experience should include not less than 2 nor more than 3 weeks of instru
ment maintenance, adjustments, and calibrations in the laboratory with the remainder of the 
training period devoted to comprehensive field testing experience, ru:. 

( c) Completion of college-level work equivalent to a 4-year baccalaureate degree in some branch 
of science, technology, or engineering and, in addit.ion, supplemental education in nuclear air and 
gas treatment technology to include, as a minimum, satisfactory completion of formal courses, or 
work-shop programs, on the theory and practice of in-place testing, air and gas treatment tech
nology, radiation safety, and ventilation measurements, plus 10 weeks of comprehensive in-place 
testing experience within a five-year period of nuclear air and gas treatment systems under the 
direct supervision of a qualified Level II or Level Ill person. The 10 weeks of experience. meeting 
this requirement should include not less than one nor more than two weeks of instrument 
maintenance, adjustments, and calibrations in the laboratory with the remainder of the training 
period devoted to comprehensive field testing experience that may include preparation of test 
protocols and writing reports. 

C-2.3.4 Level III 

The following criteria, or an equivalent combination of education and experience, may be used to 
evaluate personnel seeking Level III qualification: 

(a) Twenty weeks of satisfactory performance within a five-year period as a qualified Level II 
tester, plus additional spe_cial education in nuclear air and gas treatment technology to include, 
as a minimum, formal courses in the theory and practice of in-place testing, air and gas cleaning 
technology, radiation safety, ventilation design and measurements, industrial safety, quality 
assurance, and other relevant topics, ru:. 

(b) Forty weeks of satisfactory performance within a five-year period as a Level II tester, plus 
verifiable evidence of acquisition of an equiv::ilent level of knowledge contained in the courses 
cited in 2.3.4(a) above. 
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C-2.4 Additional Criteria for QualifP:ng__l&Y.eL4--!4.and III Personnel 

C-2.4.1 

Verifiable evidence that the person has met applicable plant security requirements. 

C-2.4.2 

Physical ability to perform the required inspections, examinations, and tests, including: 

(a) Visual ability to accomplish the required test procedures, using ocular correction when 
needed. 

(b) Physical agility and strength adequate to perform the required activities, including ability to 
climb ladders and perform required tests while wearing personal protective equipment. 

C-2.4.3 

Communication skills adequate to transmil; effectively by speech or in writing technical informa
tion appropriate for the level of qualification. 

C-3 MAINTENANCE OF QUALIFICATION 

C-3.1 Genera.I 

Each person qualified to verify conformance of nuclear air and gas treatment equipment to applica
ble_ performance criteria should be designat.ed in writing by the individual's employer as being 
qualified to perform the assigned work at either Level II or Level III. The effective period of each 
designation of qualification should not exceed three years 

C-3.2 Proficiency Testing 

Tests should be administered to determine the proficiency of Level II and Level III personnel who 
are nominated to perform nuclear air and gas treatment equipment tests. Each person designated 
to perform the field tests described in ANSI/ ASME N-510 should have demonstrated proficiency in 
using the instruments and other equipment required for testing nuclear air and gas treatment sys
tems. The results of proficiency tests should be documented and maintained by the individual's 
employer. Proficiency may be demonstrated by performing the required tests in the field under the 
close observation of a qualified higher level field testing person. 

C-3.3 Evaluation of Performance. 

The job performance of qualified Level II or Level III personnel should be evaluated by the employ
ing organization at periodic intervals noli to exceed two years. The results of each evaluation 
should be reviewed by an individual designated by the employer to establish the continuing capabil
ity of the individual.. Re-evaluation should he based on evidence of continued satisfactory perfor
mance. If, during this evaluation, or al; any other time, it is determined by the responsible organi
zation that the performance of an individual is no longer in accordance with requirements for the 
job held, that person should be removed from that activity until such time as the required capabil
ity has been demonstrated once again. 
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Persons who have not performed in-place testing of nuclear air and gas treatment systems for 
periods substantially in excess of two years should be re-evaluated and required to demonstrate the 
required proficiency in accordance with the appropriate paragraphs of Section C-2, less those para
graphs relating to experience, before qualification can be renewed. 

C-3.4 Certification of Level of Qualification 

Employers should determine the qualification level of their own personnel by reference to the cri
teria of this Appendix and the provisions of their own quality assurance program. 

C-3.5 Delegation of Certification Responsibility 

Although designation of qualified Level II and Level III testing personnel is the responsibility of the 
employer, the employer may delegate the qualification function to an independent certifying 
agency. 
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OPENING COMMENTS OF SESSION CHAIRMAN GREGORY 

We have two papers in this session on the effects of fire on air 
cleaning systems. By way of a background, the two papers involved 
here were initiated by the NRC when they wanted to develop accident 
analysis methods for nuclear fuel cycle facilities. The accidents 
looked at were explosions, fires, spills, criticality, and equipment 
failures. The two papers we have today are an outgrowth of that 
particular program and all of the information developed from the 
program has been compiled into a handbook on accident analysis methods 
that is available from the NRC. Some of the things we have to be 
concerned about in trying to address fires and their effects on air 
cleaning systems have to do with transport of both radioactive mater
ial and smoke throughout the ventilation system. We are also con
cerned about the effect of both smoke and +adioactive material in 
plugging up HEPA filters. We are concerned about flow reversals that 
occur, overpressurization of certain compartments, and, of course, the 
actual thermal propagation from the fire throughout the facility. 
Likewise, to do an accident analysis, we are trying to calculate the 
quantities of smoke and the quantities of radioactive material that 
might be burned. I think you will see that both of the papers today 
address those particular aspects of a fire. 
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FIRE AEROSOL EXPERIMENTS AND COMPARISONS 
WITH COMPUTER CODE PREDICTIONS 

by 

W. S. Gregory, B. D. Nichols, B. W. White 
Safety Assessment 

Los Alamos National Laboratory 
Los Alamos, New Mexico 87545 

and 

P. R. Smith, I. H. Leslie, J. R. Corkran 
Mechanical Engineering Department 

New Mexico State University 

Abstract 

Los Alamos National Laboratory, in cooperation with New Mexico 
State University, has carried on a series of tests to provide experi
mental data on fire-generated aerosol transport. These data will be 
used to verify the aerosol transport capabilities of the FIRAC com
puter code. FIRAC was developed by Los Alamos for the US Nuclear 
Regulatory Corrunission. It is intended to be used by safety analysts 
to evaluate the effects of hypothetical fires on nuclear plants. One 
of the most significant aspects of this analysis deals with smoke and 
radioactive material movement throughout the plant. 

The tests have been carried out using an industrial furnace that 
can generate gas temperatures to 300°C. To date, we have used quartz 
aerosol with a median diameter of about 1 o µrn as the fire aeroso 1 s im
ulant. We also plan to use fire-generated aerosols of polystyrene 
and polyrnethyl methacrylate (PMMA). The test variables include two 
nominal gas flow rates (150 and 300 ft3/min) and three nominal gas 
temperatures (ambient, 150°C, and 300°C). The test results are pre
sented in the form of plots of aerosol deposition vs length of duct. 
In addition, the mass of aerosol caught in a high-efficiency particu
late air (HEPA) filter during the tests is reported. The tests are 
simulated with the FIRAC code, and the results are compared with the 
experimental data. 

Introduction· 

In this paper, we describe the continuing experiments performed 
to verify the FIRAC computer code(l) developed by Los Alamos National 
Laboratory to predict the transport of heat and mass through the ven
tilation systems of nuclear facilities during fires within the facil
ities. Previously,(2) we reported on how well FIRAC predicted the 
gas dynamic characteristics and heat transport for controlled exper
iments carried out in a full-scale model ventilation system at the 
New Mexico State University Large Scale Flow Facility (LSFF). Now, 
we examine the transport of mass through the model ventilation system 
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using an aerosol simulant (small glass spheres) for various flow 
rates and energy inputs. 

Description of Experiment 

The LSFF is a laboratory funded by Los Alamos and operated by 
the Mechanical Engineeting Department of New Mexico State University, 
located in Las Cruces, New Mexico. Figure 1 is a schematic of the 
full-scale model ventilation system that consists of two room-sized 
volumes connected by steel ducting. The model ventilation system is 
housed within a large, prestressed concrete building that provides 
environmental control. The model ventilation system is designed to 
accomodate thermal, pressure, and aerosol inputs. Thermal input can 
be from a natural gas-fired duct heater rated at 92 000 kcal/h or by 
burning of pool or crib fires in one of the simulated rooms. The 
duct heater has castors that allow it to be positioned at different 
locations in the ventilation system so that energy can be input at 
these locations. Pressure pulses are limited to a 140-kPa overpres
sure and must originate in the rectangular room. Particulate mass 
input is accomplished using an NBS-II dust generator having variable 
feed rates between 1 and 40 g/min for a particulate of unit density, 
that is, 1 g/cm3. 

The full-scale model ventilation system arrangement of ducts and 
rooms is shown in Fig. 1. Schedule 20 pipe, 305 cm in diameter, is 
used for a bypass loop around the two rooms. The remainder of the 
ducting system consists of a 0.6 m x 0.6 m duct of welded 0.64-cm 
steel plate. For a complete description of the system, see Ref. 2. 

The particulate transport tests reported in this paper used only 
a portion of the ventilation system shown in Fig. 1. The subsystem 
used consists of the 30.5-cm pipe between dampers 5 and 7 and the en
tire 0.6 m x 0.6 m duct from damper 7 through the HEPA filter gravi
metric balance section. Note that the damper locations are indicated 
in Fig. 1 by circled numbers. The outlet blower was not used, and all 
flow and energy input originated at the gas-fired furnace located at 
damper 5, as shown. Dampers 6, 8, and 4 were closed, and in addi
tion,_ a temporary wall was placed in the large tee (located between 
dampers 9 and 10) to eliminate a recirculating cavity at this loca
tion. This temporary wall is shown as a dotted line in Fig. 1. Ar
rows indicate the direction to flow. Temperature measurements were 
made at the centerline of the vertical wall of the. duct at the center 
of each 2.44-m section of duct using type J thermocouples peened into 
the wall. The temperature of the flowing gas was measured at the 
centerline of the duct at the center of each 2.44-m section of duct 
using type J shielded thermocouples. The locations of the thermo
couples are indicated in Fig. 1. Temperatures were recorded every 
five minutes during each experiment using an HP 9845B data acquisi
tion system. The least count of the temperature measurements was 
1°C. Flow rate into the Hauck gas-fired burner, which supplied both 
the heat energy and the airflow through the system, was measured us
ing a standard orifice in a 6.1-m-long, 0.203-m-diam inlet pipe to 
the blower of the Hauck burner. The signal from the pressure trans
ducer measuring the pressure difference across the orifice was re~ 
corded by the HP 9845B to provide a continuous flow rate measurem~nt. 
Energy input into the system was calculated from the lower heating 
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value of natural gas supplied by the gas company, the measured flow 
rate (again, using a standard orifice) of the natural gas entering 
the burner, and an assumed 95% burner efficiency. 

