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Abstract 

Impregnated granular activated carbon bed filters have been 
used worldwide to treat nuclear power plant exhaust gases of 
containing iodine and extensive experimental studies have been 
conduct·ed. It has been discovered that the impregnated granular 
activated carbon has some inherent defect such as the ignition 
temperature is lower, the adsorption efficiency and capacity were 
lower and afected strongly by relative humidity and the adsorption 
velocity is lower. A new type impregnated activated carbon fibers 
( IACF ) material was developed in our laboratories. 

The IACF is a felt material which has a wealth of micropores, 
low apparent density, high chemical stability, especially higher 
ignition temperature, low affinity for water, high adsorption velocity 
and the shape of IACF can be tailored to achive the best adsorption 
results. Therfore, the IACF is possessed of a high adsorption capacity 
and efficiency in high relative humidity ( >95% R.H. ) • According to 
the ASTM D 3803 method A test, the result showed that the adsorption 
efficiency of >99% in bed depth of 2. 5 cm 

In this work, the various surface structural parameters, surface 
chemical characteristics and adsorption dynamics were studied by the 
X-ray diffraction, infrared absorption, X-ray photoelectron spectrom
etry method etc. 

The results show that the various characteristics of the IACF 
are better than existing nuclear grade granular activated carbon. For 
this reason the IACF will be full of promise for the material of iod• 
ine filter and it will lead to a significant change for nuclear air 
cleaning. 
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I. Introduction 

Activated carbon fibers (ACF ) is a new type adsorbent material. 
The research was first recorded more then forty years ago(1), but the 
time of industrial manufacture was only twenty years. It has a s'eries 
of advantage such as a .nigh adsorption capacity and efficiency, a 
high adsorption velocity and a high thermostability etc. besides the 
whole characteristics of granular activated carbon (GAC)~ Thus it was 
extensively used in the military physical protection, air cleaning, 
water treatment and other pollution controlling. In addition, it also 
can be used in carrier of catalyst, noble metals recovery and extra
corporeal hemopertusion for adsorbing urea, endotoxin and other toxin 
from blood. 

In the late 1970s, we had found the high capacity of ACF and 
suggested that a research for iodine removal with ACF was launched 
when we were studying the iodine filter of Qin-shan nuclear power 
plant. 

The use of impregnated granular activated carbon for iodine 
removal was getting on for twenty-odd years in the worldwide. From 
the operational experiences, it have been discovered that the 
impregnated GAC have some obvious deficiencies such as the adsorption 
capacity and efficiency were strongly affected by relative humidity, 
the adsorption velocity is slower and the ignition temperature is 
lower etc. Therefore, a new type impregnated activated carbon fibers 
(IACF) adsorbent material was developed in our laboratories. 

With regard to the research of IACF for iodine removal, the 
TOYOBO co.has published patents(2)(3),in 1983 and 1984. It shows that 

an adsorbent for removing radioiodine was obtained by looding ACF 
with TEDA. The yugoslavia VUJISIC(4) it was reported that the 
adsorption properties of the ACF are equal or better than the same 
properties of impregnated activated charcoals used on NPP Krsko and 
it could be promissing for use as a filter materials in iodine filter. 

In this work, including these studies of the raw material 
screeinR. carbonization, activation and activator and the method of 
i.mpreg!lating_ etc. From the .ACF of some dozens kinds, screening out 
the IACF in accord with the nuclear grade gas phase adsorbents. 

In addition, the structure of surface, the chemical composition 
of surface, the thermostability, adsorption isotherm and adsorption 
dynamics were studied. 

We expect that the IACF will be used in nuclear air cleaning 
and other environmental enginerring on these bases of this work. 

II. Physical Chemical Properties of Activated Carbon Fibers 

The results of studies has shown that the adsorption process 
is complex. The adsorption capacity was affected by the surface 
structure, chemical composition of surface and the conditions of 
adsorption process etc. These basic characteristics of IACF of 
differential adsorption ability has a very great difference. 
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In this pa~er, the surface characteristics of nuclear grade IAC 
F material which was obtained by the screening was narrated as follows 

Analyses of Surface Structure 

X-ray Diffraction Analysis 

The ACF and the GAC were compared; the result shows· that the elementary 
structure 1s approxima~eiy equai. The AG~' is a porous high polymers 
of fibrous carbon. ~t has a graphite microlite of high disorder. 
Figure 1. is ax-ray diffraction curve of carbon fiber and activated 
carbon fibers( the activat~on temp.of 850°c and 900°c ). 

a 

15° ' 20° 25° 2(} 
DIFFRACTION ANGLE 

Figure 1 X-ray Diffraction Curve 
a. Carbon Fiber 
b. Act~vated carbon fiber of activation Temp.of 

850 c 
c. Act~vated carbon fiber of activation Temp. of 

900 c 

From figure 1. We can see that the disorderty of graphite 
microlite is progressively increase with increase in the activation 
temperature and the unit lattice size is decrease with increase in the 
activation temperature, interplanar distance is roughly the same ( see 
table 1 • ) • 

It was generally thinked that the unit lattice size is decrease 
and the disorderty is increase will cause the active point to be inc
rease on surface and it will advantages the adsorption. 
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Table 1. Lattice Parameters of ACF 

Kind of Carbon 

Carbon Fiber 
* ACF

1 ** ACF2 

Interplanar 
Distance 

doo2<~) 

3.86 
3.83 
3.80 

* ACF 1 
**ACF 2 

The activation temp. of 850°C 
The activation temp. of 900°c 

Lattice Size 

de(~) 

9.76 
9.65 
9.01 

Analyses of Scanning and Transmission electron micrograph 

The scanning and transmission electron micrograph was used it 
were able to observe the micropore structure of adsorbent surface. 
Figure 2. is scanning electron micrograph and from the figure we can 
see that there are micropores of large number only in the smooth 
surface of activated carbon fibers, but opposite, there are macropores 
and mesopores in the granular activated carbon surface and there are 
micropores in the interior. (See figure 3.) 

Figure 2 Scanning Electron Micrograph of ACF 
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Figure 3 Scanning Electron Micrograph of GAC (x10000) 

I 
Figure 4 Transmission Electron Micrograph of ACF (x1000000) 

Figure 4. is ·the transmission electron micrograph of ACF which 
is magnified for a million diameters. In the figure, we can see that 
the micropores was spread all over in the activated carbon fiber. 

Analyses of specific surface and pore size distribution 

In this analyses, the B.E.T. ·method was used and in the first 
place the impregnated activated carbon fibers isotherm for adsorption 
nitrogen were determined then the pore size distribution and speci~ic 

549 



21st DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

surface was obtained by computation. The figure 5. and 6. present the 
IACF isotherm for nitrogen and the pore size ditribution curve. 

V cm3/g 

3000 

1000 

0.2 o.6 1.0 p/p
8 

Figure 5 Isotherm for nitrogen 
o· at -195.9, C 

Ll V/ R cm3/g i 
3oox10-} 

2oox10-3 

1oox10-3 

. . 

10 

Figure 5. shows that this is 
a isotherm with adsorption 
return line and it belongs to 
the 2ed type of Brunauer's 
isotnerm which indicated that 
it will get a good result for 
specific surface and pore 
size distribution. 

Figure 6. illustrates 
the micropores are a 
large number, and the 
chink between these 
fibers are as the 
action of macropores 
and mesopores in the 
adsorption process. 

The specific sur
face of 2500 m /g'about. 

Figura 6 Differential distribution 
of pore size of ACF 

In addition, from 
the results of the scan 
-ning electron micro
graph and pore size di
stribution demostrate 
the adsorption velocity 
was small affected by 
the pore diffusion. For 
this reason, it has a 
rapid velocity and a 
short retention time in 
adsorption process. 
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Analyses of chemical composition of surface 
, .. 

The surface chemical composition are the important characterist 
-ics of adsorbent. 

In this work, the surface chemical composition are some function 
-al group in the skeleton of carbon, and the results of elementary 
analysis. And the infra~red absorption spectrophotometry and x-ray 
photoelectron spectrometry and chemical analysis method were used. 

Functional group analysis 

The chemical titrimetric analysis was used for .the determination 
of functional group content, the determining result were ~resented in 
table 2. 

Table 2 Content of Surface Functional Group of ACF 1 

-COOH I -OH Internal' Acidity Basicity· 
ester group group 

meq/g 

ACF 0.0464 0.3343 0.0539 0.4279 0.5605 

"(. 

The functional group of containing oxyge~ on the surface of ACF 
was produced in the activation process on the activation point of 
lattice edge. 

The specific surface and functional group content are increase 
with increase in temperature and timE?. of activation. It w:ill advantage 
the adsorption. But happen at same time, the recovery and thermostabi 
-lity of ACF was decreased. 

Elementary analysis 

The carbon, hydrogen, oxygen, nitrogen, magnesium, calcium and 
ash etc. of ACF was analysed. The results as follows. 

Table 3 Chemical Composition o·f ACF 

c H N 0 Mg Ca Ash 
% % % %· . 

% ·.' 
ppm ppm 

..... ,... < . ~ .. 

A c F 87.75 0.8 0.31 
. . 

11.14 42.57 61.45 1.6 
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Infra-red Absorption Spectrum 

The infra-red absorption spectrum of activated carbon fibers is 
presented in fig¥re 7. the figure shows that there are absorption 
peak in 1100 cm- , 3400 cm- , it illustrate that there is the hydroxy 
of phenol in the surface of ACF, and there are continuous little peak 
in the 2700-2500 cm- ~t demonstrates that there are carboxy group in 
the surface of ACF. 

Transmission(%) 

35.15 

32.52 

29.89 

27.26 

24.63 

4000 3000 2000 1600 1200 800 
Wave number 

Figure 7 Infra-red Spectrum of ACF 

X-ray Photoelectron spectrometry 

-1 cm 

The x-ray photoelectron spectrometry is able to see the combining 
status for the carbon atoms. Figure 8 and 9 are the XPS pattern, we 
can see that the peak shape presented widening and unsymmetry, it 
shows that there are varied combining status for carbon atoms in the 
surface, and the :=C-OH i~ more in those. In the 0 1 pattern, there are 
peak in 532.5 ev, tt shows that there are C:O ands C-0 in the surface 
of ACF but the C-0 is more in those. 

Relation between pH value and specific surface 

In general, the pH value is a important index of activated 
carbon and the index has been set, the pH value must be >9 and when 
the pH<7 the carbon should be changed. 

In this work, the relation between pH and the activation degree 
of ACF was investigated. 
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I 

289 287 285 283 281 279 ev 
Binding energy 

Figure 8 XPS Pattern of ACF 

537 535 533 531 529 ev 
Binding energy 

Figure 9 XPS Pattern of AC¥ 
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Table 4 Specific Surface and pH Value of ACF 

Condition Specific Surface 
of pH m2/g activation 

6.36 500 
850°.c 6.27 800 

5.92 1000 

10.06 500 
900°C 9.90 800 

9.50 1000 

Table 4. shows. th3t the pH of water extract is high in activa
tion temperature of 900 C, but the activation temperature(850°C) is 
lower and the pH is clear descent. 

In addition, when the same condition of activation, the pH value is 
decreased with increase in the specific surface. This is probably due 
to.the resultant of ac~dic gro~p which is produced in the activation 
process. 

Test of thermal stability 

The spontaneous ignition temperature is a important property of 
nuclear grade activated carbon •. In this paper, the thermal stability 
of ACF was examined by the thermal gravimetric analysis. Figure 10. 
shows that the weightlessness curve of two ACF, ~he ACF1 has a high 
activation degree and speficic surface

0
of 1000m jg.and it's 

weightlessness begins in the after 500 c. The ~CF2 has a lower 
activation degree and sgecific surface of 800m /g, it's weightlessness 
begins in th·e after 600 c. From figure 1 O. we can see that the thermal 
stability is decrease with increase in specific surface. 

III. Adsorption characteristics of IACF 

Adsorption isotherm of IACF for Methyl iodide 

The adsorption isotherm indicates significant adsorption char
acteristics. Figure 11 is a dynamic adsorption isotherm in low con~ 
centration.The condition of test listed below: 

Methyl Iodide concentration 
Bed Depth 
Relative Humidity 
Gas velocity 
Temperature 

0.3 - 27 ppm 
5 cm 
95 % 
12.2 m/min. 
30.0±0.5 

Figure 11 • shows that the experimental adsorption isoth·erm is 
very good in accord with the Freundlich adsorption equation, and the 
following the equation will be used. 
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Weight mg. 
100 

90 ACF2 
aol----------~~-----

70 

60 

50' 
40 

30 

20 
10 
01----~~--_:_~---~~--~----~~-+--=-__;-+-~-I 

100 200 300 400 500 600 700 OC 
Temp. 

Figure 10. Curve of Weight Loss on Heating of ACF 

100 

10 

3 ,__~~~~-+-~~~~~t--~~~~-1 
0. 1 1 • 0 1 O 1 00 ppm 

Figure 11. Adsorption Isotherm of ACF for Methyl Iodide 

lg q = lg k + 1/nlg C 

Where: 
,k. = 22.03 1/n = 0.218 
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q: Saturated Capacity of dynamic adsorption 
C: Gas concentration 
k, 1/n: Constants 

Test of Adsorption Velocity 

Because the special micropore structure of IACF the adsorbate 
is not need passing through the macropores, mesopores then entrance 
to the micropores of adsorbent. Therefore, the adsorption velocity 
is very quick. 

Adsorption Velocity Test of Saturated Steam of 20°c 

The ACF and GAC in the bath of saturated steam of 20°c for 5 hr. 
For the ACF, the adsorbate amount(steam) up to 80 % of the saturated 
adsorption amount. For the GAC, the adsorbate amount(steam) up to 
22 % of the saturated adsorption amount. 

Test of Adsorption Residence Time for Methyl iodide 

The residence time of activated carbon is generally 0.25 sec. 
I~ order to examine the high speed £roperty of ACF, the residence 
time of 0.12'sec., 0.072 sec., 0.062 sec., 0.048 sec., and 0.045 sec. 
respectively was tested. The results of test is in figure 12. 

% 

100 

98 

96 

94 

92 

90 
0 

1 

0.05 
sec. 

0.10 o. 1 5 

Figure 12. Adsorption 
efficiency as a function 
of residence time 

Test conditions: 
Concentration of methyl iodide 
Temperature 
R. H. 
Duration 
Bed depth 

1.75 ~ 0.26 mg/m3 
30.0 - 0.5 c 
>95 % 
120 min. 
2.5 cm 

Figure 12. shows that the IACF of 5 cm bed depth, when the gas 
velocity of 70 cm/sec. (residence time is 0.071 sec), the pore diff
usion is the rate controlling step. But the correspondence gas 
velocity is 40.6 cm/sec. (residence time is 0.12sec.) for the GAC. 
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Affect of Relative humidity on adsorption CH
3

I 

It is universally acknowledged that the adsorption of activated 
carbon for methyl iodide was strongly affected by the humidity. 
recently, Scarpellino reported (5) that in the 96 to 99% R.H. range, 
a one percent variation in relative humidity can have a 100 percent 
change in methyl iodide penetration value. For this reason, the high 
humidity test was conducted. 

In the test, the relative humidity of >95 % and >98 % were 
tested, and other condition in the ASTM D 3803 was followed, the 
results of test shows that 

R.H. >95 % 
R.H. >98 % 

Penetrability=0.25 % and 
Penetrability=0.85 %, 

the penetrability is lower then that of GAC,the penetrability of GAC 
is 10.5±.3.9% in 98 % R.H. the reason is probably the low affinity for 
water of impregnated activated carbon f~bers. 

In order to illuminate the phenomenon, the saturated ad~orption 
test was conducted and the results are as follows: 

IACF 
GAC 

Table 6. Adsorbing water vapor tests 

Amount of Adsorbing Steam Increment of amount 
in pre-equilibration period 

20°c, 120 hr. static 30°c, 16 hr. dynamic 

28.4 % 
46.8 % 

25.6 % 
42.4 % 

From table 6. we can see that the adsorbing water vapor amount of·IACF 
is small and both static and dynamic are similar. For this reason, 
the competitive adsorption of water. is small for the methyl iodide, 
therefore, there are a less effect on adsorption efficiency of methyl 
iodide in high relative humidity. 

Effect of concentration of methyl iodide on penetration 

Many studies have been carried out on the relation between the 
breakthrough time and inlet concentration, and many equations have 
been established(6), and this pap.er author have published similar wo
rk(?). But between those test conditions and the ASTM D 3803 method A 
there are some differences. In this study, the test conditions have 

no difference besides gas concentration and duration time. 

The results of tests are presented as a plot of log tb versus log 
C

0 
as figure 13. which shows a good linear relationship in the range 

or concentrations of the test, and the breakthrough time tbcan be 
approximated by the following equation 

DF = 1000, tb= 532c
0
-0.863 

From above equation, we can obtain the breakthrough time-concentration 
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relation in limited concentration range by extrapolation. 

tb min. 
5000 

1000 

100 

o. 1 1.0 

Test condition: 

Relative humidity 
Gas velocity 
Bed depth 
Temp. 
DF 

10 

Effect of bed depth on penetration 

100 ppm 

Figure 13. 

Breakthrough 
Curves of IACF 
for methyl iodide 

>95 % 
12.2 m/sec 
5.0 8m 
30.0 c 
1000 

From the·breakthrough time point of view, there are superiority 
in the deep bed adsorption and the bed depth of 5 cm appears to be 
inadequate. 

In this work, it has been demonstrated that impregnated activa-
ted carbon fibers adsorbent material of 2.5 cm bed depth will be 
able to match the GAC of 5 cm bed depth. Therefore, if it is packed 
in the bed of 5 cm with the IACF (the amount is 1/10 of granular acti
vated carbon), it will take effect of the deep bed adsorption. 

The variation of breakthrough time with the bed depth is 
presented in figure 14. 

Test conditions: 

Concentration 
R.H. 
Gas velocity 
temp. 
DF 
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hr. 

0 2 3 4 5 6 cm 

Figure 14. 
Breakthrough Time 
as a Function of 
Bed Depth of IACF 

I 1 

IV. Test of Nuclear Grade Gas Phase Adsorbent 

Impregnant 

The tests and screening were conducted· and the prescription of 
5% TEDA + 2% KI were used. 