The experiments began by adjusting the Hauck burner to deliver 
the desired flow rate and heat input into the duct system. After 1 or 
2 h of operation (depending on flow rate), the system reached steady 
state, and particulate was injected into the hot gas flow in the mid
dle of the first duct section downstream of the corner in the square 
duct. (See Fig. 1.) The total length of 0.6 m x 0.6 m ducting between 
the point of particle injection to the HEPA filter at the duct outlet 
was 21.93 m. The particulate consisted of small glass beads, 
nominally spherical, with a mean diameter of the volume distribution 
of 11.86 µm and a calculated surface area of 0.976 m2/cm3 . The 
measured mean density of the glass beads was 2325.9 kg/m3 

The NBS-II dust generator used to inject the glass beads is 
shown in Fig. 2. Figure 3 is a photograph of the piping system lead
ing the particulate from the dust generator into the duct. A 
1.6-cm-diam copper tube consisting of four 0.64-cm copper tubes con
nects the dust generator to a manifold in the duct . These four out
let tubes are aligned with the flow direction of the hot gas within 
the duct. For each experiment, approximately 200 g of beads were 
placed in the hopper of the dust generator. After the system had 
achieved steady-state operation at the desired flow rate and heat 
input, the dust generator was started, and the glass beads were in
jected into the gas flow. The time needed to empty the hopper of 
beads was measured with a stop watch. A small quantity of beads al
ways fell to the floor of the dust generator during its operation. 
These beads were weighed after each experiment, and their weight was 
subtracted from the original amount placed in the hopper. A~ average 
injection rate then was calculated. 

The distribution of the particulate deposition along the length 
of the duct was determined by very careful sweeping of all four walls 
of each 2.44-m section of the 0.6-m x 0.6-m duct after each experi
ment. The weight of the glass beads in each section of ducting was 
measured using an Ohaus triple beam balance with a least count of 
0.05 g. The HEPA filter was weighed before and after each experiment 
using a null balance system with a least count of 1.0 g. Hence, the 
total amount of particulate collected could be checked against the 
known amount injected. The average concentration of the particulate 
in g/m2 was calculated by dividing the total weight in each section 
of the duct by the surface area of the floor of each duct section. 
This assumption was made because photomicrogpaphs of particulate de
posited at the center of the vertical walls indicated that this mate
rial amounted to less than 10% of the material deposited on the floor 
of the duct. The concentration of particulate on the floor calculat
ed in this manner was assumed to be at the longitudinal center of the 
duct section. Figure 4 shows the locations of these points (indicat
ed by EM for ~xperimental ~easurement). 

Numerical Model 

The material transport algorithms in the FIRAC code provide an 
estimate of the aerosol or gas transport within a complex network 
system. Using this, the code can calculate material concentrations 
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Figure 2. 
NBS-II Dust Generator Used for Injecting Glass Beads 
into Hot Gas Flow. 

Figure 3 . 
Manifold Used to Inject Glass Beads into Hot Gas Flow . 
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and material mass flow rates at any 19cation in the network. Fur
thermore, it will perform these transport calculations for various 
gas-dynamic transients. The code solves the entire network for tran
sient flow and in doing so takes system interactions into account. 

A generalized treatment of material transport under accident 
conditions in a nuclear fuel handling facility could become extremely 
complex. FIRAC models only the most significant phenomena with sim
ple models. The material transport components of the code are (1) 
material characteristics, (2) transport initiation, (3) convection 
transport, (4) aerosol depletion, and (5) filtration. 

Material characteristics and transport initiation must be con
sidered by the user as he begins to set up the code to solve a given 
problem. The code automatically calculates convective transport, 
aerosol depletion, and filtration. The material transport models 
have some limitations with regard to the physical and chemical char
acteristics of the material. The pneumatically transportable contam
inant material can consist of any number of aerosol or gaseous spe
cies; however, no phase transitions or chemical reactions are al
lowed. For example, condensation and gas-to-particle conversion are 
not permitted. If the contaminant is an aerosol (solid particles or 
liquid droplets suspended in air), a size distribution can be sim
ulated. In this case, within each size range, the material will be 
treated as monodisperse (equal-sized), homogeneous (uniform density), 
spherical particles or droplets during a given code run. Both the 
size and density of each specie must be specified by the user. If 
the contaminant is a gas, then it is assumed to be inert. User guid
ance in the area of aerosol and gas characteristics is provided in 
the FIRAC user's manual. 

To calculate material transport using the code, the analyst 
must determine or assume the location, distribution, and total quan
tity of contaminant material. This material can be located or gen
erated in rooms, internal boundary nodes representing the fire com
partment, cells, gloveboxes, corridors, or rectangular ductwork. (An 
assumption about material distribution is only necessary when the 
user wishes to exercise the option for calculated aerodynamic en
trainment of dry powder from thick beds.) A total quantity (mass of 
material) must be known or assumed. 

There are three options for material transport initiation: 
user-specified, calculated aerodynamic entrainment, and FIRIN
calculated material generation. The user-specified option allows the 
analyst considerable flexibility but requires engineering judgement 
to specify input to the code. This option involves preparing a table 
or graph of material generation rate or mass injection rate vs time. 

The calculated entrainment option specifically refers to a sub
routine designed to calculate aerodynamic entrainment of dry powder 
from thick beds. This subroutine can be useful for analyzing materi
al transport initiation. It uses a semi-empirical analytical ap
proach for calculating entrainment that takes advantage of detailed 
flow information produced by the gas-dynamics module. To arrive at 
an estimate of the mass of material entrained at each time step of 
the calculation, this subroutine calculates when the surf ace parti
cles will begin to move; particle, surface, and flow characteristics 
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are taken into account. It also accounts for the aerodynamic, inter
particle (cohesion), and surface-to-particle (adhesion) forces that 
may be acting. The calculated entrainment option can be used when
ever powder beds are known or assumed to be present. However, the 
code must be provided with particle size and density, total mass of 
contaminant, and the floor area of the surface over which the powder 
is distributed uniformly. 

The FIRIN module calculates various particulate and gaseous 
specie generation rates and concentrations for the fire compartment. 
If the user selects the FIRIN models to simulate the release of par
ticulate material, up to 13 particulate and 3 gaseous species can be 
transported by the FIRAC material transport models. The first two 
particulate species are the total smoke and total radioactive partic
ulates. The total radioactive particulate mass released as a result 
of the fire has been divided into 11 particle-size distributions. 
These particle-size distributions are generated within the FIRIN ra
dioactive source term subroutines and are transported as the remain
ing 11 particulate species. 

The convective transport model is based on the assumptions that 
the particle size is small and its mass fraction is small relative 
to the gas mass in the same volume. This allows us to assume that 
the material and the gas form a homogeneous mixture and that they are 
in dynamic equilibrium. In this case, the gas-dynamic aspect of the 
problem is not affected by the presence of the airborne material, and 
the particulate or material velocity is the same as the gas velocity 
at any location and time. Therefore, the only relation needed to de
scribe the motion of the material is the continuity equation. 

The FIRAC code calculates aerosol losses caused by gravitation
al sedimentation in horizontal, rectangular, or round ducts. Aerosol 
depletion can be calculated throughout the network during transient 
flow. The theory is based on quasi-steady-state settling with the 
terminal settling velocity corrected by the Cunningham slip factor. 
The flow in ducts and rooms is assumed to be well mixed so that the 
aerosol concentration is uniform within the volume. The user must 
supply the aerosol diameter, density, and duct height to this model, 
and the aerosol may consist of solid particles or liquid droplets. 

A phenomenological approach to filter loading is used. The fil
ter gas-dynamic performance can be changed by the accumulation of 
airborne material on the filter, which, in turn, causes an increase 
in flow resistance. A linear model in which the increase in resis
tanc~ is linearly proportional to the amount of material on the fil
ter is used. The proportionality constant is a function of the fuel 
source and filter properties. The user supplies the filter efficien
cy and plugging factor. 

Discussion of Experimental and Numerical Results 

Table 1 presents the parameters of the six experiments run to 
verify the FIRAC treatment of material transport. Three different 
levels of energy input were used: (1) no heat input, (2) low heat 
input sufficient to bring the gas temperature of node KK (see Fig. 1) 
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TABLE 1. MATERIAL TRANSPORT EXPERIMENTS 

T-KK T-Injec. Heat Input Flow Rate Injec. Rate Injec. Time Unacct. Mass 

Test f~ ( °C) (oc) (kJ/h) (ft3/min) (g/min) (min) (%) 

1 21 21.0 None 251 9. 77 20.32 12.4. 
2 21 21.0 None 501 4. 20 42. 92 4.4 
3 150 76.7 61706 246 10.41 18.74 17.5 
4 170 107. 7 151891 506 13.98 13.66 9.5 
5 300 134.9 174042 383 5.49 36.64 11.2 
6 325 218.3 320659 499 14.00 13.64 4.9 

to 150°C, and (3) high heat input sufficient to bring the gas temper
ature of node KK to 300°C. However, because the temperature of the 
gas flow at the particle injector was used in the computer calcula
tions, these values are given in Table 1, as well as the temperatures 
at node KK. Burner energy input also is given. 

Fig. 4 shows the locations along the 0.6 m x 0.6 m duct, begin
ning at the particle injector at which the measurements in g/m2 of 
material deposited were made experimentally (indicated by EM) and the 
locations at which FIRAC predicted the amount of material deposited 
(indicate by NC for Numerical ~alculation). Figs. 5 through 10 com
pare the deposition concentration of the glass particulate in g/m2 
predicted by FIRAC with the deposition concentration actually mea
sured in the experiments. Notice that for all six runs, the experi
mental data indicated a higher initial deposition rate than did the 
code. That is, in the first 5 m downstream of the injection point, 
the experimental deposition rate was significantly higher than the 
predicted value (probably because of a higher than expected agglom
eration of the particles leaving the injector, which resulted in a 
rapid gravitational settling). Photomicrographs of the deposited 
particles at various locations along the length of the duct verify 
that significant agglomeration does exit in the first 5 m downstream 
of the injection point, whereas little agglomeration is found beyond 
this point to the end of the duct. Several things could be respon
sible for the higher percentage of agglomerated particles leaving the 
injector; for example, (1) the particles in the hopper of the dust 
generator may have been highly agglomerated, and the velocity of the 
flow through the injector manifold may not have been large enough to 
produce the shear forces necessary to break the clumps of particulate 
apart before entering the 0.6 m x o.6 m duct and (2) the velocity in 
the injector manifold may have been so slow that the number density 
of the particles became a controllin~ factor (coagulation is propor
tional to the number density squared), and agglomeration actually 
occurred within the injector. We assumed that the particulate 
injected was monodispersed in the numerical calculations. Therefore, 
we cannot expect the numeri~al results to closely match the experi
mental results in the first 5 m of the simulation. 

Beyond 5 m from the injector to the end of the duct, the exper
iniental and numerical values of deposition concentration match close
ly and follow the same trends. Less particulate is deposited on the 
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floor of the duct and more is trapped in the HEPA filter as flow rate 
is doubled, no matter what the rate of heat input. This suggests 
that the settling velocity of the particles changes little and the 
particulate in the higher flow rate stream is simply swept further 
down the duct before striking the floor. At the same flow rate, in
creasing the rate of heat input also appears to decrease the amount 
of particulate deposition and increase the amount of particulate 
trapped on the HEPA filter. This is consistent with Stokes settling 
in which the settling velocity is inversely proportional to the vis
cosity. An increase in temperature will increase the viscosity of 
the gas and thus decrease the settling velocity, which, in turn, 
causes the particulate to travel further down the duct before strik
ing the floor. 

The amount of particulate trapped by the HEPA filter at the out
let of the 0.6 m x 0.6 m duct was smaller for the experiment than it 
was for the numerical prediction for ail six cases studied. This 
also appears to be a result of the unexpected agglomeration of the 
particles in the experiments. Two nominal flow rates were used, 250 
ft 3/min and 500 ft3/min, but the actual flow rates attained are 
somewhat different, as shown. 