Test of Nuclear Grade Gas Phase Adsorbents 

The test procedure outlined in ASTM D 3803 methods A. B. D. E. 
was followed and the parameters listed below: 
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Test adsorbate 
Concentration 
Equilibration 

period 

Feed period 

Elution 
period 

Absolute 
pressure 

Gas velocity 
bed Depth 

Adsorption 
efficiency 

Unimpregnated 
ACF 

mg/m3 
Temp. ( 0 c) 

R.H.(%) 
Dura ti on. ( h) 
Temp. ( 0 c) 

R.H.(%) 

Duration(min) 
Temp. ( 0 c) 

R.H.(%) 

Method A Method B 
CH 127r + CH 131r 

3 3 
1.75±0.25 1.75±0.25 
30.0±0.5 80.0±0.5 

95 
16.00 

30.0±0.5 
95 

120.0 
30.0±0.5 

95 

80.0±0.5 
95 

60.0 

Duration(min) 240.0 

80.0±0.5 
95 

240.0 

(Kpa) 

(m/min) 
(mm) 

(%) 

(%) 

97±3 

12.2±0.3 
25±1 

99.7 % 
99.7 % 
99.6 % 
4.2 % 
4.0 % 
4.2 % 

97±3 

12.2±0.3 
25±1 

99.8 % 
99.9 % 

Method D 
1271 + 

2 
17.5±0.5 
30.0±0.5 

95 
16.00 

30.0±0.5 
95 

120.0 
30.0±0.5 

95 
240.0 

97±3 

12.2±0.3 
25±1 

99 .95 % 
99.97 % 

99.91 % 

Method E 
131 1 2 
75±5 

180±2 
Ambient 

10.0 
180±2 

I 
240.0 

97±3 

12.2±0.3 
25:1 

99.78 % 
99.87 % 

99.50 % 

In the test, monitor temp., pressure, R.H., air flow and press
ure drop across the bed at least every 5-10 minutes, and triplicate 
analyses were preformed for the each sample. 

Test of radiation talerance status of IACF 

In order to obtain the radiation tolerance status of IACF w§ich 
was exposed in a strong radiation field, the radiation dose is 10 Gy 
The samples of radiation treatment was tested by the ASTM D 3803 met
hod A. The results of test shows that the adsorbent material was not 
injured by the strong radiation and possessed same adsorption effici
ency, and triplicate analyses are 99.50 %, 99.40 %, 99.60 % 
respectively. 

Affect of aging treatment in air 

The adsorbent aging tests are performed under conditions of 30° 
C, 95 % R.H •• The result shows that the aging treatment was conducted 
for one year, the adsorption characteristics of IACF was not affected. 

The long time aging treatment under the complex environmental 
conditions will await conduct. 

560 



21st DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

V. Nuclear Grade Impregnated Activated carbon 
Fibers Adsorbent Material Specifications 

Molecular iodine,30°c 95%. RH 
II " 18o0 c 

Methyl iodide, 30°c 95% RH 

" " Booe II 

Out ward 
pore size (r) 

pore volume ( 200 R ) 
specific surface 
packing density 
C c1

4 
activity 

ash content 
Ignition temp. 

IACF 
ACF 

pH of water extract 
Benzene activity 
monofilament diameter 
tensile strength 
thermal stability 
weightlessness 500°c, 50 min 

folding strength 
IACF was curved in diameter 

of 5 mm and 180°, 

99.96 % 
ASTM D 3803 99.83 % 

(B'ed depth of 2.5cm) 99.70 % 
99.80 % 
Felt 

(B.E.T.) 10-15 ~ 

" 1. 2334 ml/g 
" 2500m2/g 

0.06-0.1 g/ml 
80mg/g 

1.6 % 

410°C 
500°C 

9.2-10 
55-60 % 
10-20µ 

8-10 Kg/mm2 

6 % 

no break 

VI. Concluding remarks 

The research has demonstrated that the activated carbon fibers are 
an adsorbent of excellent function. The ACF was impregnated and ca~ 
reach to the specifications of nuclear grade gas phase adsorbent. 
Because the apparent density is less 6-8 times then that of GAC. 
Therefore, it will be able to be obtained well efficency when the 
dosage is less. In addition, it have that the moisture content is 
less and the adsorption velocity is quick. 

These characteristics clearly display that the IACF is better 
then the GAC. This IACF is used as a new type adsorbent which will 
have important significance in the environmental protection and 
nuclear air cleaning. About the studies of structre parametors have a 
certain guide sense on the production and control of the adsorbent. 
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DISCUSSION 

If off-gases contain NOx is the IACF still good to use for removing iodine? 

LI: We have not studied the effect of NOx, but I think that the IACF will perform acceptably 
because the thermal and chemical stability of IACF is good. 

GLADDEN: What are the physical parameters of the IACF, length, fiber diameter, etc.? Is there a 
commercial source of the IACF felt? What is the relative cost of this material? 

LI: The IACF is like a carpet or cloth, fiber length may be anything you like. It's a 
monofilament with a diameter of 10-20 µm. A commercial source for IACF felt is being investigated. 
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A STUDY OF THE EFFECT OF COATINGS OPERATION 
ON RADIOIODINE REMOVING ADSORBENTS 

w. P. Freeman and J." c. Enneking 
.Nuclear Cons~lting Services, Inc. 

Abstract 

Nuclear air treatment systems are designed to remove 
radioactive contaminants from air. If the contaminants are gaseous 
in form (iodine and it's compounds), activated carbon is employed to 
remove them from the air stream by the process of adsorption. 
The ability of the carbon to perform it's function is checked 
periodically by sending representative samples to a laboratory for 
testing. Test methods and conditions are included in the plant 
technical specification along with failure criteria. When a test 
sample fails to perform as spec'if ied, the carbon in the air cleaning 
unit must be replaced with new material. 

Solvents from coating operations can "poison" carbon by 
blocking or reducing the surface.area available for subsequent 
reaction of radioiodine compounds. NUCON has developed mathematical 
models to predict the amount of solvent in the air and residual 
solvents remaining in the coating at any given time during a coating 
operation for both normal and accident ventilation moq,es. Required 
input parameters for the model include the evaporation rate of the 
solvents in the coating, the rate of application of the coating, the 
volume of air treated by the air cleaning system and the air flow 
rate to the air cleaning system. output includes the amount of 
solvent remaining in the coating, the amount of solvent in air and 
the concentration of solvent vapor in the air. 

Presented in this paper are results obtained using the model 
for nuclear air treatment systems and a number of different uypes of 
available coatings. The effect of solvent loading on the carbon 
beds was performed experimentally by determining the radioiodine 
removal performance of carbon beds containing a known amount of 
solvents. These results provide data upon which to base decisions 
concerning coating operations. 

Introduction 
/ 

. Nuclear Air Treatment Systems (NATS) are used at all nuclear 
power plants for removal of radioactive contaminants from air. 
These contaminants can be particulates, which are removed by the 
HEPA filters installed in the NATS. If they are gaseous forms of 
radioactive iodine, impregnated activated carbon is used. 

The ability of the carbon to remove gaseous radioactive iodine 
compounds from air is affected by many conditions. These include 
temperature, humidity, bed depth, velocity, adsorbent 
characteristics, aging effects and the presence of other adsorbed 
materials. Many papers have dealt with these parameters including 
the impact of adsorbed solvents o~ the radioiodine removal 
efficiency. Kovach and Rankovic ll) ident~fied sources of organic 
contaminat·ion and recommended activated c~rbon guard beds upstream 
of the radioiodine adsorbent. Broadbent l 2) studied the impact of 
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various amounts of common paint solvents on the radioiodine removal 
efficiency of new and aged activated carbons. In order to reduce 
the possibility of contaminating carbon, some plants have 
established guidelines for the maximum a~oµnt of painting in an area 
communicating with an air cleaning unit l 3 >. 

USNRC Regulatory Guides 1.140 (4) and 1.52 (5) outline general 
design criteria for NATS component~ including the adsorber banks. 
Appropriate sections ~f ANSI N509 l 6 > are referenced for design and 
construction details. The physical property characteristics of new 
adsorbent and the radioiodine removal requirements are given in 
Table 5.1 of ANSI N509. The Reg. Guides themselves give guidance 
for the bed depth of the adsorber banks. 

The Reg. Guides also deal with "Laboratory Testing criteria for 
Activated Carbon11 • They include recommendations for testing 
frequency, test conditions and failure criteria. Of course the 
technical specifications for each plant contain explicit 
instructions for testing the activated carbon from each of the air 
cleaning systems and must be consulted to determine exactly what is 
required. 

Predicting Impact of Adsorbed Solvents 

Methods have been developed to predict the amount of organic 
vapor that will be introduced to an air cleaning system during 
painting or evaporation of cleaning solvents. In general, higher 
percentage pick-up of contaminants on the adsorbent will result in 
lower radioiodine removal efficiencies. Therefore, when the amount 
of contaminant is compared to the amount of carbon in the adsorber 
bank, a prediction can be made about the impact on the performance. 

The amount of activated carbon in an air cleaning system can 
vary widely. It is generally proportional to the airflow rate but 
it depends on the bed depth. Type two trays (2 11 deep beds) 
typically contain 55 lbs. of adsorbent and three of them are used 
for each 1,000 CFM of airflow. Therefore, the carbon weight is 
approximately 165 lbs. per 1,000 CFM of rated flow. For type III 
adsorbers, the bed depth can vary. The amount of carbon can be 
calculated from the following formula. 

w = 2.67 Q d 

v 

W = weight of adsorbent, lbs. 
Q = rated airflow, CFM 
d = bed depth, inches 
V = superficial velocity, ft/min. 

For example, a type III adsorber rated for 10,000 CFM at 40 
ft/min. superficial velocity with a 4" deep bed would contain 2,670 
lbs. of adsorbent. 

If the air cleaning unit operates continuously, all of the 
solvents from the paint being applied, or those vaporized during 
cleaning operations, will be adsorbed on the carbon. By keeping a 
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running inventory of the weight of this material, the percentage 
pick-up on the carbon can be calculated. Then a prediction of the. 
impact on radioiodine removal efficiency can be made. 

Most safety-related air cleaning systems, are normally in 
standby mode. The areas communicating with the units are served by 
the normal ventilation systems which will exhaust the solvents. 
However, if painting is being done in the area, there will be some 
solvent in the air and some remaining in the undried paint. If the 
air cleaning unit trips on, there will be some exposure to the 
solvents. However, that can be minimized by using low solvent 
content paints or by applying smaller quantities of paint during a 
given time. 

It is important to realize that each air cleaning system 
represents a unique situation. Therefore it is not possible to 
apply a rule of thumb concerning painting or the permissible 
quantities of cleaning solvents. Some air cleaning systems contain 
large amounts of carbon. In some cases, the decontamination factor 
is low and the failure criteria for lab testing is lenient. If the 
laboratory test is conducted at high temperature and high humidity, 
the result~ will be better than at other conditions (see Freeman, 
et. al. C7J). A method of studying the impact of adsorbed organic 
materials on radioiodine adsorbents has been developed which takes 
all relevant parameters into consideration. ~ 

Description of Computer Program 

The computer program uses an iterative procedure to calculate 
the amount of solvent evaporated from a coated surface anytime after 
a particular coating operation begins. Input variables include: 
treated air volume, ventilation rate, coating application rate, 
percent solvent in coating and evaporation rate of the individual 
solvents. The program sums the evaporation rates for the individual 
solvents and weights them by a factor that depends on the coating 
system involved. The program also allows for the calculation of 
solvent concentrations after switching the ventilation system to an 
accident mode. 

Specific Examples 

Shown in Figure 1 is the graphical 'Output of the program for a 
typical reactor enclosure equipment compartment (8). With. normal 
ventilation, the solvent concentration in the air does not exceed 1 
ppm, while the amount of unevaporated solvent reaches an equilibrium 
level of about 4.5 lbs. Essentially all of the solvent is 
evaporated 9 hours after painting is ~topped. The ventilation 
system used here is non-safety related and thus, operates 
continuously. Since the Keeler and Long Epoxy H contains 0.75 lbs. 
voe/gallon, the total burden on the 7,ooo lbs of carbon in the 
system would be < 0.2 Wt%. 

In Figures 2 and 3 are solvept concentration versus time curves 
for a typical reactor building (9 J. The corresponding data sheets 
for the coatings are shown in Tables l and 2. Both figures 
represent normal ventilation modes with no carbon beds involved, 
Figure 2 is representative of a coating with a relatively small 
amount of solvent applied at a high rate while Figure 3 represents a 
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coating with a relatively large amount of solvent applied at a 
moderate rate. 

In Figure 4 is shown the solvent evaporation curve for the 
coating from Table 3 for normal ventilation. In Figure 5 is the 
same system now with an accident occurring just as painting ceases 
and thus, the maximum amount of solvent is available to the carbon 
beds. The solvent is adsorbed by 16,000 lbs. of carbon in the 
accident (recirc.) mode. 

A similar situation is shown in Figures 6 and 7 for the coating 
shown in Table 4. This coating system with a large volatile content 
and high application rate presents a somewhat worse case scenario. 
Yet, the approximately 70 lbs. of solvent that could be adsorbed 
during the accident mode amounts to only 0.5 Wt.% burden on the 
carbon bed. 

Effect of Solvent Loading .Qn Methyl Iodide-131 Penetration 

A series of methyl iodide removal tests were performed on 
impregnated carbon samples containing known amounts of adsorbed 
solvent. The results are shown in Figures a, 9 and 10 for mineral 
spirits, xylene and monomethyl glycol ether respectively. These 
results indicate that more than 10% by weight of these solvents can 
be adsorbed while still keeping the methyl iodide-131 penetration 
below 1% for the 30°C, 70% RH test without equilibration. 

Conclusions and Recommendations 

Using a computer program that calculates the amount of 
evaporated solvent from coating operations, we have seen that the 
predicted burden to the carbon in the air cleaning systems involved 
would have a negligible effect on methyl iodide removal for the 
cases considered. However, according to current (and proposed) 
standards, the carbon would still have to be tested but it would be 
of some comfort to know that, for a given situation, the carbon 
performance would not be compromised. As we continue to refine the 
model with input from utilities and coating manufacturers, 
information can be provided to base procedures for coating 
operations at nuclear power stations that will minimize risk to 
nuclear air cleaning systems. 
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FIGURE 2 

AMOUNTS OF SOLVENT IN THE REACTOR BUILDING vs. TIME 
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Table 1 

Manufacturer: carboline Company 

Paint system: starglaze 2001 

Part A 

Part B 

2.1% Volatile Matter 

Glycidylether 
Mineral Spirits 

0.0% Volatile Matter 

Mixed in a 4:1 ration. 

Mixture - 1.8% Volatile 

Density Mixture - 10.4 lbs/gal. 

Density: 10.8 lbs/gal. 

(less than 15%) 
(less than 5%) 

Density: 8.6 lbs/gal. 

Application Rate - 20 to 30 gal. per 10 hour day. 
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FIGURE 3 

AMOUNTS OF SOLVENT IN THE REACTOR BUILDING vs. TIME 

FROM PAINTING WITH SANITILE SG AND 550 FORTIFIER 
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Table 2 

Manufacturer: Carboline Company 

Paint System: Sanitile SG 
Sanitile 550 Fortifier 

SG 33.8% Volatile Matter 

Mineral Spirits 

550 29.8% Volatile Matter 

Mineral Spirits 

Mixed in a 4:1 ratio, SG to 550. 

Density: 10.8 lbs/gal. 

(less than 35%) 

Density: 8.5 lbs/gal. 

(less than 25%) 

Mixture: 33.1% Volatile - Mineral Spirits 

Density of Mixture - 10.3 lbs/gal. 

Application Rate - 10 to 15 gal. per 10 hour day. 
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FIGURE 4 
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FIGURE 5 

AMOUNTS OF SOLVENT IN THE REACTOR BUILDING vs. TIME 
FROM PAINTING WITH PC BASE COAT 
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Table 3 

Manufacturer: Carboline Company 

Paint System: PC Base coat 

28.5% Volatile Matter Density: 12.0 lbs/gal. 

Major Component: Mineral Spirits 

Minor Components: Xylene (less than 1%) 
EBA Solvent (less than 5%) 

Application Rate - 10 to 15 gal. per 10 hour day. 
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FIGURE 7 

AMOUNTS OF SOLVENT IN THE REACTOR BUILDING vs. TIME 
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Table 4 

Manufacturer: carboline Company 

Paint System: Starglaze 20~ls 

Part A 

Part B 

32.9% Volatile Matter 

2-Ethoxyethanol 

69.2% Volatile Matter 

2-Ethoxyethanol 
2-Butoxyethanol 
1-Nitropropane 
(less than 10%) 

Mixed in a 4:1 ration. 

Mixture - 40.0% Volatile 

Density: 9.7 lbs/gal. 

(less than 10%) 

Density: 7.9 lbs/gal. 

(less than 40%) 
(less than 10%) 
(less than 10%) Isopropanol 

2-Ethoxyethanol 33% 
2-Butoxyethanol 2% 
1-Nitropropane 2% 
Isopropanol 3% 

Density Mixture - 9.3 lbs/gal. 

Application Rate - 20 to 30 gal. per 10 hour day. 
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Figure 8 

Methyl Iodide Penetration Tests 
Using ASTM 03803 Method A - 1 979 

30°C and 70% RH 
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Methyl Iodide Penetration Tests 
Using ASTM 03803 Method A - 1986 

30°C and 70% RH 
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Figure 10 

Methyl Iodide Penetration Tests 
Using ASTM 03803 Method A - 1 986 

30°C and 70% RH 
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DISCUSSION 

HAYES: How would your curves of weight percent of loading vs. penetration be effected if you 
were at 95% relative humidity and if you went to a preequilibration period of 16 hrs? 

FREEMAN: I think they would show a littl~ higher penetration based on the fact that they show higher 
penetration for those conditions without any solvent. The lowest boiling point solvent, glycol ether, was 
about 124°C. We found that the solvents stay on the charcoal, although we recently obtained some 
unpublished results that show that solvents like toluene can be removed during preequilibration at 95% 
RH. So with lower boiling point solvents, the 95% RH equilibration can remove some of the solvent 
from the carbon and thus the effect of the solvent is diminished. 

McVEAN: Does charcoal retain solvent over long periods of time, or does it release it after months? 

FREEMAN: This is something we would like to study further but it appears to be dependent upon the 
affinity of the solvent for carbon and the adsorption process. Some will be removed over a period of 
time. The lower the boiling point of the solvent, the faster it will be removed. We might try to use a 
moisture injection system to push solvent off of carbon after we have done a painting operation, but I 
don't think anybody is ready to put 95% humidity on the charcoal if they don't have to. 

ANNON: The only way you can remove some of these solvents from charcoal is to steam clean 
them. Some are there to stay once they are on the charcoal. 

GUEST: Do you have any plans to continue the work using aged or weathered carbons? It is a 
rare occasion when somebody has brand new carbon in the plant? 

FREEMAN: Yes, we do. In fact, this is an example of the work we do in the laboratory on a 
continuous basis to try to solve our clients' problems regarding radio iodine removal. The next step is 
to look at a combination of oxidation and solvents which seems to be the worst condition. 

KOVACH: The test conditions used here were not the most conservative but those in the Technical 
Specifications of the Utility Tests at 95% R.H. and 30°C will result in less liberal results, particularly 
with preequilibration. The effects of each specific paint system have to be known and their solvent effect 
on CH31 removal determined under actual use conditions. 

HYDER: I agree with these general comments. We have looked at organic contamination of 
carbon by paint and solvent vapors. Xylene and higher-boiling compounds are retained a long time; 
more volatile substances apparently are lost from the carbon after sometime in service. 

FREEMAN: Yes, I agree. The solvents we looked at (xylene, glycol ether and mineral spirits) all have 
boiling points greater than 124°C and are strongly retained by the carbon. 

DENARD: What are the effects of evaporation at no flow during off situations? We have ESSF 
systems which do not run and the only exposure will be from evaporation. 

FREEMAN: The evaporated solvents should be removed by the normal ventilation system. As long 
as the isolation dampers for the ESF system are in good repair, little or no solvent should reach the ESF 
carbon. 
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FACTORS AFFECTING THE RETENTION OF METHYL IODIDE BY 
IODIDE-IMPREGNATED CARBON 

M. L. Hyder and R. A. Malstrom 
Westinghouse Savannah River Company 

Savannah River Laboratory 
Aiken, South Carolina 29808 

Abstract 

Iodide-impregnated activated carbon that had been in use for up to 30 months was studied to 
characterize those factors that affect its interaction with and retention of methyl iodide. Humidity and 
competing organic sorbents were observed to decrease the residence time of the methyl iodide on the 
carbon bed. Additionally, changes in the effective surface area and the loss of iodide from the surface are 
both important in determining the effectiveness of the carbon for retaining radioactive iodine from methyl 
iodide. A simple model incorporating both factors gave a fairly good fit to the experimental data. 

Introduction 

This paper comprises two sets of studies of methyl iodide retention by iodide-impregnated carbon. In 
the first of these, the retention of the methyl iodide on the carbon surface and its subsequent evolution were 
observed directly by a technique of combustion and phosphorescence. In the second, the methyl iodide 
retention in a standard test was compared with surface area measurements and the concentration of 
unreacted iodine. A correlation among these parameters was identified and characterized. Carbon quality 
was varied through the selection of used material with differing service histories. 

Air from the Savannah River Site reactor buildings is vented through carbon beds for control of 
radioiodine before release to the atmosphere. The carbon used is North American Carbon Co. type 
GX-176 coconut shell carbon impregnated with one percent triethylenediamine (TEDA) and two percent 
potassium iodide by weight Replacement intervals for the carbon have been as long as thirty months. 
Analysis of samples withdrawn at much shorter times has shown that the TEDA is lost after a few months, 
and the performance of the carbon for methyl iodide retention is dependent on the iodide impregnant 
Efficient methyl iodide retention is not a requirement for carbon in this service; however, methyl iodide 
retention as measured by the AS1M Test D3803 (method B) has been found to correlate well with other 
desirable properties of the carbon such as radiation stability. The studies undertaken here were intended to 
shed light on the changes taking place in this carbon during long-term service and to provide a basis for 
simpler measurements of carbon quality. 

Experiments 

Carbon of known and widely varied service history was obtained from routine sampling operations at 
the Savannah River reactors. Portions were analyzed for methyl iodide penetration by Nuclear 
Containment Systems of Columbus, Ohio. A modification of AS1M Method D3803 (B) was used, in 
which two 25-mm (one-inch) thick carbon beds were mounted in series and individually analyzed instead 
of the specified 51-mm (two-inch) bed. Penetration values cited are for the 25-mm beds. 

Iodide on the carbon was measured by a water leach method in which a five-gram sample of carbon 
was stirred for ten minutes at ambient temperature in 50 mL of a slightly alkaline aqueous solution. The 
ingrowth of iodide was measured by an iodide-selective electrode. The leach solution consisted of 
equimolar (0.05 M) sodium carbonate and sodium bicarbonate with 0.001 M sodium iodide added to 
provide a baseline for the electrode. The electrode response versus concentration was determined in a set of 
dilution experiments. Control experiments showed that most iodide was dissolved in the ten-minute leach. 
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The surface area-of ~ru,-bon samples was determined using a Micromeritics Digisorb 2600 surface area 
analyzer. The samples were approximately 0.2 g and were heated to 110 degrees Celsius for three hours 
before analysis at a pressure of 0.050 torr or less. Nitrogen was used as the adsorbate. 

Methyl iodide sorption on carbon was observed using the apparatus shown in Figure 1. An aspirator 
was used to pull air at a steady rate through a train consisting of a sample bulb, a pyrolysis cell, a 
fluorescence cell, and finally a bed of ion exchange resin for iodine retention. For each experiment, a 
small quantity of methyl iodide (typically 50 microliters) was placed in the five-liter bulb and allowed to 
evaporate. After a mixing period of ten minutes or more, flow through the test train was initiated with no 
carbon in the carbon bed. Once a base line was established, the carbon bed was loaded with carbon 
(normally two grams or about 4 mL) and flow resumed. (The carbon bed height was about 1.5 cm.) The 
gas flow rate was measured by a water displacement flow met~r. A typical flow rate was about eight mL 
per second. 

5 Liter 
Pyrex 
Bulb 

Iodine 
Collection 
Bed 

To Flow meter 
and Aspirator 

Data 
Logging 
Computer 

Note: Laser beam exciting fluorescence Is 
perpendicular to the plane of this drawing. 

Figure 1. Schematic drawing of laser fluorescence apparatus for methyl iodide detection. 

Methyl iodide passing through the carbon was detected and measured by laser-induced phosphores
cence of elemental iodine. The effluent from the carbon bed was passed through a small cell containing a 
heater that decomposed the methyl iodide into methyl and iodide radicals. The methyl radicals were 
combusted forcing the iodide radicals to recombine into iodine molecules. The gas stream then passed into 
a long rectangular cell with optically flat windows at either end (Figure 2). This cell was illuminated along 
its length by a five-watt argon-ion laser. (Spectra-Physics Model 2020). To ensure a constant light output, 
the laser was operated under light control mode at 1 watt and 514.5nm. This caused the iodine in the air 
stream to be excited to the B3p2m electronic state. Emission from that state back to the ground state was 
collected by a f/1.7 lens. The emission was filtered by a 550-nm-long wave pass filter and focused into an 
f/3.5 Instruments SA 1/3 meter monochromator. An EG&G/Princeton Applied Research 1420 diode-array 
was used to detect the emission. The detection point along the axis of the laser beam was chosen to 
maximize the signal. Elemental iodine was found to be incompletely formed at the point at which the gas 
stream entered the detection cell, so a point several inches from the entry point was chosen for detection. 
Spectral data from the detector were regularly logged to a computer in which background correction and 
peak summing over the spectral range of interest could be performed automatically and recorded for 
subsequent study. 

During the course of the experiment, it became evident that the humidity in the building air was 
affecting the results, even though the building is air conditioned. This effect was studied using a 
commercial wet- and dry-bulb humidity instrument 
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Spectrometer
Detector 

Pyrolysis 
Chamber 

Figure 2. Phosphorescence cell, Laser, and associated apparatus. 

Results and Discussion 

Interaction of Methyl lodjde Wjtb Carbon 

A typical curve for the passage of methyl iodide through a carbon bed is shown in Figure 3. After a 
brief delay lasting, at most, a few minutes, the methyl iodide is released in a broad peak with a long tail. 
The tailing is probably the result of the high internal porositx of the carbon, resulting in long diffusion 
paths in and out of the pores. This type of curve was observed only for used carbon or carbon subjected 
to special treatment For untreated new carbon, which is impregnated with TEDA, the methyl iodide was 
quantitatively retained and none was detected in the effluent 

Comparison of various samples gave results that were difficult to correlate, and study of duplicate 
samples soon established that there were uncontrolled variables affecting the results. After some 
investigation, the humidity of the room air was found to be a major factor. This was not controlled in the 
original work, but it was found to vary over a wide range and to affect the results considerably. This was 
no surprise, once established, because humidity was known to be a factor in carbon performance. The 
implication of this work is that the humidity decreases the residence time of the methyl iodide in the carbon 
and therefore allows less time fQr exchange or reaction. Standard methyl iodide retention tests are 
normally conducted at 95 percent relative humidity, which is much higlier than the humidity encountered in 
any of these experiments~ and so the residence time for methyl iodide is still shorter in the standard tests. 

A series of experiments was then done to further evaluate the effect of humidity and organic vapors on 
methyl iodide retention. 
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Figure 3. Typical methyl iodide curve. 

In the first set of experiments, the air was not dehumidified, but carbon samples were dried before the 
experiment by overnight storage in a dessicator. The results clearly showed that the methyl iodide is more 
strongly held and is released more slowly from the dried carbon (Figure 4). 
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:J 
0 
0 

10 -a- Undried C 
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0 1 0 20 30 40 50 

Time After Carbon Addition, min 

Figure 4. Dried and undried carbon compared. 
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In ihe second set of samples, a sample of relatively low service (nine months) was dried by overnight 
storage in a dessicator, and then a portion of this material was exposed to xylene vapor until it had taken 
up about 30 percent of its own weight of xylene. These two samples were then tested similarly. The 
results are shown in Figure 5. The results were striking. The sample loaded with xylene retained almost 
no methyl iodide; the other sample retained nearly all. Following this test, a sample of unused carbon was 
prepared with a similar xylene loading and tested. Although a substantial amount of the methyl iodide was 
retained, there was still a steady release that had not been observed in untreated new carbon (Figure 6). 

0 
0 
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0 
0 
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0 .. ca 
c 
O') 

1 en 
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Time, min 

Figure 5. Effect of xylene loading on MI elution. 
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Figure 6. Effect of xylene on MI elution. 
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In a final set of samples, the effect of removing all humidity was observed. The results are shown in 
Figure 7. A carbon batch that had seen 29 months of service was tested under three different conditions: 
first, with no humidity control; second, with dried carbon but ordinary laboratory air; and, finally, with 
dried carbon and dried air. The results show the much longer residence of the methyl iodide in the carbon 
under dry conditions. 

0 100 
0 
0 
0 
0 
'I'"" -(/) -a- Undried C -c 10 :;, -+- Dried C 
0 
0 -a- Dry C, Dry Air 

ft 

ai c 
C> en 1 

0 1 0 20 30 40 50 

Time, min 

Figure 7. MI elution in dry air. 

Humidity, temperature, and organic contamination have all been shown previously to affect the 
performance of carbon in retaining radioactive methyl iodide. Experiments of the type described here 
could be used to quantify these effects by establishing the residence times of the iodine in the carbon bed 
under the conditions of interest. Unfortunately, the equipment had to be dismantled before these 
experiments could be carried to that point An improved system would include humidity and temperature 
control as well as equipment for injecting methyl iodide at a constant rate. With such a system, 
quantitative measurement of such factors as preconditioning and various organic contaminants could be 
made readily. 

Methyl Iodide Retention as a Function of Iodide Content and Area 

Retention of methyl iodide by the carbon used at the Savannah River Site (SRS) decreases steadily 
with time in service. This phenomenon was characterized by Evans.(1) Carbon samples with time in 
service ranging from 0 to 30 months were selected for this study and their methyl iodide (MI) retention 
was measured by the method previously described. Results are shown in Table 1. The anticipated wide 
variation of MI retention was observed. 

The hypothesis was adopted that the variation in MI retention was the result of the chemical reaction 
· (or perhaps the physical removal) of the iodide impregnant The leach method was used to test for the 
presence of iodide. Using the iodide~selective electrode, the concentration of iodide in the solution could 
be measured continuously during the leaching process. A set of typical leaching curves is shown in 
Figure 8. As the result of a number of preliminary experiments, a leaching time of ten minutes was 
adopted as a standard. Using this value, we attempted to optimize several factors. The time was long 
enough to make any variation in the mixing of the sample and solution unimportant and also to leach most 
of the iodide into the solution. It was short enough to minimize effects of electrode drift and other causes 
of variability observed at long leach times. The results of the leach tests are shown in Table 1. 
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TableL Leach, area, and methyl iodide retention data for the carbon samples 
studied. 

Area Iodide Leach Methyl Iodide 
Sample (M2/g) (ppm by weight) AxIL Retention -LnJ/lo 

P3046 391 90 35,200 19 0.163 
P5116 836 270 225,700 72 1.27 
15732 849 110 93,390 51 0.713 
K4047 380 190 72,200 32 0.386 
(New) 1176 665 750,800 96 3.0 
K6057 758 134 101,500 44 0.58 
K2016 312 341 106,200 36 0.446 
L3126 774 286 221,200 62 0.968 
P2126 736 265 194,900 70 1.20 
L3095 865 203 175,500 73 1.31 
1850 292 115 33,600 12 0.127 

600 

500 -.c 
Cl 

~ 400 
>-.c 
E -a- New Carbon 
a. ..... K2016 a. 300 -c -a- K4047 
Q) 

-0- P5116 .c 
() 

--- L6037 · cu 
Q) 200 ..I 
Q) 

"C :s s 100 

Time, min 

Figure 8. Representative iodide leach curves. 

A plot of the leach data against the methyl iodide retention data showed a rough correlation (Figure 9). 
However, there was considerable scatter, and this was not resolved by repeating MI retention or iodide 
leaching measurements for the outliers. 

Simultaneously with the leaching studies, surface area measurements of the carbon were undertaken. 
The carbon had a relatively high surface area of about 1000 square meters per gram as received. Most of 
this surface was in internal pores. Microscopy showed a highly convoluted fibrous structure derived 
from the original fibrous structure of the coconut shell. Scouting measurements with gas sorption for 
measuring surface area showed that the effective surface area of the carbon decreased by a factor of as 
much as three during service, even in samples outgassed at high temperature (350°C). Evidently, some part 
of the internal surface was blocked off by non-volatile substances entering the carbon structure during 
service. 
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Figure 9. Iodide leached versus MI retention. 

Carbon samples give a Type I adsorption isotherm because they are microporous. The absolute values 
of surface area analyses made using Type I isotherms has been questioned because the micropores are 
filled at the same time as the surface is covered with the adsorbate gas. In this work the absolute value of 
the surface area is not so important as consistency because the numbers were used only for relative 
comparisons. 

As a result of the preliminary studies, a series of surface area measurements was undertaken. These 
showed signifiGant changes in surface area among samples that had been in service, although the amount 

·varied significantly between samples. The surface area data given in Table 1 correlate with the methyl 
iodide retention shown in Figure 10. This correlation is somewhat better. The data points shown are the 
average of two or more measurements. The carbon samples used in these measurements were so small that 
significant vari~tion was found among individual samples. 

At this point, a mathematical model of methyl iodide retention was developed and applied to the data. 
As a result of the studies described in the first part of this paper, it was learned that methyl iodide passes 
fairly quickly through the carbon compared to the time required for the methyl iodide analysis. It was also 
learned that retention of the radioactive isotope is the result of an exchange process. As Dietz(2) has 
confirmed, this follows the expected first order relationship with thickness, thus: 

Ln (I/10) = -Cx (1) 

where Io is the amount of radioiodine entering the bed and I is the amount reaching the depth (x). If it is 
then assumed that there are two factors affecting the removal constant (C) and they are the surface area (A) 
of the carbon and the density (D) of active sites on the surface, then it is reasonable to write: 

C=KAD . (2) 

A is directly measurable, but it is not obvious that all the surface area is equally important The 
residence time of gas in the carbon bed is less than 0.2 seconds; consequently, diffusion into much of the 
interior through very small holes is too slow to be important. Using A.directly in this equation infers that 
the area of the accessible surface is diminished during use in proportion to the change in the total surface 
measured by gas sorption. This must be considered a plausibl~ assumption, especially in the light of the 
results. 
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Figure 10. Surface area versus MI retention. 

D (the density of active sites) is not directly measurable and can, in principal, also differ between inside 
and outside smfaces. It is presumably a function of, not only the amount of active iodide impregnant 
remaining on the smface, but also of the presence of other substances such as water and organic molecules 
sorbed. on the carbon. In the methyl iodide retention test, humidity and temperature are carefully controlled, 
so it is possible to compare samples on a consistent basis. 

D should be proportional to the amount of iodide on the carbon smface, and it should, in principle, be 
possible to measure this chemically. Oxidized iodine, or iodine chemically bound to the smface, is not 
expected to be effective in retaining radioiodine. The water leach is an attempt at such a measurement 
The water leach test does not recover all the iodine. Even with new carbon, only about half the iodide 
originally added is recovered as iodide. Presumably, the remainder is inaccessible to the water because of 
smface tension in the small pores. Activation analysis shows that essentially-all the iodide added is present 
in some form in all samples studied. However, the water-leach test should recover the most accessible 
iodide. 

From the preceding, at constant bed thickness, humidity, and temperature, it might be expected that: 

Ln Wfo).=-kAD. 