Conclusion 

In general, the FIRAC computer code appears to model the trans
port and deposition of particulate adequately for the range of flow 
rates and heat inputs studied. However, for planned studies of 
actual fire-generated aerosols (polystyrene and polymethyl methacry
late), an agglomeration model should be added to the code. 
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DISCUSSION 

Are you talking acfm or scfm in the curves 
You indicated only cfm. 

Actual cfm is intended. 

BERGMAN: What is the basis for using 10 µm quartz 
aerosol particles as a simulant for smoke aerosols? 

SMITH: In fires, aerosols have a wide range of 
sizes going from very small to huge long chains of soot. We had to 
come up with an aerosol that was easy to handle and use, but not too 
small, and we just happened to choose glass beads. Currently, we are 
conducting fires. We just finished some using kerosene pool fires. 
They produce a mess in the system. Trying to determine size distribu
tion in this type of fire is very difficult. We just finished a test 
that took us about three months to run and I think it is going to take 
us about two years to analyze the data. That was the main reason for 
just picking a particle size that was reasonable and easy to handle. 

RICKETTS: What was the method used to measure the 
deposition on the floor? 

SMITH: The particles were swept up very carefully 
using fine brushes and then weighed using an electronic micro-balance. 
This technique recovered between 80 to 90 percent of the deposited 
particulate. 

RICKETTS: Was there any evidenc~ of deposition on 
the walls and the ceiling of the duct? 

SMITH: Yes, photomicrographs of small inserts 
placed in the walls and ceiling of the duct indicated that less than 
10% of the particles were deposited on these surfaces. We swept the 
particles from the walls and ceiling and measured their weight along 
with the particles deposited on the floor. 
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FIRE SOURCE TERM MODELING USING THE FIRIN CODE 

M. Y. Ballinger and P. C. Owczarski 
Pacific Northwest Laboratory 

P. 0. Box 999 
Richland, Washington 99352 

Abstract 

The source term, or amount of radioactive material that 
challenges the air cleaning components during potential accidents 
in nuclear fuel cycle facilities, must be estimated to calculate 
the release of contaminants to the environment. The U.S. Nuclear 
Regulatory Commission has sponsored a research program to better 
estimate the source term from several types of accidents. The 
most concentrated work has been done on fires, resulting in the 
development of FIRIN, a compartment fire code that estimates the 
release and distribution of radioactive materials within a room 
from fires involving radioactive materials. 

FIRIN relies on a set of subroutines to calculate quantity 
and size distribution of airborne radioactive material during a 
fire. These subroutines are identified with mechanisms of release 
such as pressurized releases of heated containers of radioactive 
materials or burning of contaminated combustibles. The main body 
of the code supplies factors that influence the source term to 
these subroutines. Examples of parameters supplied are fire burn 
rate, combustion product generation, heat and mass transfer, and 
fluid flow parameters. The code also takes into account depletion 
of airborne particles resulting from gravity settling, Brqwnian 
diffusion, diffusiophoresis, and thermophoresis. 

A postulated glove box fire is analyzed using FIRIN. The 
scenario involves ignition of contaminated combustibles inside a 
glove box. The fire is assumed to spread and ignite rubber gloves 
and polymethyl methacrylate. Based on the inputs to the code, 
FIRIN estimates that approximately 2% of .the contaminant becomes 
airborne. Of this 2%, about one third reaches the filters; nearly 
one fifth is deposited on the walls, ceiling, and floor; and a 
little less than one half is still airborne in the room at the 
time the fire is burned out. FIRIN also estimates that more than 
70% of the smoke particles are still airborne at the end of the 
fire. 

Before the development of FIRIN, the source term from this 
scenario might be calculated using a percent release factor based 
on accident-specific experiments that may have little in common 
with the scenario. FIRIN calculations are scenario specific and 
provide information on conditions within the fire compartment, as 
well as a more realistic estimate of the source term than release 
factors. 
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I. Introduction 

In accidents in nuclear fuel cycle facilities, radioactive 
material may be made airborne at the source of the accident and 
challenge filters and other air cleaning devices as the material 
is transported through the ventilation system. The amount and 
rate of material made airborne at the source of the accident is 
difficult to estimate. In the past, release factors based on 
accident-specific experiments have been used. These release factors 
may have little in common with the scenario under consideration. 

The U.S. Nuclear Regulatory Commission has sponsored a research 
program to develop improved methods for evaluating the source term 
from major accidents in nuclear fuel cycle facilities. This program 
has resulted in literature reviews,(1,2) experimental 
programs,(3,4,5,6,7,8) development of models,(9) and compilation 
of source term and transport estimation procedures in a handbook.(10) 
Although six different accident types (fires, explosions, spills, 
criticalities, tornadoes, and equipment failures) were covered, 
most time and effort was spent on fires. A compartment fire model, 
FIRIN, was developed to estimate the source term from potential 
fires in nuclear fuel cycle facilities. 

An earlier version of FIRIN was briefly described in a previous 
paper.(11) This version was incorporated into a transport model 
(FIRAC), developed by Los Alamos National Laboratory, which models 
the transport of particles and gases through the ventilation system. 
The FIRAC/FIRIN combination gives a full range rrf information, 
from the amount of material made airborne at the source of the 
fire and deposited in the fire compartment to the quantity and 
particle size of radioactive particles that are released to the 
environment. 

II. Description of FIRIN 

The present version of FIRIN is similar to the first 
version.(11) However, particle depletion models have been added, 
and the radioactive source terms for burning of contaminated 
combustibles and liquids have been updated on the basis of 
experiments performed under this program. (5) This section briefly 
describes the basics of FIRIN and emphasizes the developments since 
the previous published description. A more complete description 
of some of the components can be found in the Nuclear Fuel Cycle 
Accident Analysis Handbook (AAH).(10) A user's manual for FIRIN 
sh~uld be available by the end of 1988. 

The code is composed of three basic modules that interact 
with each other: 1) fire source term, 2) heat and mass transfer, 
and 3) radioactive source term. Figure 1 is a flow diagram of 
information among the three modules. The fire source term module 
is based on Tewarson's theory(12) of a steady-state heat balance 
on the surface of an element of burning material. From the literature 
review on combustion products, (1) this theory was determined to be 
the best available for calculating the generation of energy, 
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particles, and gases from fires. Tewarson's equations use many 
parameters that are material specific and not normally found in 
engineering handbooks. Therefore, supplementary experiments were 
conducted at Factory Mutual Research, Norwood, Massachusetts, to 
supply FIRIN with the necessary data for combustible materials 
commonly found in nuclear fuel cycle facilities.(6) 

The heat and mass transfer module makes use of a two-layer 
(hot and cold) model. Each layer is well mixed. Radiative, 
convective, and conductive heat transfer to compartment boundaries 
(walls, ceiling, floor) and equipment in the room is included in 
this module as well as a mass balance of oxygen, nitrogen, and 
five different combustion products. Fluid flows, such as ventilation 
through the compartment, entrainment of air from the fire plume, 
and air flow through additional flow paths created by destruction 
of barriers in a fire, are also modeled. Particle depletion models 
were added to the original version of FIRIN. These models include 
gravity settling, Brownian diffusion, thermophoresis, and 
diffusiophoresis. Particle depletion mechanisms are described in 
greater detail in the following subsection. 

The radioactive source term module contains subroutines that 
calculate the airborne release rate of radioactive particles: 
burning of contaminated combustible solids; burning of contaminated 
combustible liquids; heating of contaminated surfaces; heating of 
radioactive liquids; overpressurizing of closed containers of 
radioactive powders and liquids; and burning of radioactive 
pyrophoric metals. Experiments were performed to better understand 
the radioactive release from burning contaminated combustible solids 
and liquids(5) after FIRIN was developed. Results from these 
experiments pointed to the need for revisions of the original models 
in FIRIN. 

Experiments showed that the mass release rate o7 radioactive 
material from burning contaminated combustibles was highly dependent 
on the type of combustible burned. For paper, this rate was a 
function of the type of contaminant, burn rate, and external heat 
flux. Both polychloroprene and 30% tributyl phosphate in kerosene 
appeared to release radioactive particles with the smoke. The 
radioactive mass release rate from these two materials was highly 
correlated with the amount of smoke produced. Polystyrene and 
polymethyl methacrylate (PMMA) released the highest percentage of 
contaminant of all the combustibles used in the experiments. In 
both cases, the majority of the release occurred before flaming 
combustion and while the material was changing form, melting, and 
bubbling. Table 1 shows the equations used in FIRIN to calculate 
the mass release rate of radioactive materials from burning 
contaminated combustibles. The size of the airborne radioactive 
particles were also measured in the experiments, and also appear 
to be material dependent. Particle size information is given in 
the experimental report(5) and in the AAH. (10) 
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Special Features 

FIRIN has several special features that allow the user several 
options when developing a scenario. The user is not limited to 
the combustibles or construction materials with parameters in the 
FIRIN data base, but can input parameters for the combustible or 
construction material of choice if it is other than those in FIRIN. 
The burn order and ignition energy concepts allow the user to play 
with the sequence in which materials burn. The user has the option 
of modeling equipment in the compartment and of modeling alternate 
flow paths that may occur sometime during the fire. If the walls, 
ceiling, or floor are concrete, the concrete decomposition model 
is activated. Particle depletion is also modeled, and source term 
output from FIRIN is given for 11 different particle size bins. 

TABLE 1. Radioactive Source Term Equations for Burning 
Contaminated Combustibles 

Combustible Contaminant Form Equation 

Cellulose Air-dried UNH M = 7.40E-7 x w x B x Q UNH liquid M = 6.08E-8 x w x B x Q DUO powder, flaming M = l.18E-9 x w x B x v x 
u x Q 

DUO powder, smoldering M = 5.64E-6 x B x w 
Polychloroprene 

UNH liquid M = 0.385 x w x s 
DUO powder, M = 0.058 x w x s 
or air-dried UNH 

Polystyrene UNH liquid Mt = 0.02 x w 
PMMA Air-dried UNH Mt = 0.007 x w 

UNH liqud Mt = 0.02 x w 
DUO powder Mt. = 0.05 x w 

30% TSP/kerosene 
Uranium M = 1. 38 x s x w 

AbbrevTatTons: M = mass release rate of radioactive particles, 
g/s 

Mt 
B 
Q 
s 

u 
v 
w 

UNH 
DUO 

= 
= 
= 
= 

= 
= 
= 
= 
= 

total mass release of radioactive particles, g 
burn rate of combustible, g/s 
external heat flux to the combustible, kW 
smoke release rate, t/s, divided by totai g of 
fuel 

uranium concentration, g uranium/g combustible 
air velocity, cm/s 
mass of radioactive material, g 
uranyl nitrate hexahydrate 
depleted uranium dioxide 
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Burn Order and Ignition Energy. The user assigns a burn order 
to each of the combustibles involved in the fire. This order 
determines the sequence of burning materials. If all materials 
are assumed to burn simultaneously (this may be a worst case for 
some scenarios), each combustible is given a burn order of one. 
In the sample problem described here, the paper wipes, PVC bagging 
material, and solvent are given a burn order of one, and the rubber 
gloves and PMMA are given a burn order of two. The gloves and 
PMMA do not start burning until the first three combustibles have 
burned completely. 