As Figure 11 shows, this is not a bad approximation to what is actually found. The data for new 
carbon were not included in the plot because it also has TEDA impregnant on it 

(3) 

The results of this study suggest that the simpler methods of water leaching and surface area 
measurement might be used in place of methyl iodide retention to evaluate carbons of this type. However, 
the following limitations of these methods should be kept in mind. 

• The effect of TEDA, where present, is not measured. 

• Large quantities of extraneous materials such as organic vapors can cause the leach test to be an 
inadequate measure of quality. . 

• the effect has not yet been much studied at low service times, so the functional relationships in this 
region are still uncertain. 
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Figure 11. Fit of data to mathematical model. 
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DISCUSSION 

KOVACH: I think if you used an unimpregnated carbon you would get very similar results. 
Whether a carbon is capable of moving methyl iodide is not demonstrated just by the absorption 
retentivity for stable methyl iodide. 

HYDER: I didn't intend to propose it as such. I was more interested in developing a technique 
that was sensitive to iodine. After I started using it, I found that it could be used for looking at the 
effects of some substances on methyl iodide retention. But we are a long way from being able to 
correlate residence time, as it would be measured with the other parameters of the carbon. 

KOVACH: What was the concentration of methyl iodide? 

HYDER: Typically, we put about 50 microliters of methyl iodide into 5 liters of air. 

KOVACH: Have you checked the velocity through your carbon bed? 
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HYDER: Yes, the velocity was carefully controlled. We regularly used a water displacement system 
in all experiments to measure velocity accurately. Velocity through the bed was about 8 cm3/sec, or 
about 4 ~ed volumes per second. Methyl iodide desorption varied with carbon history. 

FREEMAN: It is my understanding that the methyl iodide in your little evaporating bowl was methyl 
iodide-127. Therefore, the removal mechanism was just physical adsorption not isotopic exchange 
because there was no isotopic force to cause a change. Therefore, it doesn't make any difference 
whether TEDA or KI was on the carbon. 

HYDER: Exactly, except the removal mechanism for TEDA is supposed to be that of chemical 
reaction, which would prevent release of methyl iodide. 

FREEMAN: That is correct. 

EV ANS. A.G.: There has been some speculation that one of the reasons why both 1EDA and some of 
your soluble iodine decrease is because the TEDA is reacting with the impregnated iodine. This might 
explain some of the apparent loss of materials. 

HYDER: It is at the moment something of a mystery exactly what happens to the 1EDA, but I 
can't rule it out. 1EDA disappears from the carbon. I asked the plant to run some analyses for 1EDA, 
but their chromatograph was tied up, so I had to defer solving this particular mystery. 

GUEST: We use single impregnated carbons with a minimum of 5% 1EDA on them. We had 
some samples of carbon taken out of our systems that had been in service up to three years. The worst 
loss of 1EDA was 3.5 to 3.8% of the original 5%. I don't know what is happening that you are losing 
your 1EDA so quickly. Rseems surprising. It may be an analysis problem or the fact that the 1EDA 
is reacting, as Mr. Kovach suggested. 

HYDER: We find that we get a certain level of acidic gases going through the carbon during 
service. You might expect these to react with TEDA. The pH of the extract drops steadily during 
service and this may well have something to do with the loss of the 1EDA. Therefore, the differences 
you noted may also result from differences in the contaminants in the two air streams. 

MULCEY: What is the detection limit of your apparatus in terms of concentration of methyl iodide? 

HYDER: Initial concentration, 50 µg/5 L; ·sensitivity was 3 or 4 orders of magriitude below this, 
depending on how low the light background could be made (by shedding out room light). 
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Abstract 

The removal characteristics of organic iodine forms, such as methyl-, 
ethyl-, i-propyl-, n-propyl-, i-buthyl-, n-buthyl-, and cyclohexyl-iodides 
were evaluated on silver impregnated ·adsorbents, such as silver silca gel 
and silver alumina. 

The decontamination factor values were evaluated in regard of alkyl 
iodide species, nitrogen oxides concentration, temperature, preliminary 
iodine loading, linear gas velocity and adsorbent column length. The 
results obtained in this study revealed that silver silica gel and silver 
alumina were practically effective to remove organic iodine as well as 
inorganic iodine. 

I . Introduction 

For the past several years, various kinds of silver impregnated 
adsorbents have been investigated to remove( ~od"1Je from off gas streams of 
spent nuclear fuel reprocessing plants. 1){2J Iodine forms considered 
previously were mainly elemental iodine and methyl iodide. Only 
qualita~i)e{~)aluation was made on organic iodine forms other than methyl 
iodide 1 and no quantitative evaluation was made on them. In this 
study, the removal efficiencies of the organic iodine forms were evaluated 
on silver impregnated silica gel (AgS) and alumina {AgA). 

II . Experimental 

Adsorbents 

Table 1 shows the specifications of the adsorbents used in this 
study. AgS was made by Sud Chemie, GMBH and contained 12 wt% silver. AgA 
was made by Hitachi, Ltd. and contained 24 wt% silver. 

594 



21st DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

Table 1 Specifications of the Iodine Adsorbents 

~ 
Carrier Impregnated Silver Content Adsorbent Size 

Material {wt %) (mesh) 

Silver Silica Gel Silica Gel AgN03 12 10-20 

Silver Alumina Activated AgN03 24 10-20 

Alumina 

Experimental method 

Figure 1 shows the flow diagram of the experimental apparatus for 
evaluating the removal characteristics of the adsorbents. Carrier gas was 
air and the humidity in the gas stream was approximately 0.4 vo1i. Gas 
chromatograph and spectrophotometer were used to determine the 
concentrations of the organic iodine and nitrogen oxides (NOx), 
respectively. The decontamination f'actor (DF) was calculated from the 
iodine concentrations at the inlet and the outlet of the adsorbent column. 
The detection limits of' organic iodine forms were about 0.6 ppm and about 
10 ppb using the flame ionization detector (FID) at the inlet and the 
electron capture detector (ECD) at the outlet, respectively. 

The adsorbent column was cylindrical glass tube with an inner 
diameter of 10 mm and a height of 300 mm. The adsorbent was loaded in 
this column to get normally a height of 20 mm. 

Table 2 shows the main experimental conditions. The organic iodine 
forms were six kinds of normal- and iso-alkyl iodides, and cyclohexlyl 
iodide. This study also evaluate the organic iodine removal efficiency of 
the adsorbents whic~ adsorbed preliminarily an adequate amount of 
elemental iodine (I2) 4), which considered that the 12 was the main iodine 
forms to be treated at the off gas system. To minimize the analysis time 
three kinds of organic iodine were mixed at maximum and loaded to the 
adsorption column to maintain the total iodide concentration of about 50 
ppm. 

ID • Results and Discussion 

Removal characteristics for the organic iodines 

Figure 2 shows the dependency of the DF values for organic iodines on 
the preliminarily adsorbed amounts of elemental iodine on AgS and AgA. 

The result shows that the DF values decreased with increasing 
preliminarily adsorbed I2 amounts for each organic ioctaye. This tendency 
agrees with the reported results for elemental iodine ( • 

In case of no preliminary adsorption, the DF values of over 103 could 
be obtained "for the .organic iodines except for methyl iodide. So methyl 
iodide was found to be the most difficult form to be removed. 
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Table 2 Experimental Conditions 

Item Conditions 

Methyl Iodide 

Ethyl Iodide 

n-Butyl Iodide 

Organic Iodine i-Butyl Iodide 

n-Propyl Iodide 

i-Propyl Iodide 

Cy.clohexyl Iodide 

Iodine Concentration 1 ' 5, 20 ' 
(vol ppm) 50 

NOx Concentration o, 1. 5 

(vo1%) 

Temperature (oC) 50, 100, 150 

Linear Gas Velocity 20 
' 

50 

(cm/s) 

Adsorbent Length 20 
' 50 

(mm) 

Futhermore, AgA showed the higher DF values than AgS, which could be 
explained by the higher silver content (24 wt%} for AgA than that (12 wt%) 
for AgS and thus higher reaction ability of AgA. 

Effect of temperature and NOx concentration 

Figure 3 shows the dependency.of the DF values on the temperature and 
the effect of the 1.5 vol% NOx on the DF values. For AgS, the DF values 
for every organic iodine were constant over 100 °C. For AgA, the DF 
values for isobutyl iodide and isopropyl iodide were constant over 50 °C 
and the DF value for methyl iodide gradually increased with temperature 
(50-150 °C}. AgA and AgS had the same removal ability for organic iodines 
at 50-100 °C and AgA had the higher removal ability for methyl iodide at 
150 °C. > 
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1. 5 vol% of NOx was found to have no adverse effect on removal of 
organic iodines. 

Effect of organic iodine concentration 

Figure 4 shows the dependency of the DF values for methyl iodide on 
its concentration. The DF values for methyl iodide slightly decreased 
with its concentration both in the presence and in the absence of NOx. 
The dependencey of iodine concentration was also investigated for 
isobytyl- and isopropyl-iodides, but their concentration of 1-20 ppm had 
no adverse e£fect on ~heir DF values, which were over 103 in each case. 

Examination 0£ the removal characteristics for organic iodines 

Table 3 shows the comparison of the DF values for seven kinds of 
organic iodines obtained in the same condition with AgS and AgA. -Althouth 
table 3 shows the minimum DF values based on detection limits, their order 
of magnitude coincides with the tendency shown on figure 2. AgS and AgA 
could equally remove alkyl iodide~, so far studied except for methyl 
iodide, with the DF values over 10 when temperature, NOx concentration, 
linear gas velocity and column length were 150 °C, 1.5 vol%, 20 cm/s and 
20 mm, respectively. 

For methyl iodide, the DF values of over 103 could be also obtained 
with longer adsorbent column (50 mmJ and higher velocity (50 cm/s), 
however the DF values of 50 and 7.3X10 were obtained for AgS and AgA, 

Table 3 DF for Organic Iodines by AgS and AgA 

(Temperature ; 150 °C, NOx Concentration ; 1.5 vo1%, 
Linear Velocity ; 20 cm/s, Adsorbent Length ; 20 mm) 

Organic Iodine Form AgS AgA 

50 7.3 x 102 
Methyl Iodide (2.5 x 103*1) (2.8 x 103*1) 

Ethyl Iodide > 2.6 x 103 > 2.8 x 103 

i-Propyl Iodide > 2.3 x 103 > 2.7 x 103 

n-Propyl Iodide > 2.7 x 103 > 2.9 x 103 

i-Buthyl Iodide > 3.5 x 103 > 4.2 x 103' 

n-Buthyl Iodide > 1.8 x 103 > 2.0 x 103 

Cyclohexyl Iodide > 1.2 x 103 -

*1 Adsorbent Length 50 mm, Linear Velocity 50 cm/s. 
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10' 
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Figure 4 Effect of Methyl Iodide Concertration on DF (AgS, 150°C) 
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respectively, with shorter adsorbent column (20 mm) eventhough lower 
velocity (20 cm/s). 

The results obtained in this study revealed that AgS and AgA were 
practically effective to remove organic iodines as well as inorganic 
iodine. 

From figure 2 and table 3, cyclohexyl iodide shows the highest DF 
value and methyl iodide shows· 1owest value. Its order is as follows, 
cyclohexyl > isopropyl > isobuthyl > normalbuthyl > normalpropyl > 
ethyl > methyl. 

As was reported previously <1>, the reaction between alkyl iodide and 
silver impregnated adsorbent was considered to proceed as follows, 

( 1) 

(2) 

where R+, R+ -r and R-No3 are -carbonium ion, alkyl iodide and alkyl 
nitrate, respectively. 

Reaction (1) easily proceeds with stable carbonium ion, so the order 
of the stability for each carbonium ion might be proportional to the 
adsorption reactivity for organic iodine and to the magnitude of the DF 
value. The stability for each carbonium ion can be evaluated 
experiencially and coincides the order of the DF value shown in figure 2 
and table 3. 

Thus the DF values for alkyl iodides could be qualitatively evaluated 
by the stability of the carbonium ion in alkyl iodides. 

N • Conclusions 

The removal efficiency for organic iodine forms were evaluated on AgS 
and AgA which were chosen as adsorbents. Following conclusions were 
obtained. 

1. 

2. 

3. 

Th~ adsobents could remove the alkyl iodides with the DF values over 
10j in a proper application. 

1 . 5 vol% of NOx had no adverse effect on the removal of alkyl 
iodides. 

Temperature of 100-150°C had no effect on the removal of alkyl 
iodides by AgS and AgA except for methyl iodide removal by AgA. The 
DF value tor methly iodide by AgA increased with temperature in this 
region. 

4. Organic iodide concentration of 1-20 ppm had little effect on the 
removal of alkyl iodides. 

5. The removal efficiencies obtained for different alkyl iodides could 
be explained by the stability of the carbonium ion. 

6. Representing all organic iodides by Methyl iodide is sufficiently 
conservative manner to evaluate the removal efficiency of organic 
iodine by AgS and AgA. 
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DISCUSSION 

FURRER: I would like to know how you took the gaseous sample after your bed? Was it a cold trap 
or did you take the sample directly out of the flow? 

KONDO: The outlet gas collected in a cold trap at a temperature of-10°C. The gas was absorbed 
in hexane and injected into a gas chromatograph to measure the average concentration of the outlet gas. 

FURRER: I would like to make a comment. The unidentified peaks in your gas chromatogram are 
the reaction products from secondary and tertiary alkyd iodides with AgN03 to alkenes and alkanes. 
We found these results some years ago. The paper was published in the Monatshefte fur Clemie, 1976. 

KOVACH: (1) You are dealing with two different processe8 here. One is a physical adsorption 
process and the other is the iodide-silver reaction. Have you assumed that your system was under 
complete equilibrium conditions as far as physic~ adsorption was concerned with all of your compounds 
and the sole effect was the iodine-silver reaction? (2) Do you expect the alkyl halides to be present in 
10-50 ppm concentrations in a processing pla~t? 

KONDO: (1) We.have already confirmed that the main reaction is a chemical reaction with the 
silver nitrate impregnated adsorption materials. Below a temperature of 150° C, no desorption of iodine 
from AgS and AgA was observed using a nitrogen gas purge following 12 loading. (ref. CONF-840408, 
2:1343 (1984). (2) No, we do not expect alkyl halides in the 10-50 ppm range. We performed the 
experiment with iodide concentrations as high as several tens of ppms, because of the detection limit 
in the experiment. But we think that the decontamination factors obtained here can be extrapolated to 
low concentrations. 

MULCEY: In your paper you refer to a global NOx concentration, were the separate effects of NO 
and N02 investigated? 

KONDO: No, they were not, but we measured the NO/NOx ratio. It was from 0.3 to 0.6. No 
adverse effects were observed from a combined total NOx concentration up to 1.5 volume percent. 
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CLOSING COMMENTS OF SESSION CO-CHAIRMAN EVANS 

Let me summarize the four papers presented in today's session. In two papers dealing with 
activated charcoal, we learned of the natural weathering of carbon by exposure to flowing air and about 
the adverse effects of paint fumes and other air pollutants on carbon bed performance. In the remaining 
two papers, we learned of experimental materials under development as potential replacement for 
granular activated carbon in iodine adsorber beds. 
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OPENING COMMENTS OF SESSION CO-CHAIRMAN WEADOCK 

The title and content of this session, Nuclear Codes and Standards, is not all-inclusive; we have 
already had several sessions this week dealing with the status and use of various industry codes and 
standards relating to nuclear air-cleaning. 

The scope during this session will be a little different however, and will focus on the use and 
incorporation of these codes and standards into regulatory guidance; a topic of obvious practical interest 
and concern to our attendees. 

Leading off the session will be two papers of specific interest to NRC licensees. The first paper 
details the impact of NRC-issued generic information on technical specification requirements and testing 
protocols for activated charcoal testing. Next, we will be hearing an update on the status and content 
of NRC Regulatory Guide 1.52, last revised in 1978. Our third and final paper takes a more global 
perspective and provides an overview of IAEA activities in the 1980s related to gaseous waste 
management. 
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CHANGES IN ADSORBER ~ESTING AS A RESULT OF NRC GENERIC INFORMATION 

John J. Hayes, Jr. 
U.S. Nuclear Regulatory Commission 

Washington, D.C. 20555 

Abstract 

Before a ~uclear power plant can be licensed by the Nuclear 
Regulatory Commission · (NRC), ·it must demonstrate that, even in 
the event of a nuclear accident 1 the exposure to·.· radiation of 
onsite and offsite individuals will remain 1 within NRC 
r~gulations. One of the ways licensees limit such exposure is to 
incorporate into their plant design such engineered safety 
feature (ESF) systems as atmospheric cleanup systems. Typically 
such a system contains impregnated activated charcoal adsorbers 
which remove radioiodine. Licensees are required by their plant
specific technical specifications (TS) to demonstrate on a 
periodic basis that, at the end of its operating cycle, the 
charcoal is capable of removing radioiodine with an efficiency 
sufficient to ensure performance equivalent to that assumed in 
the plant's Final Safety Analysis Report. 

Between the period 1985 and 1987, the NRC identified 
deficiencies in Method A of ASTM Standard D 3803-1979, which is 
utilized for the determining the capability of activated charcoal 
to remove radioiodine. These deficiencies were presented in NRC 
Information Notice 87-32 and in an EG&G report, EGG-CS-7653. A 
series of control room habitability surveys conducted at 
operating plants between September 1985 and December 1986 found 
that some licensees were testing activated charcoal at 
inappropriate ·conditions and that, for some plants, the 
acceptance criterion for adsorber penetration in the TS was lower 
than that credited in the staff's safety evaluation. In other 
cases, the acceptance criterion did not incorporate an adequate 
margin to account for charcoal degradation. The NRC issued these 
findings in Information Notice No. 86-76 and in NUREG/CR-4960. 

The NRC conducted a study of operating nuclear power plants 
to determine what, if any, changes have been made to the 
technical specifications, test conditions, acceptance criterion 
for adsorber penetration and the test method for activated 
charcoal as a result of the issuance of NRC generic information 
in the form of Information Notices 86-76 and 87-32, NUREG/CR-
4960, and EGG-CS-7653. The results of the study revealed that 
very few licensees have implemented the generic information and 
that few are contemplating utilizing it. Those that have 
utilized the information or are contemplating its use have not 
applied it in its entirety or accurately. The study also showed 
that the generic information . needs to be applied to most ESF 
ventilation systems. Licensees continue to test their charcoal 
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with inappropriate test conditions, protocol, TS, and acceptance 
criterion for penetration. Given the lack of implementation of 
appropriate testing of the charcoal, concerns, identified in 
earlier NRC studies regarding the capability of the charcoal to 
perform its intended function at its assumed efficiency, remain 
unchanged. 

I. Introduction 

Before obtaining a license from the Nuclear Regulatory 
Commission (NRC), owners of nuclear power plants are required to 
demonstrate that, even 'in the event of a nuclear accident, 
individuals will not be exposed to any more radiation than is 
permitted by NRC regulations (1) 10 CFR Part 50, Appendix A, 
General Design Criterion 19 and (2) 10 CFR Part 100. One of the 
means of limiting such potential exposure is to incorporate into 
the plant's design such engineered safety feature (ESF) systems 
as atmospheric cleanup systems. A typical component of such a 
system is the impregnated activated charcoal adsorber. These 
adsorbers remove elemental and organic forms of radioiodine. 

The operators of nuclear power plants (NRC licensees) are 
required by their plant-specific technical specifications (TS) to 
demonstrate, on a periodic basis, that the charcoal is capable of 
removing radioiodine with an efficiency sufficient to ensure 
performance equivalent to that assumed in the plant's Final 
Safety Analysis Report (FSAR). In 1983, the Committee on Nuclear 
Air & Gas Treatment (CONAGT) of the American Society of 
Mechanical Engineers (ASME) invited a number of laboratories to 
participate in a round robin testing program of activated 
charcoal. The results of the round robin revealed gross 
differences in the measured penetration when using test method A 
of the ASTM D 3803-1979<1> standard. These differences raised 
concerns within the NRC as to whether or not charcoal in the ESF 
ventilation system would perform with an efficiency equivalent to 
or greater than that assumed in the licensing of the plant and 
whether or not licensees were meeting their technical 
specifications. Therefore, the NRC contracted with EG&G, Idaho 
to conduct a program to evaluate the (1) results of the round 
robin, (2) ASTM test standard, and (3) laboratories testing the 
charcoal. In addition, EG&G was to conduct another round robin 
and, if it proved appropriate, to propose a revision to the test 
standard. 

In April 1987, the results of EG&G's work were published in 
a technical evaluation report EGG-CS-7653<2>. This report's 
recommendations were directed toward the ASTM D 3803 standard, 
the testing laboratories, and the NRC. With respect to the 
standard, the report recommended sweeping revisions to the 
radioanalytical methods and substantial changes to the 
requirements for test procedures and instrumentation associated 
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with Method A of ASTM D 3803-1979. The report included a draft 
revision of the standard which incorporated these changes. The 
EG&G report stated that this revised standard, with its 16-hour 
pre-equilibration period, would increase the sensitivity and 
reliability of the standard to the detection of. degradation of 
charcoal performance. In December 1989, the ASTM D-28 Committee 
essentially adopted this revised standard. 

Addressing the charcoal testing laboratories, the report 
identified the need for laboratories to use standards as 
references in their analytical work and to maintain , a well 
calibrated system by periodically testing internal ·reference 
charcoal and evaluating these results. A laboratory 
accreditation program was recommended. Finally, the report 
recommended that the NRC 

1. Revise all TS to refer directly to the most recent 
revision of the ASTM D 3803 standard for all activated 
charcoal performance evaluations; 

2. Revise all TS to an acceptance limit of 20% penetration 
(80% efficiency} for used charcoal and 3% for new 
charcoal when tested using the revised ASTM D 3803 
standard; and 

3. Reevaluate current activated charcoal adsorber designs 
and TS in light of the more "realistic" efficiencies 
obtained from the revised test method, particularly in 
the use of 2-inch-deep charcoal adsorbers in critical 
ventilation systems which might be subject to 
condensing water vapor or steam. 

The report did note that the use of heaters in the ESF 
ventilation systems would allow the acceptance test to be 
conducted at 70% relative humidity and would reduce the inherent 
variability of the test. The report also noted that the 
recommended acceptance criterion of '20% penetration for used 
charcoal might be too permissive to ensure adequate radioiodine 
removal capability. 

In July 1987, the NRC issued Information Notice No. 87-
32<3> to inform NRC licensees of deficiencies in the testing of 
nuclear-grade activated charcoal. The information notice 
indicated that EGG-CS-7653 was published and placed in the Public 
Document Room. In addition, it also noted that there were 
problems with the capabilities of the testing laboratories and 
with the ASTM test method, neither of which had ever been 
verified. It further stated that testing laboratories could use 
the EG&G protocol (developed to address some of the test method's 
deficiencies} to perform charcoal tests until a revised D 3803 
standard could be adopted. [As stated previously a revised D 
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3803 standard was approved in December 1999<4> and was issued in 
February 1990.] 

During the period between September 1985 and December 1986 a 
series of control room habitability surveys were conducted at 
operating plants to determine whether the control room 
habitability systems would perform as they were described in 
licensee's response to TMI Action Item III. o. 3. 4, "Control Room 
Habitability." The results of the survey were reported in 
NUREG/CR-4960<5>. One finding in the report identified problems 
involving laboratory testing of charcoal and associated plant TS. 
Some licensees were testing activated charcoal at conditions that 
would overpredict the capability of 'the charcoal to remove 
radioiodine. Tests were being conducted at inappropriate 
temperatures (80 or 130 degrees Celsius instead of 30 degrees 
Celsius) and at an inappropriate relative humidity (at a relative 
humidity of 70% when the test should have been conducted at a 
relative humidity of Q5% because the relative humidity of the air 
to the charcoal was not controlled to 70% or lower). 

Another finding was that the acceptance criterion in the 
technical speci~ications for the penetration test was 
inappropriate because the criterion was 

1. equal to or lower than that credited in the staff' s 
safety evaluation; and/or 

2. did not include the apRropriate .safety factor from 
Regulatory Guide 1.s2 6> to ensure that, at the end of 

the unit's operating cycle, the charcoal would have a 
removal efficiency at least equal to that credited in 
the staff's safety evaluation. 

Table 4. 2 of NUREG/CR-4960 indicated that only 1 of 15 units 
surveyed performed their laboratory test of charcoal for the 
control room at an appropriate temperature of 30 degrees Celsius. 
In addition, licensees at only 4 of the 15 plants incorporated 
the appropriate safety factor in their TS. 

Information Notice No. 86-76<7> told NRC licensees about the 
problem of testing the charcoal at an inappropriate temperature. 

II. Purpose of the study 

This study was performed to determine whether NRC licensees, 
in response to the issuance of NRC generic information in the 
form of Information Notices 86-76 and 87-32 and reports NUREG/CR-
4960 and EGG-CS-7653, had made changes to their 
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(l) test m3thod, test laboratory, and/or test conditions; 

(2) technical specifications; and 

(3) acceptance criterion for penetration for the laboratory 
test; and 

( 4) whether changes should have been made in the above 
three areas. 

A total of 80 nuclear units were invited to participate in this 
voluntary study. Responses to the study covered 37 nuclear units 
and 93 ESF ventiiation systems. 

The study was performed utilizing a survey. A survey form 
was developed for participation by licensees. The survey form, 
presented in Appendix A, was divided into an introductory section 
followed by four numbered sections (I-IV). The introductory 
section requested a system description including (l) system 
flowrate; (2) design value for the charcoal adsorber face 
velocity; (3) adsorber bed depth; (4) the adsorber efficiencies 
assumed in the latest licensee safety analysis submitted to the 
NRC and the submittal date; (5) whether the system utilized 
electrical heaters to limit relative humidity to 70% or less; and 
(6) the adsorber efficiency credited in the latest NRC safety 
evaluation and its issuance date. Section I of the survey 
requested information on the TS and some of the test conditions 
for the particular ESF system. Information requested included 
(A) the laboratory test method utilized; (B) test conditions such 
as temperature, relative humidity, acceptance criterion for the 
laboratory test either in terms of penetration or efficiency, 
pre-equilibration period, face velocity, and testing laboratory; 
and (C) additional clarifying comments. Section II of the survey 
form requested information from licensees planning to revise 
their TS and/or their test conditions or change their test 
laboratory. If they were planning revisions, they were asked to 
note the changes and to give clarifying comments, if appropriate. 
Section III of the survey form asked the licensees to indicate 
what changes had been made to the laboratory test method, test 
conditions, and/or TS since January 1, 1986. Again, the reasons 
for the changes and clarifying comments, if appropriate, were 
requested. Since the survey ·form only sought information on what 
licensees had changed to and not what they had changed from,. 
discussions were held with licensee personnel to determine 
conditions that existed before the change. Section IV of the 
survey form, 11 Individual to Contact," gave the NRC staff 
information needed to arrange the discussion. 
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III. Results of the study 

Changes Incorporated and/or Contemplated 

The 37 plants responding to the study reported that nine ESF 
ventilation systems (less than 10%) had made changes to either 
their TS, the test method, test conditions, or acceptance 
criterion for penetration as a result of either the EG&G work or 
the control room habitability work or the information notices 

. associated with these efforts. The survey indicated that 
licensees were contemplating changes in slightly more than 20% of 
the ESF ventilation systems (21 of 93) as a result of NRC generic. 
information. 

The fact that so few have changed their TS, test method, or 
test protocol or are even contemplating a change, may be an 
indication that most of the charcoal in the ESF ventilation 
systems is presently being tested at appropriate conditions, with 
an appropriate test method and an appropriate acceptance 
criterion for penetration such that changes are not needed. 
Conversely, licensees may have chosen to ignore the generic 
information and maintain the "status quo." One could speculate 
that licensees were awaiting the ASTM D 3803 revision before 
implementing any change. Indeed, data from the study indicated 
that for 12 of the 21 systems for which changes are contemplated, 
licensees planned to evaluate the use of the revised ASTM D 3803 
standard. However, no licensee to date has made the change to 
the 1989 revision. The test methods currently being used are 
distributed as follows: 

ASTM 03803-1979/1986 

RDT-16-lT 1973 

RDT-16-lT 1977 

68% 

21% 

11% 

None of the uni ts indicated that they had changed test 
laboratories as a result of the EG&G work and its associated 
information notice although at least one of the laboratories 
previously testing charcoal no longer performs such tests. 

Need for Change 

Before it could be determined whether the existing test 
method, test conditions, TS, and acceptance criterion for the 
penetration test were appropriate; the appropriate test 
conditions, test method, TS, and acceptance criterion for the 
'penetration test had to be defined. The appropriate conditions 
came from the Information Notices 86-76 and 87-32, NUREG/CR-
4960, EGG-CS-7653, and Regulatory Guide 1. 52. The appropriate 
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test method was considered to be the revised ASTM D3803 standard 
or the EG&G protocol in EGG-CS-7653. The appropriate test 
conditions and acceptance criterion were defined as follows: 

l. Temperature 

2. 

All charcoal was considered to be tested at an 
appropriate temperature if it was tested at 30 degrees 
Celsius. 

Relative Humidity 

Systems without heaters which do not control relative 
humidity of the incoming air to 70% or less should be 
tested at 95% relative humidity. systems with heaters 
which control the relative humidity of the air to 70% 
or less should be tested at 70% relative humidity. 

3. Face Velocity 

systems designed for a face velocity 
less should be tested at 40 ft/min. 
with a face velocity greater than 40 
tested at the design velocity. 

of 40 ft/min or 
Systems designed 
ft/min should be 

4. Acceptance Criterion for Penetration 

The acceptance criterion for penetration should be 
given, depending upon how the acceptance criterion is 
defined, as either: 

Allowable Penetration = (100% - Efficiency Credited in 
NRC Safety Evaluation) /Safety 
Factor, 

Safety Factor = 5 [for systems with heaters] 

Removal Efficiency 

= 7 [for systems without heaters] 

or 

= Efficiency Credited in NRC 
Safety Evaluation + 0.857 
(100% - Efficiency Credited in 
NRC Safety Evaluation) 
[for systems without heaters] 

= Efficiency credited in NRC 
Safety Evaluation + 0.8 (100% 
- Efficiency Credited in NRC 
Safety Evaluation) 
[for systems with heaters] 

613 



_..:_ ~--...,;_ ___ .......:__..::~---~-_,-· -_ _.:......___._ ____________ . -

21st DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

5. Pre-equilibration Period 

The pre-equilibration period should be 16 hours. 

All 93 ventilation systems were evaluated to determine 
whether the charcoal was tested in a manner to meet these five 
criteria. Only one system met all five. The remaining 92 
systems were deficient in one or more of these criteria. Every 
system met at least one of the criteria. Table 1 provides 
information on the number of systems as a function of the number 
of inappropriate criteria. 

Table 1 Number of Systems and Their Inappropriate Criteria. 

Number of Inappropriate Criteria Number of Systems 

1 17 

2 49 

3 20 

4 6 

More than 80% of the ventilation systems (75 of 93) are 
deficient in two or more criteria. Table 2 indicates the number 
of systems with deficiencies in each criterion. 

Table 2 Number of Systems with Deficiencies in a Given 
Criterion 

Criterion Number of Systems with Deficiencies 

Pre-equilibration Period 66 

Temperature 65 

Acceptance Criterion for Penetration 46 

Relative Humidity 

Face Velocity 

16 

6 

From Table 2 it can be observed that the majority of the 
deficiencies, almost 90%, occur in the pre-equilibration period, 
the test temperature, and the acceptance criterion for 
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penetration that determines whether the charcoal will perform its 
intended function. As noted previously, problems in these areas 
were identified in the NRC generic information documents. From 
the data collected in the study, it appears that the deficiencies 
still exist and that licensees have not made appropriate changes 
to their TS and/or their test conditions, nor are they, for the 
most part, planning changes. 

It should be noted that of the 46· ·systems that had an 
inappropriate acceptance criterion for penetration, five systems 
had an acceptance criterion which was less than that assumed in 
the safety analysis or the safety evaluation while another 23 had 
an acceptance criterion which was equal to that assumed in the 
safety evaluation. Thus, almost 30% of the systems surveyed could 
restart, following a refueling outage, with charcoal with an 
efficiency less than or equal to that assumed in the safety 
evaluation. 

It should be noted that one licensee's response in this 
study, involving nine ESF systems, indicated that while the 
plant-specific TS allow the charcoal to be tested at a 
temperature of 80 degrees Celsius, both an 80 degree and a 30 
degree Celsius test are performed. The 30 degree test is used to 
determine acceptability of the charcoal. Discussions with the 
licensee indicated that they have replaced the charcoal on the 
basis of the 30 degree test results. However, for the purposes 
of this study, these nine units were classified as having an 
inappropriate test temperature criterion because their is no 
requirement for the licensee to. utilize th.e. 30 degree test. 

The study also showed that some licensees test their 
charcoal at 25 degrees Celsius. This is because some licensees 
are testing in accordance with various versions of RDT 16-
1T<819• 10>. This test temperature was changed from 25 degrees 
Celsius to 30 degrees Celsius with the issuance of the 1977 
version of ROT 16-lT. Since the 25 degree is still considered a 
realistic temperature for determination of charcoal capability, 
those systems which had their charcoal tested at 25 degrees were 
counted as having an appropriate temperature for the purposes of 
this study. 

Changes Made 

In assessing the changes that have been made; in some cases, 
licensees made changes that were inappropriate for the system 
involved and, in some cases, not enough changes were made. For 
example, four systems had their test temperature changed from 130 
degrees Celsius to 80 degrees. Three systems did change their 
test temperature to 30 degrees Celsiu~, 'but the acceptance 
criterion for penetration was changed to an inappropriate value. 
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Those that did change the acceptance criterion for penetration 
did seem to implement it correctly. 

Changes Contemplated 

As with the ventilation systems for which changes have 
already been made, licensees contemplating changes show a mixed 
success in selecting appropriate changes. The previously 
mentioned licensee, who performs both the 80 degree and the 30 
degree Celsius tests for nine ESF systems is considering adopting 
the 1989 revision of ASTM D 3803. That licensee would reduce the 
test temperature from 80 degrees Celsius to 30 degrees Celsius; 
change the pre-equilibration period to 16 hours; and reduce the 
acceptance criterion for allowable penetration (because of the 16 
hour pre-equilibration period) to below that assumed for the 
safety analysis and the safety evaluation in all nine cases. 

Two licensees were contemplating changes to three ESF 
ventilation systems which involved consideration of the use of 
the 1989 revision of ASTM D 3803 but the specific changes were 
not identified. Another licensee was considering a change to 
utilize the 1986 version of the ASTM D 3803 standard and an 
appropriate change to the acceptance criterion for allowable 
penetration from 10% to 1%, but the test temperature would not be 
changed to 30 degrees Celsius but rather to 80 degrees Celsius. 
Another licensee is contemplating changes to incorporate a 30 
degree test for three ventilation systems but the pre
equilibration period would not be changed to 16 hours for the 
three and the acceptance criteria would remain unchanged and 
inappropriate for two of the systems. 

IV. Conclusions 

The NRC has issued generic information to its licensees in 
the form of reports and information notices on appropriate 
laboratory test protocol, test conditions, TS, and acceptance 
criterion for penetration. An NRC study revealed that very few 
licensees have implemented this information and that few are 
contemplating utilizing it. Those that have utilized the generic 
information or are contemplating its use, have not applied it in 
its entirety nor accurately. The results of the study also 
showed that the generic information is applicable to most ESF 
ventilation systems. Given the lack of implementation of 
appropriate test conditions, protocol, TS, and acceptance 
criterion for penetration, concerns, identified in earlier NRC 
studies regarding the capability of the charcoal to perform its 
intended function at its assumed efficiency, remain unchanged. 
The NRC is reviewing the results of this study. 
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Appendix A Survey Form 

You are requested to complete the following survey forms for 
your plant. The informatiori in this survey will form the basis 
of a paper to be presented at the 21st DOE/NRC Nuclear Air 
Cleaning Conference entitled, "Changes in Adsorber Testing As a 
Result of NRC Guidance". Please complete one survey form for 
each engineered safety feature ventilation system at your 
facility. If you hav~.:two or more reactors on site and the units 
are identical in desig~ and.there are no differences between each 
Unit's Technical Specifications, then just indicate that the 
information for Unit Xis also applicable to Unit Y e.g., McGuire 
Units 1/2. Otherwise, a separate survey form should be completed 
for each ESF ventilation .system for each Unit. Presentation of 
an earlier draft of this survey form to utility personnel 
required 30 minutes to an hour per Unit to complete. 