If the ignition energy option is chosen, a combustible is 
identified as being at risk, but not necessarily involved in the 
fire. If the heat flux levels generated by the initial burning 
combustibles are sufficient, the combustible at risk will 
automatically start burning. Ignition energy data for the 
combustibles in FIRIN are obtained from Tewarson.(12) 

Equipment. As many as 10 pieces of equipment in the fire 
compartment can be modeled for each of the following four types: 

1. vessels that do not contain radioactive materials and may 
act as a simple heat sink during a fire 

2. vessels containing radioactive powder that can become 
pressurized and potentially rupture during a fire 

3. vessels containing radioactive liquid that can become 
pressurized and potentially rupture during a fire 

4. vessels containing radioactive liquid that are vented and 
cannot overpressurize during a fire but can release 
radioactive materials as they are heated. 

The user must supply information on construction material, 
contents, and dimensions of the vessels. FIRIN calculates heat 
transfer to the vessel, and for types 2 and 3 calculates if and 
when the vessels rupture and how much radioactive material is 
released. A radioactive source term is also associated with type 
4. The amount of energy transferred to the liquid determines the 
boiling. rate and thus the amount of radioactive material aerosolized. 

Alternate Flow Paths. Nonfiltered openings to a compartment 
that develop during a ·fire are considered to be additional flow 
paths where radioactive materials may escape. Characterizing flows 
through the paths is an available option as part of FIRIN 1 s 
capabilities. The size of the flow path and time of activation 
are chosen by the user. However, large flow paths that upset the 
balance of air flow in the room will cause instabilities in FIRIN 
output. 

Concrete Decomposition. Concrete is commonly used as the 
building material for n~clear fuel cycle facilities. The thickness 
of concrete barriers may range from 6 in. to several feet. During 
a fire, the gas released by thermal decomposition of concrete has 
the potential of sufficiently increasing pressures to endanger the 
integrity of a facility ventilation and filtration system. The 
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amount of evaporable water, chemically constituted water, and carbon 
dioxide that is lost from the concrete and added to the combustion 
gases depends on the temperature in the compartment. If concrete 
is the construction material in the scenario, kinetic equations 
described by Powers(13) are used to estimatP. thermal decomposition 
of concrete in FIRIN. 

. Particle Depletion Mechanisms. The mechanisms that were 
identified as being potentially important to the depletion of aerosol 
(both smoke and radioactive) particles were gravity settling, 
Brownian diffusion, diffusiophoresis, and thermophoresis. A simple 
two-layer model was used to describe particle transport and 
deposition in the fire compartment. Each layer was considered 
well mixed. Particles can enter the lower (cold) layer by gravity 
settling. Flow entrained in the fire plume can carry the lower 
compartment particles to the upper (hot) layer. Because only the 
'heavier• particles are in the cold layer, deposition was restricted 
there to gravity settling. A Laplace transform solution was obtained· 
for the unsteady-state particle behavior during a time step. Table 
2 lists the equations used in FIRIN for each of the particle 
depletion models. 

Particle Size Information. FIRIN allows smoke and radioactive 
particles to be placed in 11 different size bins. The size ranges 
for these bins are [in micrometers, µm]: 

< 0.1 
0.1 - 0.3 
0.3 - 0.5 
0.5 - 0.7 
0.7 - 0.9 
0.9 - 1.1 
1.1 - 2 

2 - 6 
6 - 10 

10 - 20 
> 20 

The smaller size ranges are considered more important than the 
larger because smoke particles are generally in the submicrometer 
range. Submicrometer-sized particles do not settle as easily and 
thus would be a greater threat to the ventilation system than larger 
particles. 

Limitations 

The FIRJN code was developed specifically for fires in nuclear 
fuel cycle facilities. The facilities under consideration such as 
fuel manufacturing, fuel reprocessing, spent fuel storage, and 
waste solidification, generally have substantially constructed 
walls, floors, and ceilings with large compartments and forced-air 
ventilation. The heat tran~fer equations within FIRIN will not 
work well with small thin-walled vessels unless a basic parameter 
in FIRIN is changed· or extremely small time steps are specified, 
thus increasing the time and cost of running the program. 
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TABLE 2. Particle Depletion Equations Used in FIRIN 

Gravity Settling(14): Vs = (Pp x dp2 x g x Cm)/(18 x µ.) 

Brownian Diffusion(15): (VBD x X)/D = 0.13(Gr x Sc)l/3 

Diffusiophoresis(16): Vd = (H x (Th-Tw))/(L x Pg) 

Thermophoresis(l6,17,18): Vt = -C1 x (dT/dY) 

AbbrevTatTons: Vs = particle settling velocity, m/s 
Pp = effective particle density, kg/m3 
dp = effective particle diameter, m 

g = acceleration due to gravity, m/s2 
Cm = Cunningham correction factor, dimensionless 

µ. = gas viscosity, kg/(m x s) 
VBD = particle velocity, m/s 

X = height of smoke layer, m 
D = particle diffusivity~ m2/s 

Gr= Grashot number, = (L~ x g x AP)/(v2 x Pb), 
dimensionless 

L = length of surface in direction of flow, m 
AP = density difference in bulk fluid compared to 

fluid at the surface, kg/m3 
v = kinematic viscosity of gas, m2/s 

Pb = bulk density, kg/m3 
Sc= Schmidt number= U/(Pg x D), dimensionless 
Vd =velocity of steam to the wall, m/s 

H = condensing heat transfer coefficient, J/m2s K 
Th = hot layer temperature, K 
Tw =wall temperature, K 

L = heat of condensation, J/g 
Pg = gas density, g/m3 
Vt = thermophoretic drift velocity, m/s 
C1 = a constant whose value depends on particle and 

gas properties, m2/(s K) 
dT/dY = temperature gradient, K/m 

A review of the types of combustibles found in nuclear fuel 
cycle facilites was made during development of the code. A data 
base of combustion parameters for these types of combustibles is 
included in FIRIN. If a type of combustible other than those in 
the data base is to be modeled, the relevant parameters can be 
entered. However, these parameters are not readily available and 
may require special experiments to be determined. The FIRIN data 
base also contains heat transfer data on seven different types of 
construction materials. However, the parameters needed by are 
readily found in engineering handbooks and can be input to FIRIN 
for materials other than these seven. 

FIRIN was not programmed to mechanistically calculate fire 
growth, except through the use of burning order and ignition energy 
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as described in the previous section. 
with more advanced fire growth models 
However, these codes are more complex 
radioactive source term models. 

Other compartment fire codes 
than FIRIN are available. 
than FIRIN and do not contain 

III. Sample Problem 

To illustrate use of FIRIN, a postulated glove box fire was 
analyzed. The first fuels that ignite are 454 g of PVC bagging 
material, 227 g of paper wipes, and 910 g of a liquid-organic 
solvent. The burning surface areas of these fuels are 0.09, 0.3, 
and 0.09 m2, respectively. The fire spreads to include 4.54 kg of 
rubber gloves and 40.86 kg of PMMA with burning surface areas of 2 
and 3.6 m2, respectively. Each material is contaminated with 7.5 
g/m2 Pu02; the bottom of the glove box is contaminated at the same 
level. 

The fire compartment is a large concrete room with dimensions 
of 21 x 9 x 4 m. The walls and ceiling are 0.25-m thick concrete, 
and the floor is 0.15-m thick concrete. The room has an initial 
airflow of seven air changes per hour. The change in pressure 
across both inlet and outlet filters is 0.005 atm. 

FIRIN estimates the fire will last about 15 minutes. The 
first three materials burn in 5 minutes. Because of the large 
burning surface area of the gloves and PMMA, these materials burn 
rapidly and cause the room to overpressurize, blowing gases out 
both inlet and outlet filters. The hot layer descends after nearly 
6 minutes. The mass of Pu02 and smoke in the fire compartment 
during the fire is shown in Figures 2 and 3. The spike in Figure 
2 is evidence of the release of Pu02 during the melting preburn 
phase of the rubber and PMMA. 

Output from FIRIN includes the mass rate of smoke and 
radioactive particles challenging the filters and ventilation system 
by particle size. This output can be fed to transport models such 
as FIRAC to determine the release to the ~nvironment. Of the total 
amount of fuel involved in the fire, FIRIN estimates that almost 
16% is given off as smoke. Because of the small particle size, 
only 1% of the smoke plates out on the floor, walls, and ceiling 
of the compartment, 26% challenges the. air cleaning system during 
the 15 minutes the fire burns, and more than 70% is still airborne 
in the room at the end of the fire. Of the total amount of 
radioactive material at risk, 2.4% is made airborne. More than 
14% of the airborne radioactive release attaches to the floor, 
walls, and ceiling; 40% challenges the filters during the fire, 
and 45% remains airborne after 15 minutes. FIRIN can continue to 
model changing conditions in the fire compartment after the fire 
is out for the length of time specified by the user. 

IV. Conclusions 

FIRIN has been developed to determine the radioactive source 
term from compartment fires in nuclear fuel cycle facilities. 
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This code can be used to give a more realistic estimate of the 
source term and of conditions inside the accident compartment during 
the fire than can the release factors previously used. By varying 
parameters within FIRIN, the user can also observe the effects of 
varying elements within the facility on fire outcome. The code 
can be used in conjunction with transport models to estimate 
radioactive release to the environment and doses to other parts of 
the facility. 
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DISCUSSION 

LABORDE: Is it accurate to use a steady state 
equation based on Tewarson's theory to characterize the fire source 
term keeping in mind that fire is a transient phenomenon? 

BALLINGER: That is our fire growth limitation, I 
guess. At one time we toyed with the idea of putting in some kind of 
transient - an exponential growth, possibly - but did not feel we had 
a strong enough basis for doing that and wanted to keep that part of 
the code as simple as possible considering the uncertainties involved. 
We opted instead for just allowing full flaming combustion as soon as 
the material starts burning. 

RICKETTS: Have verification experiments been per-
formed to check the accuracy of your code? 

BALLINGER: There have not been any large-scale fires 
involving radioactive materials to test the code against. Early on, 
we compared the compartment effects part of FIRIN with tests at the 
facility at Lawrence Livermore. This was when we were trying to 
decide whether this code was adequate or whether we needed to go to a 
more complex fire code. At that time we felt that FIRIN did it at 
least as well as the others. The comparison was done by Fritz Crouse 
at Los Alamos and I do not remember which codes he looked at, but we 
had the data from the Livermore experiment to test the codes against. 

RICKETTS: Could the experiments that are being 
carried out at New Mexico State University be used to verify the code? 