Please send your completed survey forms by June 22, 1990 by 
mail or FAX to: 

Jack Hayes 
U. s. Nuclear Reg~latory commission 

Washington, D. c. 20555 
FAX Numbers (301) 492-0259, 492-0260, 492-1137 

FAX Verification Number (301) 492-0262 

If there are any questions concerning the completion of the 
survey, please telephone the above at (301) 492-1456 between the 
hours of 6:45 A.· M. and 4:30 P. M. Eastern Daylight time. 

Your cooperation. in this survey is greatly appreciated. 

PLANT NAME 

ENGINEERED SAFETY FEATURE VENTILATION SYSTEM (CIRCLE AND COMPLETE 
THE SURVEY FORM FOR EACH APPROPRIATE SYSTEM) 

ANNULUS VENTILATION 
CONTROL ROOM 
STANDBY GAS TREATMENT SYSTEM 
FUEL HANDLING BUILDING 
CONTAINMENT/REACTOR BUILDING 
AUXILIARY BUILDING 
EQUIPMENT CUBICLES (MAY BE ECCS PUMP ROOMS) 
OTHER (SPECIFY) 
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SYSTEM DESCRIPTION 

1. FLOW RATE _____ CFM 

2. CHARCOAL FACE VELOCITY ____ FT/MIN 

3. CHARCOAL BED DEPTH _____ INCHES 

4. LATEST VALUE OF LICENSEE ASSUMED CHARCOAL ADSORBER 
REMOVAL EFFICIENCY IN DOSE ANALYSIS CALCULATION IN 
SUPPORT OF AMENDMENT REQUEST, OPERATING LICENSE, ETC., 
APPROVED BY THE NRC % DATE OF SUBMITTAL 

5. ARE ELECTRICAL HEATERS USED TO REDUCE RELATIVE HUMIDITY 
TO 70% OR LESS? YES NO 

6. CHARCOAL ADSORBER REMOVAL EFFICIENCY CREDITED IN LATEST 
NRC SAFETY EVALUATION % 
DATE OF ISSUANCE IF DIFFERENT THAN ORIGINAL SAFETY 
EVALUATION ISSUED FOR THE OPERATING LICENSE -----

I. EXISTING TECHNICAL SPECIFICATIONS 

A. CHARCOAL ADSORBER TEST METHOD (CIRCLE APPROPRIATE TEST 
METHOD) 

ASTM 03803-l.979 ASTM D3803-1986 

ASTM 03803-1989 ROT Ml.6-lT-1973 

ROT Ml.6-lT-1977 RDT Ml.6-lT-1972 

OTHER (SPECIFY) 

B. TEST CONDITIONS 

1. TEMPERATURE (CIRCLE) 

25 c 30 c 80 c 130 c 

OTHER (SPECIFY)'~--------------

2. RELATIVE HUMIDITY (CIRCLE) 

70% 95% OTHER(SPECIFY) ____ _ 
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3. ACCEPTANCE CRITERIA (RESPOND TO a OR b BELOW 
ONLY) 

a. 

b. 

ALLOWABLE PENETRATION (CIRCLE) 

0.175% 0.2% 1.0% 

OTHER (SPECIFY) 

REMOVAL EFFICIENCY (CIRCLE) 

99.825% 

90.0% 

99.8% 99.0% 

OTHER (SPECIFY) 

5.0% 

95.0% 

4. PREEQUILIBRATION PERIOD FOR USED CHARCOAL 

~~~~~~~ HOURS 

5. FACE VELOCITY 

~~~~~ FT/MIN 

6. TESTING LABORATORY 

C. ADDITIONAL CLARIFYING COMMENTS 

10.0% 

II. IF YOU ARE PLANNING TO REVISE YOUR TECHNICAL SPECIFICATIONS 
FOR THIS SYSTEM, COMPLETE THIS SECTION. OTHERWISE PROCEED 
TO SECTION III. 

.... -

A. INDICATE REASON 
SPECIFICATIONS: 

FOR REVISING THE TECHNICAL 

1. 

2. 

INTERLABORATORY COMPARISON RESULTS OF ASTM D3803 
TEST METHOD ("FINAL EVALUATION REPORT FOR THE 
NRC/INEL ACTIVATED CARBON TESTING PROGRAM", EGG
CS-7653) 

INFORMATION NOTICE 87-32, "DEFICIENCIES IN THE 
TESTING OF NUCLEAR-GRADE ACTIVATED CHARCOAL" 
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INFORMATION NOTICE 86-76, "PROBLEMS NOTED IN 
CONTROL ROOM EMERGENCY VENTILATION SYSTEMS" 

NUREG/CR-4960, "CONTROL ROOM HABITABILITY SURVEY 
OF LICENSED COMMERCIAL NUCLEAR POWER GENERATING 
STATIONS" 

0 T H E R SPECIFY) 

B. WHAT REVISIONS ARE YOU PLANNING TO MAKE? 

1. CHANGING CHARCOAL ADSORBER TEST METHOD TO: (CIRCLE 
APPROPRIATE TEST METHOD) 

ASTM 03803-1979 ASTM D3803-1986 

ASTM 03803-1989 RDT M16-1T-1973 

RDT M16-1T-1977 ROT M16-1T-1972 

OTHER (SPECIFY) 

2. CHANGING TEST CONDITIONS TO: 

a. TEMPERATURE (CIRCLE) 

25 c 30 c 80 c 130 c 

OTHER(SPECIFY)~~~~~~~~~~~~ 

b. RELATIVE HUMIDITY (CIRCLE) 

70% 95% OTHER (SPECIFY) 

c. ACCEPTANCE CRITERIA (RESPOND TO l OR· 2 BELOW 
ONLY) 

l. ALLOWABLE PENETRATION (CIRCLE) 

0.175% 
10.0% 

0.2% 1.0% 
OTHER (SPECIFY) 