BALLINGER: Yes, we are looking at that. In fact, 
that is when we ran across the problem of modeling the thin wall 
vessel. We are going to look at their results and see how well the 
code does. These experiments cannot verify the radioactive source 
term part of the code, however. 
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CLOSING COMMENTS OF SESSION CHAIRMAN GREGORY 

In the first paper we saw the fire code being compared to aerosol 
transport experiments. I just might add that we are planning on going 
on to burning materials, such as polystyrene, to extend the experi
ments. Also, the code is going to be developed to run on a .Pc com
puter. The second paper described in some detail the fire and source 
term model that is used in FIRIN, and I might add that we have just 
completed some experiments that are going to be used to check the 
FIRIN source term code. 
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CONCLUDING COMMENTS OF CONFERENCE CHAIRMAN FIRST 

I would like to thank each of the chairmen and co-chairmen who 
guided the sessions throughout the week. I would particularity like to 
acknowledge the great assistance provide in all aspects of the 
Conference by our two sponsors, the Department of Energy, represented 
by Mr. Robert Kratzke and Mr. Darrell Huff, and our other sponsor, the 
Nuclear Regulatory Commission, represented by Dr. Charles Kelber and 
Mr.. Charles Willis. They have provided enormous support in all areas, 
acting on the Program Committee, sharing chairmanship of sessions, and 
persuading their superiors that this is an activity that deserves to 
be funded and deserves to be continued. The sessions have been 
planned by the Program Committee, as in the past, and the Committee 
welcomes comments from all who come to listen and present papers. I 
urge you to give them your thoughts while the remembrance of the 
Conference is still fresh in your mind. If you wish to write me an 
informal note, we would be appreciative, and I will be certain to 
share the information with all members of the Program Committee. 
Yesterday afternoon we held a Government Industry Committee meeting to 
discuss the organization of an industry association that would be 
active in cooperating with the two government agencies that have been 
the sponsors of past meetings and would be active in promoting future 
air cleaning conferences. A motion to organize such an association 
was approved and an ad-hoc task force was formed to incorporate a not
for-prof it association that would undertake to go forward with this 
idea in time for a 1990 Nuclear Air Cleaning Conference. Greater 
input from an industry group would help to attract a greater number of 
practical operating and how-to-do-it kinds of papers. This would be 
important for balancing the research component with the operating 
component and can not help but result in a well rounded exploration of 
all of the facets of nuclear air cleaning technology. 

1298 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

INDEX OF AUTHORS AND SPEAKERS 

ABRAMS 868-878 

ADAMS 457-468 

ALLAN 898-904, 1097 

AMMERICH 349-364 

ANAND 834-846 

BALLINGER 1284-1296 

BANKS 1016-1022 

BANTON 1233, 1240-1241, 1250, 
1253-1261 

BASSETT 630-648 

BEAHM 824-832 

BEASON 366-379 

BELLAMY 1000, 1082 

BENTON 476-490 

BERGMAN 257, 287, 972, 994, 
1130-1136, 1178, 1189-1208, 1283 

BHASIN 457-468 

BILLINGE 572-588, 800-801, 
1001-1002, 1015 

BISHARA 1234-1239, 1251-1261 

BONKA 257, 288-303, 666, 708 

BRADLEY 1064-1079 

BRASSELL 943-958 

BRESCHI 304-324 

BRIAND 349-364 

BROADBENT 572-587 

BURGER 216-230 

CAROPRESO 749-768 

CHENG XIN-YU 1146-1165 

CHILDRESS 380, 1210-1215 

COLLINSON 244, 537-559, 1260 

CORKRAN 1270-1282 

CORTS 476-488 

CUCCURU 304-324 

CURLING 857-867 

DAJLEVIC 1025-1038 

DENNING 116-134 

DeOTTE 834-846 

1299 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

DILLMANN· 709-725 

DORMAN 972, 1145, 1230, 1231 

DU MONT 498-509 

DYMENT 1208 

EDWARDS 1094-1098, 1252 

ELIS SON 695-707 

ENS INGER 334-348 

EVANS 511, 534, 627 

FIELDING 1109-1116 

FIES 234-242 

FIRST 2-5, 10, 12-13, 19, 20, 
98, 99, 115, 983, 1256-1261, 
1298 

FISH 824-832 

FLUKE 786-798 

FOILES 1189-1207 

FRANKLIN 380 

FRECHETTE 408, 571 

FREEMAN 997-1002 

FRIEDRICH 512-523, 785, 996, 
1002, 1063 

FURRER 100-114, 232, 234-242, 
570, 1055-1063 

GILBERT 897, 941, 958, 994 

GOMBERT 179-187, 188-204, 

GOTLINSKY 726-748 

GREGORY 366-379, 1269, 1270-
1282, 1297 

GREWAL 348 

GUEST 231, 534-535, 589-601, 
833, 1003-1015 

GUIMOND 973-982 

GUO KUN-MIN 1083-1093 

HALKO 216-230 

HAMBLIN 248-256 

HELMS 498-509 

HENRICH 138-153, 154-178 

HERRMANN 231, 234-244, 

HIGHTOWER 630-649 

HOLTORP 589-601, 1003-1014 

HUFF 383 

HULL 135, 534, 833, 856 

1300 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

HYDER 215, 559, 560-571, 650-
667, 1079 

JACOX 386-408, 496, 1097, 1242-
1259 

JANNAKOS 1055-1063 

JOHNSON, J.S. 12, 366-382 

JONAS 601, 959-972 

JOBIN 215, 1079 

KABAT 521, 524-536, 804 

KAEMPFFER 234-242 

KELBER 802 

KIM, S.H. 834-846 

KIM, Y.W. 1166-1178 

KIM, Y.S. 602-618 

KIRK 1210-1215, 1230 

KLUGE 430-455 

KNIGHT 14-19 

KOGA 205-214 

KOVACH, B. 1016-1024 

KOVACH, J.L. 21-98, 243-244, 
559, 570, 588, 601, 725, 784, 
799, 1001, 1024, 1054, 1080, 
1250-1251, 1261, 1283 

KRATZKE 247, 382 

KUMAGAI 205-214 

KURZ 812, 847-856 

KUGLER 11, 136, 468, 469-475 

KUMAR 381, 1001, 1024, 1255 

LABORDE 348, 349-365, 1296 

LAGOS 430-456, 1022-1024 

LANZA 304-324 

LeBRETON 1025-1038 

LECKIE 497 

LEGARRERES 278-286 

LEONARDI 749-768 

LESLIE 1270-1282 

LETOURNEAU 984-993 

LI QI-DONG 879-895 

LIU ZUOSHI 879-895 

LIEBERMAN 649, 667, 1137-1143 

LIFSHUTZ 941, 973-982 

LIN HUAN-SHU 1099-1108 

1301 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

LINDAU 695-708 

LO JIUNN-GUANG 1099-1108 

LOUGHBOROUGH 257-258, 1216-1230 

MA LAN 1083-1093 

MAIO 188-204 

MARINER 1189-1207 

MASSEY 589-601 

MATHEWES 380-381 

MATSUMOTO 205-214 

MAUREL 1025-1038 

MAZZACURATI 1179-1188 

McCLANAHAN 1064-1079 

McCRAY 179-187 

McFARLAND 834-846 

MEDDINGS 12, 259-277, 537-559, 
942 

MOCK 1055-1063 

MOELLER 178, 408, 456, 489, 
812, 857-867 

MONSON 769-785 

MOORE, C.J. 1117-1129 

1302 

MOORE, M.E. 786-798, 834-846 

MORI 619-626 

MOTOI 234-242 

MULCEY 349-364, 984-993, 1025-
1038 

MURTHY 11, 232, 233 

NERI 1179-1188 

NICHOLS 1270-1282 

OATES 259-277 

OLSON 491-497, 1250 

ORME 216-230 

ORNBERG 382, 475, 496, 856, 
1251, 1253 

ORTIZ 834-846 

OSLINGER 98, 799-800 

OWCZARSKI 1284-1295 

PARTHASARATHY 287, 509, 1257 

PASLER 709-724 

PATEL 489, 1253-1254 

PEARSON 430-455 

PERNA 749-768 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

PIERCE, M. 973-983 

PIEVE 619-626 

PILOT 278-286 

PLATINI 1179-1188 

PORCO 333, 497 

POTGETER 1055-1063 

POURPRIX 278-287, 1207 

POWELL 178, 813 

PRATT 333, 364, 905-916 

RAMEY 847-856 

RANDHAHN 726-748 

RICKETTS 382, 668-694, 904, 
917-941, 1283, 1296 

ROBINSON 248-258 

ROMER 138-153 

RONEY 490 

ROSS 116-136 

ROSSI 619-626 

RUDNICK 857-867, 868-878 

RUEDINGER 334-347, 668-691, 
917-942 

RUSSELL 6-12 

RYAN 857-867 

. SAVORNIN 349-364 

1303 

SAWYER 1130-1136 

SAZARASHI 205-214 

SCHEELE 187, 216-233 

SCHMIDT 19, 257-258, 364, 409-
429' 813' 833 

SCHMOYER 1210-1215 

SCOWEN 259-277 

SCRIPSICK 380, 1207, 1229 

SGALAMBRO 708, 749-768 

SHENK 805-813 

SINGH 898-903 

SMITH, M.J. 215 

SMITH, P.R. 366-379, 941-942, 
1270-1283 

SOFFER 666 

SOMASUNDARAM 834-846 

SOMMER 1016-1022 

STALLARD 259-277 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

STEWART 325-333', 905-916 

STOJANIK 234-242 

STROM 98, 429, 814-823 

TAKASHIMA 205-214 

TAKESHITA 205-215 

TAMURA 205-214 

TAYLOR 537-599 

THOMAS, T.R. 178, 244-245, 522, 
627 

TOUSI 726-748 

VAN DAM 878, 1015 

VANDEWALLE 708, 1039-1054 

VENDEL 278-286, 984-993 

VIKIS 786-798 

WATERS 216-230 

WEBER, C.F. 824-832 

WEBER, L.D. 12, 135 

WEIDLER 385 

WEIRICH 154-177 

WEINLAENDER 100-114 

1304 

WHITE, B.W. 1270-1282 

WILHELM 232, 233 ,, 243...,.244, 334-
347, 535, 629, 668-692, 709-724, 
800, 917-941, 1001 

WILLIS 1258, 1261 

WOODS 430-455, 468 

WREN 521, 536, 570, 588, 618, 
786-801, 1117-1129 

WRIGHT 824-833 

WU BOKANG 879-895 

WU YAN 1083-1093 

XI RUIHUA 879-895 

YE CHANGZHOU 879-895 

YOUNGBLOOD 498-509 

YUAN CUN-QIAO 1083~1093 

YUAN SHUNGQING 879-895 

ZHANG JING-KUN 1146-1165 

ZHAO KUIDONG 879-895 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

LIST OF ATTENDEES 

ALLAN, Thomas 
Flanders Filters, Inc. 
P.O. Box 1708 
Washington, NC 27881 

ANDERSON, Wendell L. 
RR 4, Box 4172 
LaPlata, MD 20646 

ANDRES, Rafael A. 
Tecnatom, S.A., Spain 
Km. 19, Ctra N. I 
28709 San Sebastian de los Reyes 
Madrid, SPAIN 

ARNDT, Timothy E. 
S202 
Westinghouse Hanford Company 
P.O. Box 1970 
Richland, WA 99352 

BALLINGER, Marcel 
Batelle Pacific Northwest Lab. 
P.O. Box 999 
Richland, WA 99352 

BELLAMY, Ronald 
U.S. NRC 
475 Allendale Road 
King of Prussia, PA 19406 

BENDER, Larry 
AirGuard Ind. 
P.O. Box 32578 
Louisville, KY 40232 

BERGMAN, Werner 
Lawrence Livermore National Lab. 
P.O. Box 5505 
Livermore, CA 94550 

BHASIN, Deepak 
Arizona Public Service 
11226 N. 23rd Ave. 
Phoenix, AZ 85029 

BILLINGE, B.H.M. 
Central Electricity 

Generating Board 
Cerl Kelvin Ave. 
Surrey, ENGLAND KT22 7SE 

BISHARA, Amin T. 
PTS Technical Services Inc. 
500 Grapevine Hwy, Suite 488 
Hurst, TX 76054 

BOHANNON, Michael L. 
HEPA Corp. 
3071 East Coronada 
Anaheim, CA 92806 

BOND, Leroy 
Lydall, Inc 
Technical Papers Div. 
P.O. Box 1960 
Rochester, NH 03867 

BONKA, Hans 
Lehrgebiet Strahlenschutz in der 

1305 

Kerntechnik, RWTH Aachen 
Eilfschornsteinstr. 18 
D-5100 Aachen 
FEDERAL REPUBLIC OF GERMANY 

BRASSELL, Gil 
Nuclear Filter Tech. 
13237 w sth st. 
Golden, CO 80401 

BRUNETTI, A. 
Filtra Corp. 
P.O. Box 298 
Hawthorne, NJ 07507 

BURWINKEL, Paul H. 
Georgia Power Co. 
Plant Vogtle 
P.O. Box 1600 
Waynesboro, GA 30830 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

CALLIES, Ned R. 
Hollingsworth & Vose Co. 
4415 W. Harrison St. 
Hillslide, IL 60162 

CAMBO, Bill 
Lydall, Inc. 
Technical Papers Div. 
P.O. Box 1960 
Rochester, NH 03867 

CANDELIERI, Tommaso 
ENEA - Centro Richerche Energia 

Trisaia 
Impianto ITREC, S.S. 106 Jonica 
Rotondella (Matera), ITALY 

CHEH, Christopher H. 
Ontario Hydro Research Div. 
800 Kipling Ave. 
Toronto, Ontario, CANADA M56 1X6 

CHEN, Xin-Yu 
Research Institute of Chemical 

Defence 
P.O. Box 925, West Building 
Beijing, PEOPLE'S REP. OF CHINA 

CHILDRESS, C~E. 

Martin Marietta Energy Systems 
P.O. Box x 
Oak Ridge, TN 37831 

CHING, Shek 
Atomic Energy Control Board 
Station B 
P.O. Box 1046 
Ottawa, Ontario, CANADA KlP 5S9 

CLARK, Willard 
Barnebey & Sutcliffe Corp. 
835N Cassady Ave. 
Columbus, OH 43219 

COCHNAR, Richard M. 
Cleveland Electric Illuminating 
PNPP, 10 Center Rd., CCB-125 
Perry, OH 44081 

COLLINSON, Brian 
UK AEA - Northern Res. Lab. 
Windscale, Seascale, Cumbria 
CA20 IPF ENGLAND 

COSTELLA, George 
Lawrence Livermore Nat. Lab. 
P.O. Box 5505, L-383 
Livermore, CA 94550 

CROSBY, David W. 
Hamilton Associates, Inc. 
1807 Whitehead Rd. 
Baltimore, MD 21207 

CRUICKSHANK, Robin 
Arizona Nuclear Power Project 
P.O. Box 53999 (Station 6077) 
Phoenix, AZ 85072 

CURLING, Carl 
Harvard School of Public Health 
665 Huntington Ave. 
Boston, MA 02115 

DAER, Gary R. 
SAIC 
101 Convention Center Dr. 
suite 407 
Las Vegas, NV 89109 

DEVENA, Stanley 
Wolf Creek Nuclear Oper. Corp. 
RR 1 
Burlington, KS 66839 

DEWITT, Larry 
E.I. duPont de Nemours & Co. 
Savannah River Plant 
Aiken, SC 29808 

DILLMANN, Hans-Georg 
Kernforschungszentrum Karlsruhe 
Eggenstein, D-7514 
FEDERAL REPUBLIC OF GERMANY 

1306 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

DORMAN, Richard 
24 Balmoral Rd. 
Salisbury, Wiltshire 
UNITED KINGDOM SPl 3PX 

DORON, Eli 
Nuclear Research Center, Negev 
P.O. Box 9004 
Beer-Sheva, ISRAEL 

DYKES, D.M. 
E.I. duPont de Nemours & Co. 
Savannah River Plant 
Aiken, SC 29808 

DYMENT, John 
MOD (PE) 
AWE(A) Aldermaston 
Reading, UNITED KINGDOM RG8 OAY 

EARLE., George W. 
E.I. duPont de Nemours & Co. 
Savannah River Plant 
Aiken, SC 29808 

EDWARDS, 
Charcoal 
P.O. Box 
Bath, NC 

James R. 
Service Corp. 
3 

27808 

ECKARDT, Bernd 
Siemens 
Berlinerstr. 295 
605 Offenbach 
FEDERAL REPUBLIC OF GERMANY 

ELLIOTT, William H. 
Rockwell International 
Rocky Flats Plant 
P.O. 464 
Golden, co 80401 

ELLO, George 
Manville Corporation 
P.O. Box 517 
Toledo, OH 43693 

1307 

ENNEKING, Joseph C. 
Nuclear Consulting Service 
P.O. Box 29151 
Columbus, OH 43229 

ENSINGER, Ulrich 
Tech. Inspectorate of Bavaria 
Westendstr. 199 
Munchen 21 D-8000 
FEDERAL REPUBLIC OF GERMANY 

EVANS, A. Gary 
E~I. duPont de Nemours & Co. 
Savannah River Plant 
Aiken, SC 28903 

FAUST, Thomas 
Donaldson Company, Inc. 
High Purity Products Group 
P.O. Box 1299 
Bloomington, MN 55440 

FAWCETT, Cecil L. 
Westinghouse Idaho Nuclear Co. 
P.O. Box 4000 
Idaho Falls, ID 83403 

FIRST, Melvin W. 
Harvard School of Public 
665 Huntington Avenue 
Boston, MA 02115 

FISH, Birney R. 
Tennesse Valley Authority 
MS/Wl0Cl66 C-K 
400 W. Summit Hill Dr. 
Knoxville, TN 37902 

FLIS, Christine 
Indiana Michigan Power 

Health 

D.C. Cook Nuclear Power Plant 
1 Cook Place 
Bridgman, MI 49106 

FLYNN, Kevin 
Southern California Edison Co. 
P.O. Box 128 
San Clemente, CA 92672 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

FOELIX, Charles 
General Electric Co. 
KAPL - Box 1072 
Schenectady, NY 12301-1072 

FORCUCCI, Jay 
Lydall, Inc., Technical Papers 
P.O. Box 1960 
Rochester, NH 03867 

FRANKENBERG, Ronald E. 
CVI Incorporated 
P.O. Box 2138 
Columbus, OH 43216 

FRANKLIN, Ben 
American Air Filter Company 
P.O. Box 35690 
Louisville, KY 40232 

FRECHETTE, Robert J. 
Florida Power & Light 
Fort Pierce, FL 34957 

FREEMAN, Peter 
Nuclear Consulting Services 
P.O. Box 29151 
Columbus, OH 43229 

FRIEDRICH, Vilmos 
Institute of Isotopes of the 
· Hungarian Academy of Sciences 
Budapest, HUNGARY 

FRY, Frank 
Hollingsworth & Vose Co. 
E. Walpole, MA 02032 

FUNK, John 
Hanford Environmental Health 
805 Goethals 
Richland, WA 99352 

FURRER, Juergen 
Kernforschungszentrum Karlsruhe 
LAF-II 
Postfach 3640, D-7500 Karlsruhe 
FEDERAL REPUBLIC OF GERMANY 

GILBERT, Humphrey 
P.O. Box 704 
McLean, VA 22101 

GILL, Charles F. 
U.S. NRC 
Bld. 4 
799 Roosevelt Rd. 
Glen Ellyn, IL 60137 

GODAS, Thommy 
National Institute of Radiation 

Protection 
Box 60204 
S-104 01 Stockholm, SWEDEN 

GRAVES, Curtis E. 
Nuclear Consulting Services 
P.O. Box 29151 
Columbus, OH 43229 

GREEN, Frank 
Lawrence Livermore Nat. Lab. 
P.O. Box 808 
Livermore, CA 94550 

GREGORY, William S. 
Los Alamos National Laboratory 
MS K557 
P.O. Box 1663 
Los Alamos, NM 87545 

GREWAL, Gurinder S. 
Fluor Daniel Inc. 
3333 Michelson Drive 
Irvine, CA 92730 

~ 

GRUBER, Mark E. 
Northern States Power Co. 
1717 Wakonade Dr. E. 
Welch, MN 55089 

GUENTHER, Larry T. 
Cooper Nuclear Station 
P.O. Box 98 
Brownville, NE 68321 

1308 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

GUEST, Alan 
Ontario Hydro 
700 University Ave 
Toronto, Ontario, CANADA M56 1X6 

GUIMOND, Richard H. 
Hollingsworth & Vose Co. 
Townsend Rd. 
W. Groton, MA 01450 

GUO, Kun-Min 
Research Institute of Chemical 

Defence 
35 Huayuan Bei Rd. 
West Building 
Beijing, PEOPLE'S REP. OF CHINA 

GUPTA, Virendra K. 
Public Service Electric & Gas 
P.O. Box 236 
Hancocks Bridge, NJ 08038 

HALL, Tony 
Lydall, Inc. 
Technical Papers Div. 
P.O. Box 1960 
Rochester, NH 03867 

HENRICH, Edmund 
Kernforschungszentrum Karlsruhe 
P.O. Box 3640 
Karlsruhe 1, D-7500 
FEDERAL REPUBLIC OF GERMANY 

HENZEL, Victor 
NRCN 
P.O. BOX 9001 
Beer Sheva, ISRAEL 84190 

HERRMANN, Franz J. 
WAK - Betriebsgesellschaft 
Postfach 1263 
Eggenstein-Leopoldshafen 2 
D-7514 
FEDERAL REPUBLIC OF GERMANY 

HIGHTOWER, Nathaniel T. 
Bldg 773-41A 
E.I. duPont de Nemours & Co. 

Savannah River Laboratory 
Aiken, SC 29808 

HOLMAN, D. J. 
UKAEA, AEE 
Winfrith, Dorcester 
Dorset, ENGLAND 

HOLTORP, Jon 
Ontario Hydro 
700 University Ave., A2-C8 
Toronto, Ontario, CANADA M56 1X6 

. HUFF, Darrell A. 