2. REMOVAL EFFICIENCY (CIRCLE) 
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99.825% 

95.0% 

99.8% 

90.0% 

99.0% 

OTHER (SPECIFY)~~~~~~ 

d. PREEQUILIBRATION PERIOD FOR USED CHARCOAL 

e. FACE VELOCITY 

~~~~~ FT/MIN 

C. ADDITIONAL CLARIFYING COMMENTS 

III. IF YOU REVISED YOUR TECHNICAL SPECIFICATIONS FOR THIS 
SYSTEM, SINCE 1/1/86, COMPLETE THIS SECTION. OTHERWISE, GO 
TO IV. 

-·.··.::·· --~ 
-: :···: 

~ 
~ 

A. INDICATE REASON FOR REVISIONS. 

2. 

3. 

4. 

5. 

INTERLABORATORY COMPARISON RESULTS OF ASTM D3803 
TEST METHOD ("FINAL EVALUATION REPORT FOR THE 
NRC/INEL ACTIVATED CARBON TESTING PROGRAM", EGG
CS-7653) 

INFORMATION NOTICE 87-32, "DEFICIENCIES IN THE 
TESTING OF NUCLEAR-GRADE ACTIVATED CHARCOAL" 

INFORMATION NOTICE 86-76, "PROBLEMS NOTED IN 
CONTROL ROOM EMERGENCY VENTILATION SYSTEMS" 

NUREG/CR-4960, "CONTROL ROOM HABITABILITY SURVEY 
OF LICENSED COMMERCIAL NUCLEAR POWER GENERATING 
STATIONS" 

0 T H E R ( P L E A S E S P E C I F Y ) 
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B. WHAT REVISIONS WERE MADE? 

l. CHARCOAL ADSORBER TEST METHOD CHANGED TO: (CIRCLE 
APPROPRIATE TEST METHOD) 

ASTM 03803-1979 

ASTM 03803-1989 

RDT Ml6-1T-1977 

OTHER (SPECIFY) 

ASTM 03803-1986 

ROT Ml6-1T-l973 

RDT Ml6-1T-1972 

2. TEST CONDITIONS CHANGED TO: 

a. TEMPERATURE (CIRCLE) 

25 c 30 c 80 c 130 c 

OTHER (SPECIFY) --------.,.. 
b. RELATIVE HUMIDITY (CIRCLE) 

70% 95% OTHER (SPECIFY) 

c. ACCEPTANCE CRITERIA (RESPOND TO 1 OR 2 BELOW 
ONLY) .· 

1. ALLOWABLE PENETRATION (CIRCLE) 

0.175% 0.2% 1.0% 5.0% 

10.0% OTHER (SPECIFY) . ----
2. REMOVAL EFFICIENCY (CIRCLE) 

99.825% 

95.0% 

OTHER (SPEC~FY) 

99.8% 

90.0% 

99.0% 

d. PREEQUILIBRATION PERIOD FOR USED CHARCOAL 

-----~- HOURS 
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e. FACE VELOCITY 

FT/MIN 

C. ADDITIONAL CLARIFYING COMMENTS 

IV. INDIVIDUAL TO CONTACT 

NAME 

TELEPHONE NUMBER ( ) _________ _ 

TIME REQUIRED TO COMPLETE FORM (HOURS PER UNIT) 

DISCUSSION 

ORNBERG: We dealt with a number of different plants and have seen the variation in all 
the tech. specs. across all the systems. There is a great deal of confusion out there. I guess one of the 
questions I hear from many of the plants is that they are not sure where this should start; who should 
start first in this change. It is obvious that many of the technical specifications go back to the early and 
mid 1970s, and that there was even more confusion back then. We know a lot more now. My first 
question is, can or should the NRC do something with regard to a generic technical specification 
change? Every time I have been involved in discussions people shudder at that thought. If you are a 
single licensee and proposing something that even smells of a generic technical specification change, 
there is some ominous cloud that hangs over the discussion at that point. Can you elaborate on that 
or describe the process that you have to go through with a generic technical specification change? 

HAYES • .I.: I am most familiar with the Westinghouse process for a generic technical 
specification change which involves the technical specification upgrade program. I think the review is 
supposed to be completed sometime in October of this year. Westinghouse owners group made a 
submittal that is being reviewed. I believe North Anna is the plant undergoing the initial review. In 
answer to your question whether the NRC should be initiating generic technical specification changes, 
one of the problems I have had and the licensees have had, is that the technical specifications are not 
specific enough in this area. In other words, it does not spell out the test conditions, the acceptance 
criteria, or the method to be utilized. What I have suggested to licensees is that they come forward and 
request technical specification changes. I do not believe they would have to come forward on a generic 
basis to go through the CR GR process. I think they could do this on an individual basis without going 
through the CR GR process and be successful. 

ORNBERG: You would be looking at 100 different plants going through this individual 
process. There would be confusion among the utilities concerning test conditions. It seems to me more 
efficient for the NRC to send a letter to all of them to suggest technical specification changes and 
explain to all the utilities that this type of change is looked upon favorably by the NRC. That would 
initiate the process. 
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HAYES • .I.: The results of this study became available two weeks ago. When passed up 
to the management chain for review, the ultimate boss for Regulatory Guide projects, Jim Partlow, had 
this question, "What are we willing to do about this." You may be right, we may be coming out with a 
generic letter with respect to this item. Obviously, we have a potential for a creditability problem. We 
have designed systems for certain efficiency and we have assumed that efficiency in our accident 
evaluations. If charcoal is not capable of performing at that level, we have to correct the situation. 
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USNRC REGULATORY GUIDANCE FOR ENGINEERED SAFETY FEATURE 
AIR CLEANING SYSTEMS 

Dr. Ronald R. Bellamy 
u. s. Nuclear.Regulatory Commission 

475 Allendale Road 
King of Prussia, Pennsylvania 19406 

Abstract 

The need for clear, technically appropriate, and easily 
implementable guidance for the design, testing, and maintenance of 
nuclear air cleaning systems has long been recognized. Numerous 
industry consensus standards have been issued and revised over the 
last 30 years. Guidance has also been published by the U. s. Nuclear 
Regulatory Commission in the form of regulations, regulatory guides, 
standard review plans, NUREG documents, and information notices. This 
paper will summarize the latest revisions to these documents and 
emphasize Regulatory Guide 1.52, "Design, Testing, and Maintenance 
criteria f9r Post-Accident Engineered-Safety-Feature Atmosphere 
Cleanup System Air Filtration and Adsorption Units of Light-Water
Cooled Nuclear Power Plants," which was last revised in 1978. The 
USNRC has undertaken a project to revise this regulatory guide, and 
the status of that revision is highlighted. 

Introduction 

one of the primary means for the U. S. Nuclear Regulatory 
commission to distribute guidance is by publishing regulatory guides. 
Regulatory guides are documents issued by the NRC staff to describe 
and make available to the public methods acceptable to the NRC staff 
of implementing specific parts of the Commission's regulations, to 
delineate techniques used by the staff in evaluating specific problems 
or postulated accidents, or to provide guidance to applicants. It is 
important to note that regulatory guides are not substitutes for 
regulations, and compliance with them is not required. Methods and 
solutions different from those set forth in regulatory guides will be 
acceptable if they provide a basis for the findings requisite to the 
issuance or continuance of a permit or license by the NRC. However, 
regulatory guides are considered to be of sufficient importance that 
safety analysis reports are required to contain sections detailing the 
degree of compliance with applicable regulatory guides. In short, a 
regulatory guide is one acceptable means of satisfying the NRC 1 s 
regulations, and this means has been endorsed by the NRC staff. 

comments and suggestions for improvements in all regulatory 
guides are encouraged at all times. Guides will be revised, as 
appropriate, to accommodate comments and to reflect new information 
or experience. Once reviewed and concurred in by the NRC staff, new 
and revised regulatory guides are reviewed by the NRC's Committee to 
Review Generic Requirements (CRGR) to ensure that backfit issues are 
appropriately considered, and by the Advisory Committee on Reactor 
Safeguards. They will be noted in the Federal Register, and public 
comments will be explicitly solicited. Comments should be sent to the 
Secretary of the commission, u. s. Nuclear Regulatory Commission, 
Washington, o.c., 20555, Attention: Docketing and Services Branch. 
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Anyone desiring a single , copy of issued regulatory guides should 
request it in writing to the u. s. Nuclear Regulatory Commission, 
Washington, D. c. 20555, Attention:. Director, Division of Document 
Control. You may also request placement on automatic distribution for 
single copies of future guides in any one of ten specific divisions 
of guides (power reactors, research and test reactors, fuels and 
material facilities, environmental and siting, materials and plant 
production, products, transportation, occupational health, antitrust 
review, and siting). Issued guides may be reproduced. 

Engineered Safety Feature Air Cleaning Regulatory Guides 

Regulatory Guide 1.52, "Design, Testing and Maintenance Criteria 
for Post-Accident Engineered Safety Feature Atmosphere Cleanup System 
Air Filtration and Adsorption Units of Light-water-Cooled Nuclear 
Power Plants," is the applicable regulatory guide for engineered 
safety feature (ESF) air cleaning systems. It was first issued in 
June 1973. Revision 1 was issued for comment in July 1976, and 
incorporation of these comments resulted in the issuance of Revision 
2 in March 1978. There have been no revisions of the Regulatory Guide 
since that time. This Guide has proven to be an extremely useful and 
important document. It is referenced in numerous plant technical 
specifications and in so doing, becomes a part of the facility license 
and an enforceable regulation. Most importantly, it has been used as 
a vehicle to reference numerous industry consensus standards, and 
emphasize the importance of these standards. Standards and other 
documents referenced have included: 

1. ERDA 76-21, "Nuclear Air Cleaning Handbook" 
2. ANSI/ASME N509, "Nuclear Power Plant Air Cleaning Units and 

Components" 
3. ANSI/ASME N510, "Testing of Nuclear Air Treatment Systems" 
4. ASTM 03803, "Standard Test Methods for Radioiodine Testing of 

Nuclear-Grade Gas-Phase Adsorbents" 
5. ASTM D4069, "Standards Specification for Impregnated Activated 

carbon Used to Remove Gaseous Radioiodine from Gas streams" 

The Need to Revise Regulatory Guide 1.52 

The above-referenced documents have been issued in numerous 
revisions since the last revision of Regulatory Guide 1.52 was issued 
in 1978. Unfortunately, the Regulatory Guide in some cases refers to 
specific editions of these documents, and in some cases the Regulatory 
Guide does not refer to any specific editions. This has caused 
significant confusion over the last 10 years. Plant technical 
specifications referring to specific editions of the Regulatory Guide 
lock the licensee into outdated, inferior documents that must be 
satisfied. Although this has been acknowledged by the regulatory 
authorities, no documented position on what guidance to.use has been 
issued. The dilemmas become compounded now that the ASME Committee 
on Nuclear Air and Gas Treatment has issued (and revised) ASME/ANSI 
AG-1, "Code on Nuclear Air and Gas Treatment." The need to revise 
Reguiatory Guide 1.52 has been recognized since 1980, and a revision 
was initiated twice, but never completed. In the summer of 1988, a 
decision was made to allocate the necessary resources to revise the 
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Guide, and that effort is ongoing. A number of internal drafts have 
been generated, and internal comments incorporated. Progress, 
nonetheless, has not been as fast as anticipated. A draft is not yet 
available for public comments, although a working paper is in the 
final stages of development, and is anticipated to be ready in the 
fall of 19900 When issued, it will be noted in the Federal Register, 
and public comments will be solicited and welcomed. 

Planned Changes 

Regulatory Guide 1.52 refers to a significant number of 
documents, many of which are industry consensus codes and standards. 
It is a major goal of the upcoming revision to Regulatory Guide 1.52 
to refer to the latest issue of each of these documentso This will 
improve the usefulness of this regulatory guide as a regulatory 
document and, as importantly, as a vehicle to provide endorsed 
guidance to the users of the guide, the operators of commercial 
nuclear power plants, the designers of air cleaning systems, 
corporations who perform in-place testing, and consultants. 

A. Carbon Testing Procedures and Criteria 

Committee 028 of the American Society for Testing and Materials 
is recognized as containing technical expertise with respect to 
nuclear grade active carbon. ASTM 03803-89 will be referenced as the 
appropriate testing procedures for radioiodine removal by activated 
carbon. This is a revised document that incorporates industry 
commentso In addition, ASTM 04069-90 will be referenced as the 
appropriate acceptance criteria for laboratory testing of new 
activated carbon. This revised version of ASTM 04069 conforms to ASTM 
03803-89, and although not yet issued, ASTM Society ballots are due 
August 31, 1990. No negative ballots are anticipated, and ASTM 04069-
90 should be available shortly thereaftero 

B. Water Sprays and Carbon Wetting Phenomena 

The original version of Regulatory Guide 1.52 suggested the use 
of water sprays on the carbon sections of filter systems to ensure 
fire extinguishing eapability. Revisions 1 and 2 of the Guide 
acknowledged the possibility of inadvertent activation of the sprays, 
and discussed other means of adsorbent cooling. Proposed Revision 3 
to the Guide substantially augments and expands this discussion. The 
Guide will clearly indicate that wetting of impregnated activated 
carbon should be avoided because it establishes conditions for rapid 
chemical corrosion between . the impregnants and stainless steel 
structural material supporting the charcoal bedso For example, 
inadvertent actuation of water spray systems or deluge systems may 
result in the rapid disintegration of stainless steel screens unless 
the wetted charcoal is removed · promptly and replaced with dry 
material. Thus, water spray or deluge systems should not be used for 
adsorbent cooling purposes because of the severe corrosion problems 
which result; however, water deluge systems may be used for fire 
extinguishment if licensees are aware of the potential implications 
of system actuation. 
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Further, the Guide will include provisions for removal of a 
sample of used carbon and laboratory testing following detection of, 
or evidence of, penetration or intrusion of water (or other foreign 
material) into any portion of an ESF atmosphere cleanup system. 

C. DOP Toxicity 

The potential risk to humans from intake is addressed in Revision 
3 to Regulatory Guide 1.52. DOP, an acronym for dioctyl phthalate or 
di-2-ethylhexyl-phthalate (DEHP), is the standard challenge aerosol 
used in the testing of HEPA filters. DOP has been considered to be 
a substance of low toxicity by all routes of human intake. The 
National Cancer Institute has conducted carcinogenesis bioassay tests 
on DOP; preliminary findings showed DOP to be potentially carcinogenic 
in mice and rats but the reports made no determination of risk to 
humans. At such time as definitive recommendations are made by the 
National Institute for Occupational Safety and Health (NIOSH), 
specific guidance on the use of DOP will be issued through the Office 
of Nuclear Reactor Regulation and through Regional Administrators. 

D. Carbon Impregnants 

In all revisions to the Guide, activated carbon is assumed as the 
sorbent material for radioiodine removal. There has not been any 
specific discussions on the impregnant used to improve radioiodine 
removal efficiency at high humidities. Typical impregnants used are 
iodide - or amine - compounds. It has been suggested that the use of 
potassium iodide-impregnated carbon in primary containment 
recirculating ESF atmosphere cleanup systems may result in the release 
of free nonradioactive iodine which could interact by isotopic 
exchange with the relatively stable Csl31I deposited on containment 
surfaces in a design basis accident (DBA), making free 131I available 
in the containment atmosphere and increasing the airborne radioactive 
iodine fraction. While the existence of such conditions in a DBA has 
not been conclusively demonstrated, licensees should consider the use 
of carbons coimpregnated with potassium iodide and a tertiary amine 
to prevent the potential release of free "iodine from the carbon 
impregnant and to minimize the potential for the formation of airborne 
radioactive iodine within containment. 

E. Department of Defense Qualified Products List 

The basic specifications for HEPA filters are contained in two 
military specifications, MIL-F-51068, "Filter, Particulate, High 
Efficiency, Fire-Resistant," and MIL-F-51079, "Filter Medium, Fire
Resistant, High-Efficiency : 11 Part of the requirements of these 
specifications concern listing on the Department of Defense Qualified 
Products List for HEPA filters installed'in commercial nuclear power 
stations. These requirements need not apply if the manufacturer 
maintains a quality assurance program consistent with the requirements 
of Appendix B, "Quality Assurance Criteria for Nuclear Power Plants 
and Fuel Reprocessing Plants" to 10 CFR Part 50. Therefore, licensees 
and manufacturers are being given an option for implementing quality 
assurance for HEPA filters: either have the manufacturer of the 
filters maintain an Appendix B QA program, or purchase filters listed 
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on the Qualified Products List. It is important to note, however, 
that for all activities aff ectinq the safety-related functions of HEPA 
filters, Appendix B applies. 

There are no changes planned to the reference for USDOE filter 
test facilities. 

F. Carbon Testing Definitions 

To ensure that there is no misunderstanding on testing required 
for new activated carbon, proposed Revision 3 to Regulatory Guide 1.52 
will clearly specify that each original or replacement batch or lot 
of impregnated activated carbon used in the adsorber section should 
meet the requirements for adsorbent contained in Section 5 of 
ANSI/ASME N509 and in ASTM 04069. In ASTM 04069, a test performed 
"only for qualifications purposes" should be interpreted to mean a 
test that establishes the suitability of a manufacturer's product for 
a generic application, normally a one-time test establishing typical 
performance of the product. Tests not specifically identified as 
being performed only for qualification purposes should be interpreted 
as "batch tests." "Batch tests" are tests to be made on each 
production batch of product to establish suitability for a specific 
application. 

The definition of batch and lot of activated carbon are taken 
from ANSI/ASME N509. A "batch of activated carbon" or a "batch of 
impregnated activated carbon" is the maximum quantity of adsorbent 
(not to exceed 10 cubic meters) manufactured from the same base 
material, processed throughout its manufacturing cycle in the same 
equipment and under the same manufacturing procedures, which can be 
homogenized at one time in one blending device and for which certified 
results of appropriate tests of physical and chemical properties are 
available. This constitutes a "batch" to be presented for radioactive 
and/or other specified tests under conditions within tolerances 
specified. A "lot of activated carbon" or a "lot of impregnated 
activated carbon" is that quantity of adsorbent consisting of one or 
more batches of the same type and grade, each of which meets the 
specified performance, physical and chemical requirements, and is 
shipped to the same purchaser by the same manufacturer for the same 
job requirement. 

G. Allowable Repairs 

It is not unusual for leak tests of installed HEPA or carbon 
banks to fail to satisfy the leak test conditions in the technical 
specifications. There are repairs that are not acceptable, and 
repairs that are allowable. HEPA filter banks in ESF atmosphere 
cleanup systems which fail to satisfy the appropriate leak test 
conditions should be examined to determine the location and cause of 
leaks. Repairs, such as alignment of filter frames and tightening of 
filter hold-down bolts, may be made; however, repair of defective, 
damaged or torn filter media by patching or use of caulking materials 
is not permissible in ESF atmosphere cleanup systems and such filters 
should be replaced and not repaired. HEPA filters that fail to 
satisfy test conditions should be replaced with qualified filters. 
After repairs or filter replacement, the ESF atmosphere cleanup system 
should be retested in accordance with Section 10 of ANSI/ASME N510. 
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The abo~e process should be repeated as necessary, until the system 
combined penetration and leakage (bypass) is less than 0.05%. 

Adsorber banks which fail to satisfy the appropriate leak test 
conditions should be examined to determine the location and cause of 
leaks. Repairs, such as alignment of adsorber cells, tightening of 
adsorber cell hold-down bolts, or tightening of test canister 
fixtures, may be made; however, the use of silicone sealants or any 
other temporary patching material on adsorbers, filters, housings, 
mounting frames, or ducts should not be allowed. After repairs or 
adjustments have been made, the adsorber banks should be retested in 
accordance with Section 11 of ANSI/ASME N510. The above process 
should be repeated as necessary, until the adsorber bank combined 
penetration and leakage (bypass) is less than 0.05%. 

H. Injection Location for Refrigerant Gas 

Numerous questions have arisen with respect to the effect of 
refrigerant gas on HEPA filters. This question is important when the 
refrigerant is injected upstream of the HEPAs, in order to obtain 
adequate mixing or for other space considerations. Revision 3 to 
Regulatory Guide 1.52 will indicate that it is acceptable to inject 
a refrigerant gas upstream of a bank of HEPA filters in order to test 
a bank of adsorbers since it has been shown that prefilters and HEPA 
filters in the duct have no effect on the refrigerant test gas and 
that refrigerant gases have no adverse effect on HEPA filters. 

I. Frequency of In-Place Testing 

Guidance on when leak testing is required has, in the past, 
indicated that such testing should be performed: (1) initially, (2) 
at least once per 18 months thereafter, (3) following painting, fire, 
or chemical release in any ventilation zone communicating with the 
system, and also for adsorber banks after removal of an adsorber 
sample for laboratory testing if the integrity of the adsorber system 
is affected. This guidance will be supplemented in Revision 3 to 
Regulatory Guide 1. 52. Testing will continue to be required initially 
and once per 18 months, but the 18 month criteria will include "or 
once per refueling outage." The requirement for testing after 
painting, fire, or chemical release will include additional guidance 
to indicate that this testing need be done only if communication with 
the system occurred in such a manner that the HEPA filters or carbon 
adsorbers could become adversely affected by the fumes, chemicals, or 
foreign materials. Testing will also specifically be required (1) 
after each partial or complete replacement of a HEPA filter bank or 
of a carbon adsorber in an adsorber section or bank, (2) following 
detection of, or evidence of, penetration or intrusion of water or 
other foreign material into any portion of an ESF atmosphere cleanup 
system, and (3) for adsorber banks following removal of an adsorber 
sample for laboratory testing if the integrity of the adsorber section 
is affected. 
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J. Activated carbon Decontamination Efficiencies 

A major point of discussion with respect to the upcoming revision 
to the Guide concerns what laboratory tests are required for used 
carbon, what is the acceptant criteria, and what credit can be 
assigned (decontamination efficiencies) for accident analyses. 
Specific test methods in ASTM 03803 will be referenced, with maximum 
methyl iodide penetrations based on ASTM experience. More specificity 
will be included in terms of bed depths and relative humidity control. 

Summary 

The basic document that has been issued by the u. s. Nuclear 
Regulatory Commission to disseminate approved guidance concerning 
engineered safety feature air filtration systems is Regulatory Guide 
1.52. This guide was originally issued in 1973, and has been revised 
twice since that time. The latest revision is dated March 1978. 
since that time, numerous industry consensus standards have been 
revised a number of times, and since these consensus standards are 
referenced quite heavily in Regulatory Guide 1.52, it is clear that 
this Guide is in need of revision. The USNRC has undertaken a project 
to revise this Guide that, after two years of effort and internal 
review, has resulted in a document ready for public comment. It is 
anticipated this proposed revision will be issued for public comment 
in the fall of 1990. Although the major change will be to refer to 
the latest available industry guidance, other clarifications such as 
the effect of carbon wetting, toxicity of DOP, allowable repairs, 
frequency of in-place testing, and laboratory activated carbon testing 
criteria, will also be made. 

The USNRC recognizes the importance of Regulatory Guide 1. 52, and 
its impact on the safe operation of nuclear power stations. Public 
comments will be welcomed, and will be considered prior to the 
issuance of a final revision. 
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DISCUSSION 

KUMAR: You referred to the efficiencies in Regulatory Guide 1.52. I have a suggestion. 
Jack Hayes said that with heaters the safety factor is 7 but without heaters it is 5. The safety factor 
should be linked to a relative humidity that may be obtained with or without heaters. In our case, Davis
Besse, we never see more than 70% relative humidity even without heaters. That does not mean that 
efficiency will be down without heaters. 

BELLAMY: If a licensee could justify to us that their system would never be above 70% 
relative humidity, i.e., would have the equivalent of heaters, it would be a factor we would consider in 
our analysis. 

EDWARDS: There is no relation between AQA program (10CFR60,B" or NQA-1) and QPL 
testing. What basis does the NRC have in implying such a mutually exclusive relationship? i.e., that 
using NQA-1 to manufacture a filter will guarantee that the filter will meet: QPL requirements. A clean 
room filter can be manufacturer to NQA-1. 

BELLAMY: The criterion we have used all these years is 10CFR50, Appendix B, Quality 
Assurance Program. If licensees desire to continue to use that program to qualify their HEPA filters 
in advance of installation, that is acceptable. The QPL is referenced in two military specifications, and 
in NSl0-1978 and NSl0-1979. A numbeJ; of us have witnessed these tests at Edgewood and other places 
and it is the staff's opinion that the program is equivalent to having the manufacturer of the HEPA 
filters· implement an effective Appendix B Quality Assurance Program. That does not eliminate your 
right, either as a purchaser of a HEPA filter or as a user of a HEPA filter, to visit the manufacturer and 
conduct an independent QA check. 

EDWARDS: 
entirely different. 

A QA program does not do the same thing as a QPL test program. It is 

BELLAMY: I think that the differences are considered not to be sufficient to affect the 
performance of the HEPA filter once it is installed in the plant. That is the conclusion that we made . 

.JACOX: You mentioned, correctly, that in earlier versions of Regulatory Guide 1.52 you 