1309 

U.S. Dept. of Energy 
19901 Germantown Rd. 
Germantown, MD 20874 

HULL, Andrew 
STEP 12 - Bldg 535-A 
Brookhaven National Lab. 
Upton, NY 11973 

HYDER, M. Lee 
E.I. duPont de Nemours & Co. 
Savannah River Plant 
Aiken, SC 29801 

ISHIDA, Seiji 
Shin Nihon Air Conditioning Co. 
1-1-34, Nakahara Isogo-ku 
Yokohama, Kanagawa, JAPAN 

JACKSON, Roger D. 
Martin Marietta Energy Systems 
P.O. Box 628 
Piketon, OH 45661 

JACOX, Jack W. 
Jacox Associates 
P.O. Box 29720 
Columbus, OH 43729 

JANNAKOS, Konstantin 
Kernforschungszentrum Karlsruhe 
Postfach 3640 
Karlsruhe 1, D-7500 
FEDERAL REPUBLIC OF GERMANY 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

JENSEN, Robert E. 
Lawrence Livermore National Lab. 
P.O. Box 808, L-431 
Livermore, CA 94550 

JOHNSON, Dan L. 
San Orofre Nuclear Generating 
Station 

P.O. Box 128 
San Clemente, CA 92672 

JOHNSON, James S. 
L-386 
Lawrence Livermore National Lab. 
P.O. Box 5505 
Livermore, CA 94550 

JOHNSON, Mike 
Public Service Electric & Gas 
of New Jersey 

MC N-51 
P.O. Box 236 
Hancocks Bridge, NJ 08038 

JONAS, Leonard 
Hugh Associates Inc. 
2730 University Blvd. Suite 902 
Wheaton, MD 20902 

JOSS, Gregg E. 
Rochester Gas & Electric 
1503 Lake Road 
Ontario, NY 14519 

JUBIN, Robert T. 
Oak Ridge National Laboratory 
P.O. Box 2008 
Oak Ridge, TN 3783-6306 

KABAT, Milo J. 
P.C.S. Compu-Lab 
1275 Morningside Ave. 
Scarborough, Ontario 
CANADA MlB 3Wl 

KEATING, Greg 
Manville Corporation 
239 Evergreen Ave. 
Braintree, MA 02184 

1310 

KELBER, Charles 
MS Ml-007 
U.S. NRC 
Washington, DC 20555 

KIM, Yong W. 
Dept. of Physics 
Bldg. 16 
Lehigh University 
Bethlehem, PA 18015 

KIM, You Sun 
Korea Advanced Energy 
Research Institute 

P.O. Box 7, Daedukdanji 
Cung-Nam, SOUTH KOREA 

KIRBY, Peggy S. 
TVA - Browns Ferry 
P.O. Box 2000 
Decatur, AL 35603 

KIRK, Gary Q. 
Martin Marietta Energy Systems 
Building 2000 
P.O. Box 2008 
Oak Ridge, TN 37831-6054 

KITANI, Susuma 
Nippon Muki Co., Ltd. 
415 Sakunoya, Yuki 
Ibaraki, JAPAN 319-11 

KLAES, Leo J. 
Tennesse Valley Authority 
WlO Dl83 C-K 
400 Summit Hill Dr. 
Knoxville, TN 37902 

KLAUBER, Douglas W. 
Hollingsworth & Vose Co. 
Townsend Rd. 
West Groton, MA 01472 

KNIGHT, James 
Off ice of Safety Appraisals 
Environment, Safety and Health 
U.S. Department of Energy 
Washington, DC 20595 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

KOGA, Jiro 
Dept. of Environmental Chem. 
255 Shimo-okubo, Urawa 
Saitama, 338 JAPAN 

KOVACH, J. Louis 
Nuclear Consulting Services 
P.O. 29151 
Columbus, OH 43229 

KRANZ, Eugene 
Northern States Power 
1518 Chestnut Ave. N 
Minneapolis, MN 55403 

KRATZKE, Bob 
Projects Office, MS/DP 132 
U.S. Department of Energy 
Washington, DC 20545 

KROCHMALNEK, Leonard S. 
Ontario Hydro 76 
700 University Ave. (Hll A21) 
Toronto, Ontario, CANADA MSG 1X6 

KURZ, Jerry 
Kurz Instruments, Inc. 
2411 Garden Rd. 
Monterey, CA 93924 

KUGLER, August 
Kaiser Engineers 
1800 Harrison Street 
Oakland, CA 94623 

KUMAR, Viswa S. 
Toledo Edison Co. 
300 Madison Ave. MS 1056 
Toledo, OH 43652 

LABORDE, Jean-Claude 
Commissiart a l'Energie Atomique 
DPT/SPIN/SEIP, Bat. 393 
CEN/SACLAY, 91191 Gif-sur-Yvette 
Cedex, FRANCE 

LAGUS, Peter 
S-Cubed 

1311 

P.O. Box 20 
LaJolla, CA 92038 

LANZA, S. 
University of Pisa 
Via Diotisalvi 2 
Pisa, ITALY 56100 

LECKIE, Fred D. 
NCS Corporation 
4555 Groves Rd. No. 41 
Columbus, OH 43232 

LEONARD, Len 
ANCO Engineers Products Group 
9937 Jefferson Blvd. 
Culver City, CA 90232 

LI, Qi-Dong 
Dept. of Nuclear Science 
Fudan University 
Shanghai, PEOPLE'S REP. OF CHINA 

LIEBERMAN, Al 
Particle Measuring systems 
46729 Fremont Blvd. 
Fremont, CA 94538 

LIDDLE, I.M. 
Scottish Development Department 
27 Perth st 
Edinburgh, SCOTLAND 

LIFSHUTZ, Norman 
Hollingsworth & Vose Co. 
Townsand Rd. 
West Groton, MA 01472 

LINDAU, L. 
Fla kt 
Vaxjo, SWEDEN 

LO, Juinn-Guang 
National Tsing Hua University 
Inst. of Nuclear Science 101·, 
Sec. 2 , Kung Fu Rd. 
Hsinchu 30043, Taiwan 
REPUBLIC OF CHINA 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

LOUGHBOROUGH, D. 
UKAEA - Harwell Laboratory 
Harwell, Oxfordshire, 
OXll ORA, ENGLAND 

LUNDQUIST, Joe 
Pall Land and Marine Corp. 
7070 Moon Lake Rd. 
Newport Richey, FL 34654 

MAIER, Peter 
TUEV Baden e.v. 
Dudenstr. 28 
D-6800 Mannheim 
FEDERAL REPUBLIC OF GERMANY 

MAIO, Vincent C. 
Westinghouse Idaho Nuclear Co. 
P.O. Box 4000 
Idaho Falls, ID 83403 

MARCHANT, Jay 
Westinghouse Idaho Nuclear Co. 
P.O. Box 4000 
Idaho Falls, ID 83403 

MAROLDO, Stephen G. 
Ross & Haas Company 
727 Norristown Rd. 
Spring House, PA 

MATHEWES, Wolfgang 
Siemens 
Offenbach 
FEDERAL REPUBLIC OF GERMANY 

McCARTHY, Michael P. 
Evanite Glass Fiber Corp. 
20 Linwood Ave 
Salem, NH 03079 

McCRAY, John 
CPP 637, MS 5219 
Westinghouse Idaho Nuclear Co. 
P.O. Box 4000 
Idaho Falls, ID 83403 

1312 

McDONALD, Bruce 
Donaldson Co., Inc. 
P.O. Box 1299 
Minneapolis, MN 55440 

McFARLAND, Andrew R. 
Dept. of Mechanical Engineering 
Texas A&M University 
College Station, TX 77841 

McDONOUGH, John 
Donaldson Co., Inc. 
P.O. Box 1299 
Minneapolis, MN 55440 

McINTYRE, Julie A. 
Rockwell Institute 
P.O. Box 464 
Golden, co 80401 

MEDDINGS, Paul 
Central Electricity Generating 

Board 
Barnett Way, Barnwood 
GL4 7RS Gloucester, ENGLAND 

MILLINOR, Michael L. 
Tennessee Valley Authority 
P.O. Box 480 
Knoxville, TN 37901 

MOELLER, Dade 
Harv·ard School of Public Heal th 
677 Huntington Ave. 
Boston, MA 02115 

MONROE, David L. 
Martin Marietta Energy Systems 
P.O. Box 2003 
Oak Ridge, TN 37831-7324 

MONSON, Paul 
E.I. duPont de Nemours & Co. 
Savannah River Plant 
Aiken, SC 29808 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

MOORE, Glen 
Flanders Filters, Inc. 
P.O. Box 1708 
Washington, NC 27889 

MORAN, Francis 
Moran Filter R & D Co. 
71 College Ave. 
Somerville, MA 02144 

MORELAND, Calvin 
Rockwell International 
Rocky Flats Plant 
P.O. Box 464 
Golden, CO 80401 

MUKHI, Sudesh 
Con Edison Company of New York 
4 Irving Place, Rm 1028 
New York, NY 10003 

MURTHY, Kesh S. 
Battelle Pacific Northwest Lab. 
P.O. Box 999 (K5-11) 
Richland, WA 99352 

NELSON, Bret 
Cleveland Electric Illuminating 
1 o cent.er Rd. 
Perry, OH 44081 

NEUMANN, Dieter W. 
HEPA Corp. 
P.O. Box 7124 
Charlotte, NC 28241 

OLDHAM, G. Allen 
FIL-TEK/Filtration Technology 12 
Pine st. 
Swampscott, MA 01907 

OLSON, Peter E. 
Flakt Inc.- Bahnsen Div. 
P.O. Box 1128 
Glen Rose, TX 76043 

1313 

ORNBERG, Steve 
Sargent & Lundy 
55 E. Monroe 
Chicago, IL 60603 

OSLINGER, Arne 
Ontario Hydro 
700 University Ave. 
Toronto, CANADA M5G 1X6 

OTSUKA, Kazuhiko 
Nitta Industries Corporation 
172 Ikezawa-cho, Yamatokoriyama 
Nara, JAPAN 

PAAVO, Karajaoja 
Imatran Voima Oy 
PL 112 
01601 Vantaa, FINLAND 

PARSONS, Robert D. 
Hollingsworth & Vose Co. 
112 Washington St. 
East Walpole, MA 02032 

PARTHASARATHY, Partha S. 
Bechtel National Inc. 
50 Beale st., P.O. Box 3965 
San Francisco, CA · 94119 

PATEL, Manu C. 
TU Electric - Generating Div. 
400 N. Olive Street, L.B. 81 
Dallas, TX 75201 

PAUL, Joe 
E. I. duPont de Nemours ~ Co. 
Savannah River Plant 
Aiken, SC 29808 

PERNA, Walter 
ENEA PAS-ISP-AMB 
Via Anguillarese. Rm 13 
S. Maria di Galeria 
Rome, ITALY 00060 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

PHILIPPI, H.M. 
Atomic Energy of Canada 
Chalk River 
Ontario, KOJIJO CANADA 

PIERCE, Mary 
Hollingsworth & Vose Co. 
P.O. Box 168 
West Groton, MA 01472 

PLATINI, Massimo 
Univ. Di Roma 
LaSapienza, Piassale Aldo Moro 2 
Rome, ITALY 

PLATZ, Michael E. 
Evanite Glass ·Fiber Corp. 
P.O. Box E 
Corvallis, OR 97333 

PORCO, Richard D. 
Donaldson Co., Inc. 
1400 West 94th St. 
Minneapolis, MN 55440 

POURPRIX, Michel 
Commissariat a l'Energie 

Atomique 
DPT/SPIN/SEIP 
Bat. 389 - CEN/SACLAY 
91191 Gif-sur-Yvette 
Cedex, FRANCE 

POWELL, William J. 
Westinghouse Hanford 
Box 1970, MS R 2-11 
Richland, WA 99352 

PRATT, Ronald P 
U. K. Atomic En~rgy Authority 
Harwell Laboratory, Bldg. 424 
Didcot, Oxfordshire 
OXll ORA UNITED KINGDOM 

RANDHAHN, Hurst 
Pall Corp. 
30 Sea Cliff Ave. 
Glen Cove, NY 

1314 

REIMERINK, W.M.T.M. 
Norit N.V. 
P.O. Box 105 
3800 AC Amersfoort 
HOLLAND 

RICKETTS, Craig I. 
Kernforschungszentrum Karlsruhe 
Postfach 3640, D-7500 Karlsurhe 
FEDERAL REPUBLIC OF GERMANY 

RIGBY, George 
Sutcliffe Speakman Carbons Ltd. 
Guest St., Leigh 
Lancashire, ENGLAND WN7 2HE 

ROMER, Juergen 
Kernforschungszentrum Karlsruhe 
Postfach 3640, D-7500 ~arlsruhe 
FEDERAL REPUBLIC OF GERMANY 

RONEY, Paul 
Cleveland Electric Illuminating 
10 Center Rd. 
Perry, OH 44081 

ROSE, Charles 
American Air Filter 
215 Central Ave. 
Louisville, KY 40208 

ROSS, Denwood F. 
Off ice of Nuclear Regulatory 
Research 
U.S. NRC 
Washington, DC 20555 

ROWLAND, William 
U.S. Department of Energy 
P.O. Box A 
Aiken, SC 2980i 

RUEDINGER, V. 
Kernsforchungszentrum Karlsruhe 
Postfach 3640 
Karlsruhe 1, D-7500 
FEDERAL REPUBLIC OF GERMANY 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

RUMBLER, Joachim 
Siemens AG, UB KWU 
Berliner Str. 295-303 
D-6050 Offenbach (-..... , - _·:::.;. ~ .. <:,'l:~~~-

FEDERAL REPUBLIC QF:-.:GERMANY 
0· 

RUSSELL, William T.1 '.~I)\;:~::~,.=_ 
U.S. NRC 
475 Allendale Rd. 
King of Prussia, PA 19406 

SCHATTE, Walter 
Techinscher Uberwachungs-Verein 
Hannover e.V., Hauptabt. 
Kerntechnik und Strahlenschutz 
D-3000 Hannover 81, AM TUV 1 
FEDERAL REPUBLIC OF GERMANY 

SCHEELE, R.D. 
P7-25 
Battelle Pacific Northwest Lab. 
P.O. Box 999 
Richland, WA 99352 ()~;.'.;/ 

SCHEFFEL, Norm 
Manville Corporation 
P.O. Box 517 
Toledo, OH 43693 

SCHERR, Rodney W. 
E.I. duPont de Nemours & Co. 
Savannah River Plant 
Aiken, SC 29801 

SCHMIDT, Alfred C. 
Schmidt Instrument Co. 
P.O. Box 111 
San Carlos, CA 94070 

SCHULZ, Jorge 
Bechtel Power Corporation 
P.O. Box 3965 
San Francisco, CA 94119 

SCRIPSICK, Ronald 
Los Alamos National Laboratory 
P.O. Box 1663, MS/K-486 
Los Alamos, NM 87545 

SEAM, Balbir c. 
Bechtel Power Corp. 
15740 Shady Grove Rd. 
Gaithersburgh, MD 20877 

SEEL, Richard 
.5.fr~·)l_e~al Dynamics Services Co. 

'"-Ji 14··Holmes St. 
···-;-'Mystic, CT 06355 

(f ·;,~§.~~~BRO, Gaetano 
1,: -:--..,,ENEA'-:.r-DISP 
····<:..·-vTftv. Brancati 48 

1315 

Roma, ITALY 00144 

SHENK, Kevin J. 
Westinghouse - WIPP 
P.O. BOX 2078 
Carlsbad, NM 88221 

SINGH, T.M. 
Flanders Filters Inc. 
P. 0. ~QX 17 08 .. 'G': ..... •L> •• 

washin~ton, NC 27889 

SKAFI, Michael 
Siemens UB - KWU 
Berliner Str. 295-303 
6050 Offenbach 
FEDERAL REPUBLIC OF GERMANY 

SMITH, Edward A. 
Electric Boat Div. 
17 Robert Drive 
Ballston Spa, NY 12020 

SMITH, Luther H. 
Kaiser Engineers - Hanford 
P.O. Box 888 
Richland, WA 99352 

SMITH, Michael J. 
Rohm & Haas Company 
727 Norristown Rd. 
Spring House, PA 19477 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

SMITH, Phillip R. 
Dept. 3450 
New Mexico State University 
Box 30001 
Las Cruces, NM 88003 

SNOVER, Melvin w. 
Hollingsworth & Vose Co. 
112 Washington St. 
E. Walpole, MA 02032 

SOFFER, Leonard "1·· 

Division of Risk Analysis 
Off. of Nuclear Reactor 
Regulation 
U.S. NRC 
Washington, DC 20555 

SOUW, H.G. 
Ontario Hydro 
700 University Ave. 
Toronto, CANADA MSG 1X6 

.. ~ ... 
STARR, Thomas 
Koch Processing Systems 
20 Walkup Dr. 
Westboro, MA 01581 

STEINBERG, Samuel B. 
Air Techniques 
70H Painters Mill Rd. 
Owings Mills, MD 21117 

STEINER, David G. 
Gilbert/Commonwealth 
P.O. Box 2283 
Aiken, SC 29801 

STROM, Lars 
Studsvik Nuclear 
S-61182 Nykoping 
SWEDEN 

TADDEO, John A. 
Cambridge Filter Co. 
7645 Henry Clay Blvd. 
Liverpool, NY 13088 

. ·/-...'•, 

•[ ' 
:"':- '," 

- ' 
' 

. . C,:.:·, 

1316 

TAKESHITA, Kenji 
Industrial Research Institute 
1201 Takada, Kashiwa 
Chiba, JAPAN 277 

THOMAS , . ·CJ: ohn B. 
Southerh"co. Services, 
P.O. Box 2625 
Birmingham, AL 35202 

THOMAS, Thomas R . 

Inc. 

Westinghouse Idaho Nuclear Co. 
P.O. Box 4000 
Idaho Falls, ID 83403 

TINKLIN, B.F. 
M.C. Air Filtration 
Motney Hill Rd. 
Gillingham, Kent 
ENGLAND 

TOMKO, K.M 
Westinghouse-Bettis Atomic Power 
P.O. Box 79 
West Mifflin, PA 15122-0079 

TOUSI, Saied 
Pall Corp. 
30 Sea Cliff Ave. 
Glen Cove, NY 11542 

URBANIC, John E. 
Calgon Carbon Corporation 
P.O. Box 717, Bldg. 3 
Pittsburgh, PA 15230-0717 

VAN DAM, N.O. 
Norit N.V. 
P.O. Box 105 
3800 AC Amersfoort 
HOLLAND 

VANDEWALLE, Andre 
Vicotte, Belgium 
Avenue du Roi 157 
Bruxelles, BELGIUM 1060 



20th DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

VAUDANO, Aime 
Commissariat a l'Energie 
Nucleaire CEA VALRHO - BP 171 
30205 Bagnols-sur-Ceze 
FRANCE 

WALKER, Bob 
Atomic Energy Control Board 
P.O. Box 1046, Station B 
Ottawa, Ontario, CANADA KlP 5S9 

WEBER, Lawrence D. 
Pall Corporation 
30 Seacliff Ave. 
Glen Cove, L.I., NY 11542 

WEIDLER, Raymond R. 
Duke Power Company 
P.O. Box 33189 
Charlotte, NC 28242 

WHITE, E.R. 
Rockwell - INEL 
P.O. Box 1469 
Idaho Falls, ID 83404 

WHITE, J.V. 
Vokes Ltd. 
Henley Park, Guildford 
Surry, GU35 2AF ENGLAND 

WILHELM, Juergen 
Kernsforchungszentrum Karlsruhe 
LAF II 
Postfach 3640 
D-7500 Karlsruhe 1 
FEDERAL REPUBLIC OF GERMANY 

WILLIS, Charles A. 
Div. Radiation Protection & 

Emergency Prep. MS/EWW-360 
U.S. NRC 
Washington, DC. 20555 

WILSON, Richard 
Lyman Lab 231 
Harvard University 
Cambridge, MA 02138 

WINK, Roger C. 
Union Electric Company 
P.O. Box 680 
Fulton, MO 65251 

WOODRING, Diedrich F. 
Martin Marietta Energy Systems 
P.O. Box 2003 
Oak Ridge, TN 37831-7385 

WOODS, Paul R. 
Arizona Nuclear Power Project 
Sta 6077 
P.O. Box 52034 
Phoenix, AZ 85072-2034 

WREN, J. Clara 
Atomic Energy of Canada, Ltd. 
Whiteshell Nuclear Research 
Pinawa, Manitoba 
CANADA ROE lLO 

WRIGHT, Anthony 
Oak Ridge National Laboratory 
Bldg. 4501 
P.O. Box X 
Oak Ridge, TN 37830 

WYCHERLEY, David E. 
Barnebey & Sutcliffe Corp. 
835N Cassady Ave. 
Columbus, OH 43219 

YOUNGBLOOD, Enoch Lloyd 
Martin Marietta Energy Systems 
P.O. Box 6234 
Oak Ridge, TN 37831-6234 

1317 



NRC FORM 335 
12·891 

U.S. NUCLEAR REGULATORY COMMISSION 1. REPORT NUMBER 

NRCM 1102. 
3201. 3202 

2. TITLE AND SUBTITLE 

BIBLIOGRAPHIC DATA SHEET 
(See instructions on the reverse} 

(A.,lgned by NRC. Add Vol., Supp., Rev., 
end Addendum Numbers, if any.) 

Proceedings of the 20th DOE/NRC Nuclear Air Cleaning Conference 

NUREG/CP-0098 
CONF-880822 
Vol. 2 

Sessions 6 - 15 
Held in Boston, Massachusetts 
August 22-25, 1988 

5. AUTHOR(S) 

M.W. First, Editor 

3. DATE REPORT PUBLISHED 

MONTH I YEAR 

May 1989 
4. FIN OR GRANT NUMBER 

6. TYPE OF REPORT 

7. PERIOD COVERED (lnclusfre Dates! 

8. PER F 0 RM I NG 0 AGAN I ZA TI ON - NAME AND ADDRESS {If NRG, provide Division, Office or Region, U.S. Nuclear Regulatory Commission, and mailing address; if conrractor, providt.• 
name and mailing address.) 

Harvard School of Public Health 
The Harvard Air Cleaning Laboratory 
665 Huntington Avenue 
Boston, MA 02115 

9. SPONSOR ING ORGANIZATION - NAME AND ADDRESS flf NRC. type "Same as above": if contractor. provicje NRC Division, Office or Region. U.S. Nuclear Regulatory Comminion. 
and mailing address.) · 

Office of Nuclear Safety 
U.S. Department of Energy 
Washington, DC 20585 

10. SUPPLEMENTARY NOTES 

11. ABSTRACT (200 words or less} 

Office of Nuclear Regulatory Research 
U.S. Nuclear Regulatory Co1111lission 
Washington, DC 20555 

Harvard School of Public Health 
The Harvard Air Cleaning Laboratory 
665 Huntington Avenue 
Boston, MA 02115 

This document contains the papers and the associated discussions of the 20th 
DOE/NRC Nuclear Air Cleaning Conference. Major topics are (1) chemical processing 
systems, (2) reactor operations, (3) decommissioning and decontamination, 
(4) particulate filter developments, including filter testing and filter response 
to physical stress, (5) adsorption and testing of activated carbon and adsorber 
systems, (6) severe accident mitigation, (7) radon, (8) tritium, (9) monitoring 
and measurement systems, (10) the development of standards and regulations, and 
(11) concerns with existing standards and regulations. 

12. KEY WORDS/OESCR!PTORS (List words or phrases that will assist researchers in locating the report.) 13. AVAILABILITY STATEMENT 

Unlimited 
Nuclear Air Cleaning Conference 14. SECURITY CLASSIFICATION 

(This Page} 

Unclassified 
(This Report) 

Unclassified 
15. NUMBER OF PAGES 

16. PRICE 

NRC FORM 335 !2·B91 

---, 
I 



i 

I 

l 

UNITED STATES 
NUCLEAR REGULATORY COMMISSION 

WASHINGTON, D.C. 20555 

Name 

OFFICIAL BUSINESS 
PENALTY FOR PRIVATE USE, $300 

Mail Stop 

Return to: 823 LIBRARY/SNL, MS 0731 

Due Date 

--1 
SPECIAL FOURTH-CLASS RATE 

POSTAGE & FEES PAID 
USNRC 

PERMIT No. G-67 