referenced specific editions of documents and cited others without a specific edition designation. You 
did not state what you will be doing in the new edition. Would you comment on that? 

BELLAMY: Revision 3 of the Regulatory Guide will specifically reference dates and titles 
of documents. There has always been a concern on the part of the NRC staff on how to reference 
consensus standards. I am aware that some consensus standards point out that the latest issued version 
of a document is acceptable for use. The staff is not comfortable with that and we will continue to 
reference specific editions of documents. 

.JACOX: Will that be 100% rather than partial as it is now? 

BELLAMY: Yes, that is the goal. If we miss any, let us when you get it. 

PATEL: Does proposed Regulatory Guide 1.52 Rev. 3 eliminate the in-place testing of 
(1) downstream HEPA filters and (2) HEPA charcoal testing following painting, chemical release, or 
a fire? 

BELLAMY: It will not be eliminated. 
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PATEL: How about testing the downstream HEPA filter? 

BELLAMY: It will not eliminate the requirement for testing. 

MILLER: I am interested in how you will handle references to consensus standards 
ASME N509 and AG-1? 

BELLAMY: That question came up yesterday morning in another panel. At that time, I 
said I would address it here. The Regulatory Guide, as now drafted, will reference the latest issues of 
ASME N509 and N510. There is no mention of AG-1 in that document at the present time. Because 
this is an on-going project and because we have had many different staff people working on it at 
different times both at Headquarters and at the Regional Office, the question of referencing AG-1 has 
not come up yet. By the time we get comments on the proposed revision and resolve all the comments 
as we are required to do, and conduct our cost benefit analysis, additional sections in AG-1 will have 
been issued and then there would be an opportunity to reference AG-1. · 

FRANKLIN: I am referring to the question asked by Mr. Edwards. The 10CFR50 QA 
Program is not a performance test. It is only an assurance that the manufacturer will reproduce a 
product to a specification. A QPL program includes a performance test that assures that the product 
will meet certain performance criteria. I cannot understand how you can connect the two. When you 
qualify for a QPL designation in order to assure customers that they are getting a qualified filter, the 
manufacturer has to have a lOCFR QA Program. In either case, a QA program would have to be in 
place. I think you are saying that if you follow MIL-51068 specifications you don't need to conduct a 
performance test. 

BELLAMY: In my preprint you will find that there are requirements applied in addition 
to Appendix B, Quality Assurance Program. To say that all you Q.ave to do is satisfy Appendix B QA 
and you then have an acceptable HEPA filter is not what I implied. Your comment is well taken. There 
is further discussion on this matter in the paper. 
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IAEA DECADAL ACTIVITIES IN THE FIELD OF RADIOACTIVE GASEOUS 
WASTE MANAGEMENT 

G. R. Plumb 
Waste Management Section 

Division of Nuclear Fuel Cycle and Waste Management 
International.Atomic Energy Agency 

Vienna, Austria 

Abstract 

The IAEA has long recognised that gaseous waste management is 
vital in the design and safe operation of all nuclear facilities 
such that in the decade of the l980's the IAEA programme covered 
the important aspects of the entire field. The activities reviewed 
in this paper were marked at the outset by a comprehensive inter
national symposium on the subject in February 1980 organised by the 
IAEA jointly with the Nuclear Energy Agency of the OECD when the 
detailed state-of-the-art was established in 43 papers. In the 
interim, experts have been convened in IAEA sponsored meetings to 
result in sixteen technical documents which included summaries of 
three substantial Co-ordinated Research Programmes. 

Early IAEA activities paid particular attention to management of 
gas radionuclides which from a matured nuclear industry, could be 
judged to build-up to long-term sources of irradiation for regional 
and global populations. The radionuclides of long half-life and 
capable of widespread dispersion were krypton-85, tritium, carbon-14 
and iodine-129. Detailed international studies into capture and 
retention of the radionuclides initiated in the mid-1970's, had 
been~pursued and enlarged to offer practicable industrial 
appiication for the more significant wastes by the mid-1980's. 

Mid-term ongoing activities in handling and retention of 
gaseous radionuclides arising from abnormal operations in nuclear 
power plants were given much emphasis following the Chernobyl 
accident. An important Co-ordinated Research Programme on retention 
of airborne nuclides in nuclear facilities during accident 
conditions was completed in 1988 leading to an Advisory Group 
Meeting extending technology to manage the more complex and severe 
accident conditions at Nuclear Power Plants. The impending 
technical report is aimed to assist the many Member States 
presently undertaking decisions on gas treatments for the 
controlled venting of LWR containments in severe accidents. 

In the latter years the IAEA activities included detailed 
examinations of the design and operation of gas cleaning systems 
for the range of nuclear facilities. Technical reports on gaseous 
waste management were issued relating to high-level liquid waste 
conditioning plants (including control of semi-volatiles)', nuclear 
power plants, low- and intermediate- level radioactive materials 
handling facilities and radioactive waste incinerators. Notably, 
there is a comprehensive guide on the practice of particulate 
filtration throughout nuclear operations, which is awaiting early 
publication to update an equivalent much-used 1970 report. 
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I. Introduction 

The status of IAEA activities in gaseous waste management and 
the forward programme were examined at the beginning of the decade 
in a paper to an international symposium at IAEA Headquarters in 
Vienna organised jointly with OECD/NEA(l). The previous IAEA 
forum dealing specifically with the field was twelve years earlier 
in New York in cooperation with USAEC and Harvard UniversityC2). 

Activities in nuclear gas cleaning technology described at the 
1980 Symposium were greatly influenced by the watershed 
requirements for increased demands for safety efficiency and 
reliability following the Three Mile Island accident. In turn 
activities in the latter years were given greatly increased 
emphasis due to the Chernobyl accident. Priority will no doubt 
continue to be devoted to treatment of releases from nuclear power 
plants where the potential extreme source terms under accident 
conditions present major challenge to gas cleaning systems and 
demand highest standards of environmental protection. 

In the early 1980's, much attention was paid by the IAEA to 
managing the discharge to the environment of the gaseous 
radionuclides which owing to build up in the environment from 
expanding nuclear programmes could be judged to constitute long 
term sources of irradiation to regional and global populations. 
The principal radionuclides involved are krypton-85, tritium, 
carbon-14 and iodine-129, each having long half-life and the 
capability of widespread dispersion. Excepting for the former, 
each is intimately involved in life cycle processes. The emissions 
of the volatile radionuclides were the subject of very broad debate 
across the international scene and some national regulations were 
being framed to specify quantitative emission limits for 85Kr and 
129I. 

International programmes mainly concerning research and 
development into methods of capture and retention of the 
radionuclides had been initiated in the mid 1970's, pursued and 
enlarged to offer industrial application by the mid-1980's. 
Emphasis had been placed by the IAEA on noble gases, tritium and 
iodine with reports covering the management strategy and 
developments in technology to aid in control of routine discharges 
in compliance with the principles of ALARA for the range of nuclear 
facilities. 

From the mid-1980's, IAEA activities in the gaseous waste 
management area became directed ~owards improvement of particulate 
filtration and radioiodine removal equipment. A Co-ordinated 
Research Programme (CRP) comparing test methods for particulate 
filters was followed by another CRP on retention of iodine and 
other airborne radionuclides under abnormal and accident 
conditions. Related assessments were also carried out by expert 
groups and technical reports were issued with early completion of a 
comprehensive guide into particulate filtration in nuclear 
facilities outstanding to update a notable 1970 reportC3). 
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During the late 1980 1 s the IAEA activities also included 
examinations of the design and operation of gas cleaning plants 
across the range of nuclear facilities with documents on the 
especial problem of control of semivolatiles in high-level liquid 
waste vitrification plants, gas cleaning in low- and intermediate
level materials handling and radioactive waste incineration with 
the specific challenging treatment of the emissions. Gas treatment 
technology for nuclear power plants however received particular 
emphasis in a recent Technical Reports Series document with another 
to be published soon to cover the abnormal operations contributing 
to the information supporting vital decisions in many Member States 
on controlled venting of reactor containments under severe accident 
conditions. 

II. Gas Treatment Studies 

Krypton-85 Retention 

IAEA activities on this fission product noble gas radioisotope 
(half-life 10.8 y, beta-0.25 MeV, gamma-0.002 MeV) in the nuclear 
fuel cycle were focused and substantially completed with the early 
issue of a Technical Reports Series entitled Separation, Storage 
and Disposal of Krypton-asC4). 

Nearly all the inert isotope is discharged to the atmosphere in 
reprocessing and the growth of nuclear power as then envisaged led 
to corresponding concern that the accumulation in the atmosphere 
and the consequent global impact would increase greatly without the 
commercial scale application of techniques for separation and 
retention. 

The ~eport quantified the emission sources, concentrating on 
the major arisings in fuel reprocessing but also considered reactor 
off-gases. The methods and concepts for immobilisation, storage 
and disposal were reviewed with regard to the radiological 
hazards. It was concluded that economic commercial scale retention 
and disposal required further R&D to adapt ordinary cryogenic 
separation technologies. Advanced concepts including ion 
implantation process into metallic matrices were developed and 
demonstrated for safe decay storage. , 

The Member States with legislation specifically limiting 85Kr 
emissions (making retention required in large scale reprocessing) 
are not currently engaged in such reprocessing operations. Present 
operating or early commercial reprocessing plants do not have 
routine 85Kr separation and immobilisation units installed. Some 
further development and design remains outstanding before change in 
industrial practice can be reali~ed. 

Tritium Removal and Handling 

In the ·context of the IAEA programme commenced in the late 
1970's attention to the isotope was directed to concentration and 
separation techniques for tritiated effluents. 
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Tritium (half-life 12.3 y, beta-0.006 MeV) is formed in reactors 
through ternary fission and neutron activation of deuterim, lithium 
and boron in coolants, canning or control components. Tritiated 
water contamination of effluents is caused particularly from heavy 
water reactors and reprocessing plants unless especial measures are 
taken. 

The Technical Reports Series document reviewing the need for 
controls and the technologies available was published in 1981(5). 
Continued developments in separation equipment recovery operations 
and immobilisation process designs were recommended. Techniques 
for on-line monitoring were not regarded as entirely satisfactory. 
Subsequent review of strategy and techniques based on the ongoing 
national and international programmes was recommended. The final 
report on the Co-ordinated Research Programme on the Handling of 
Tritium Contaminated Effluents and Waste was published in 1984(6). 

Present operating or early large scale commercial reprocessing 
plants have not applied the voloxidation or isotope enrichment 
process examined in the first report. The process options based on 
recycle of tritiated liquid streams in reprocessing to confine the 
isotope in highly active head-end and HLW acid recovery operations 
have been importantly progressed· for some plants: However, many 
drawbacks foreseen in the IAEA reports have been confirmed so that 
the advances in tritium management in reprocessing plants to 
achieve isolation and immobilisation of this radionuclide have not 
progressed to commercial application. 

Iodine Removal and Treatment 

The management.of radioiodine was evaluated by IAEA expert 
groups in two main directions namely the control of short-lived 
isotopes principally 13lr (half-life 8 d) of concern in reactors 
and the control of long-lived 1291 (half-life l.7xlo7 y) of 
concern in· emissions from reprocessing plants. 

Activities relating to the management of 1311 were reported 
first in 1980(7) where methods arid scenarios applicable in normal 
and emergency situations were examined by a Technical Committee. 
Management of 1291 in operations at reprocessing plants was also 
reviewed considering the technical means of retention, immobilisa
tion, storage and disposal with regard to the radiological hazards. 
Subsequently the subjects of treatment, conditioning and disposal 
of 12gr including the aspects of management in the contents of 
unreprocessed spent fuel were reported some seven years later in an 
IAEA technical reportC8). This took into account the advances in 
options and the detailed radiological studies in the interim. 
Control of gaseous emissions through technologies which can be 
applied to reprocessing dissolver operations was examined. 
Adsorption or absorption methods were recommended to control doses 
from gaseous emissions to local populations to safe levels. 
Alkaline scrubbing of dissolver off-gases was concluded to be an 
effective gas treatment dependent upon the rigorous limitation of 
organic material in the dissolving process. The organics 
limitation in turn influences the recycle of recovered nitric acid 
and the management modes to be adopted for 3H control. 
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Semivolatiles Treatment 

·The contaminants in gaseous effluents from nuclear facilities 
usually consist of particulates and gases. However, under some 
circumstances semivolatiles may arise and not be adequately trapped 
by common devices. These include isotopes of selenium, technetium, 
ruthenium, antimony, tellurium and caesium. A technical report 
considered the arisings and control in fuel cycle facilities under 
normal conditionsC9). Ruthenium was shown to be the most 
important semivolatile contaminant arising under acidic oxidizing 
conditions in highly active reprocessing stages and within high
level liquid waste solidification plants. Ruthenium volatilization 
phenomena were reviewed corresponding to low temperatures involved 
in high-level liquid waste evaporation and to high temperatures 
corresponding to subsequent calcination and vitrification. 
Experience was examined in detail on ruthenium control in gas 
'treatment processes for high-level waste treatment plantso 

III. Examinations of Gas Cleaning Systems 

High-Level Liquid waste Conditioning 

Member States have undertaken substantial research and 
development programmes to achieve the removal of volatilised fission 
products occurring in nitrogen oxide laden off-gases during the 
immobilisation of high-level liquid wastes. A Technical Committee 
reviewed the design and performance of the typical systems and 
equipment used in the advanced high-level waste treatment plants to 
lead to publication of a technical report in 1988(10). 

Facilities Handling Low- and Intermediate- Level Radioactive 
Materials 

The number of developing Member States constructing new 
facilities for production and processing of radioisotopes is 
increasing, making important the provision of the latest 
comprehensive information on design and operation of suitable 
off-gas cleaning and ventilation systems. The Technical Reports 
Series representin~ the results of an Advisory Group Meeting was 
published in 1988( 1). 

Radioactive Waste Incinerators 

Treating combustible wastes by incineration potentially leads 
to the highest volumetric reduction, at the same time converting 
the waste to inorganic stable re~idues which may be easily 
immobilised for geological disposal. The overall advantages of the 
process are however often not achieved in problematic installations. 
Secondary wastes including liquid effluents from gas treatment and 
filters, maintenance and decommissioning wastes arising owing to 
corrosive off-gas conditions may require to be.taken into account. 
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The incinerator may have to burn a wide range of wastes of 
variable composition (eg. low or high PVC content, halogen, nitrate 
or sulphur constituents) so that the selection of incinerator/
off-gas treatment combination has proved complex. To provide 
essential comprehensive guidance especially for developing Member 
States, the IAEA sponsored a Technical Committee Meeting in 1984 
which was concluded in an appropriately detailed Technical Reports 
Series in 1989(12). 

Testing and Monitoring 

A Technical Reports Series reviewing methods, techniques and 
equipment for testing and monitoring of particulate filters, iodine 
sorption systems and noble gas delay systems in nuclear power plants 
was issued in 1984(13). Most test methods were applied only to the 
nuclear power plants but many methods were applicable to corres
ponding systems in other nuclear facilities. No international 
consensus was determined regarding the use of a particular method 
as standard or regarding distinction of criteria between accident 
or normal conditions. Test methods were regarded as requiring 
development to become capable of demonstrating compliance with 
accident criteria. 

A Co-ordinated Research Programme (CRP) on Comparison of Test 
Methods for High Efficiency Particulate Air Filters (HEPA) 
terminated in 1982(14). Continuing concern regarding difficulties 
in assessing the HEPA performance and iodine adsorbers during 
accident conditions led to the initiation of a further CRP on 
Retention of Iodine and Other Radionuclides in Nuclear Facilities 
during Abnormal Conditions. Large components of the programme 
running from 1983-1988 were necessarily concerned with development 
of appropriate sensitive test methods for HEPA filters and iodine 
adsorbers under high temperature, humidity and radiationC15). 
Comparison of results from existing HEPA tests under ambient 
conditions on filter media from a single source with efficiencies 
less than 99.99% showed no contradictions. Rig methods were 
developed to indicate that HEPA performance levels for a glass 
fibre filter material were maintained up to 3oooc. Beyond that 
stage commencement of reduced performance and physical 
deterioration was observed. The· high temperature testing was based 
on silica or metallic aerosols and further development was proposed. 

Particulate Filtration in Nuclear Facilities 

Removal of particulate radioactive material by fibrous filters 
from the atmospheric exhaust is an essential feature of virtually 
all nuclear installations. A Technical Committee Meeting was held 
in 1988 to produce a comprehensive 'state-of-the-art' guide to 
design background, operation, installation, maintenance and testing 
of nuclear air cleaning filters. Particular emphasis is placed on 
High Efficiency Particulate Air filters (HEPA) because of the great 
utility, although other equipment types are given thorough 
coverage. The immediately impending technical reportC16) will 
succeed the important report on air filters for nuclear facilities 
widely used since 197oC3J. 

640 



21st DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

Design of Systems at Nuclear Power Plants for Normal and Abnormal 
Conditions 

An expert review of the design principles of off-gas cleaning 
systems for nuclear power plants {NPP) was commenced at an Advisory 
Group Meeting in 1983 and was concluded in a Technical Reports 
Series in 1987(17). 

Because of the large inventory of fission products in the fuel · 
(Sx109 GBq/GW(e) y) and increasingly demanding airborne 
radionuclide release limits by Member States, air and process 
off-gas cleaning technologies were progressing rapidly. Recovery 
efficiencies were improved whilst at the same time meeting concerns 
following the TMI accident requiring smaller probabilities of 
malfunction. The report identified and quantified airborne 
arisings, reviewed status and trends in design for normal operation 
and design basis accidents and gave comprehensive guidelines for 
design of off-gas and air cleaning component and systems for 
NPP's. Aerosol filtration operations, iodine retention processes 
and noble gas delay systems were examined for LWR's and other types 
of reactors. 

The trends of the decade necessitating .successful handling of 
airborne radionuclides during even the least probable but most 
severe reactor accidents were reflected, when following the IAEA 
CRP on extending gas treatment technology(l8), an Advisory Group 
Meeting was held late 1989. The objective of the last of the 
series of activities in the decade was a critical review of the 
design strategies and complex interfaces for the successful 
mitigation of the consequences from airborne radionuclides in the 
spectrum of abnormal operations up to severe accidents for NPP's. 
The report will be completed in t~e present year. 

IV. Conclusions 

The IAEA activities in the field of gaseous radioactive waste 
management continued through the 1980's at the high-level reached 
from 1978 on. Resurgent emphasis arose initially largely from two 
directions: firstly from the aftermath of the accident at Three 
Mile Island with demand for new and imp??'Oved systems of increased 
safety, reliability and efficiency particularly in abnormal 
operations and; secondly from the environmental assessments of the 
early 1970's which highlighted the relative radiological impacts of 
the long-lived ubiquitous gaseous fission products 3H, 85Kr, 
and 129r which are emitted in normal operations from power 
reactors and·reprocessing facilities. 

Activities related to the lat·ter were backed by development, 
essentially leading by the mid-decade to practicable industrial 
scale systems for retention of 129r which have impacts judged to 
be the most significant. The activities related to the former were 
further reinforced by the aftermath of Chernobyl particularly in 
mitigation measures for controlled venting of power reactor 
containments in severe accidents. Limited IAEA activities in this 
direction continue into the next decade and with some development of 
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gaseous radioactive waste treatment systems to attain increased 
reliability and efficiency in accident conditions. 

Nuclear gas cleaning technology was successfully established 
during the 1950's and fundamental changes and innovations have 
since remained steadily· progressive. Normal development by 
manufacturers has been successful in maintaining the status of some 
equipment, the HEPA f_ilter representing a notable example. The 
extension of related IAEA activities in the next decade beyond the 
objective of more robust, passive systems based on present 
technology may depend upon unforeseen innovations linked with 
development of new reactor concepts. 
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CLOSING COMMENTS OF SESSION CO-CHAIRMAN REINERT 

From John's paper I think I learned that not everybody has a timely response to guidance and I 
don't think that is unique to the NRC. All of us know that it exists in almost every area. The important 
thing that Ron Bellamy told me is he was going to have a draft out by Labor Day. The Guide doesn't 
apply to me at DOE but I am going to hold him to it. However, if you noticed he didn't say 1990, just 
"Labor Day". From Jeff Plumb I learned that the IAEA are prolific compared to some of the other 
agencies. In some ways, that is good but I hope DOE, in particular, doesn't do things like that in the way 
of standards. We have enough trouble going with the ones they have given us. 
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In cases of nuclear emergen~ies it is the primary task of emer

gency response forces and decision making authorities to act 

properly. Whatever the specific reason for the contingency may 

be, a g_ui~k and m2at_g_q_c~~g,_~~ estimate of the radiation exposure 

in consequence of the emergency must be made. This is a ne

cessary prerequisite for decisions on protective measures and 

off-site emergency management. 

With respect to this fact and the recent experience of the Cher

nobyl accident, remote monitoring systems have increased their 

importance as an inherent part of environmental surveillance in

stallations in the FRG and in other countries. The existing 

systems in Germany are designed to cover both, routine operation 

and emergency situations. They provide site specific meteorolo

gical data, gross effluent dose rates, and dose rate measure

ments at on-site and approximately 30 off-site locations in the 

vicinity of a plant. Based on such telemetric surveillance net-
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works an advanced automatic on-line system named CAIRE (~omputer 

h.I.ded Re~.ponse to Emergencies) has been developed as a reC!]. •time_ 

emergency response tool for nuclear facilities. This tool is de

signed to provide decision makers with mp.st relevant radiation 

exposure data of the population at risk. 

All dose assessment models currently used in cases of emergen

cies are associated with appreciable uncertainties. Due to error 

propagation these uncertainties · may lead to increasing diver

gence between model 'calcuH1tions and reality with increasing 

duration of the event if the calculations are not controlled by 

environmental measurements. 

In order to minimize this deficiency CAIRE allows the continuous 

_f;,_1;~.Q..::Qack, of current measurements of environmental impacts into 

diagnostic calculations for bringing measurements and calculati

ons into best correspondence. 

This is the main advantage of CAIRE comP.ared to conventional 

emergency systems and it results in both, a consisten.t actual 

interpretation of a bulk of single measurements of dose rates 

and/or activity concentrations, and a more realistic set of mo

del parameters. Subsequently these parameters are used as input 

data for the evaluation of actual dose commitments and projec

tions of them by means of real-time calculation. 

A second advantage is a more realistic assessment of the source 

term if in-plant dose rate measurements are not available due to 

emissions out of leckages, e.g. In such cases the assessment of 

the source term can be based on off-plant dose rate measurements 

located on the. ground within a source distance betw.een 200 and 

300 m. 

A further advantage: CAIRE can also be operated as ·a simulator 

for personnel training and emergency response exercises. 

The development phase of CAIRE has already been finished. CAIRE 

is now in an operational status and available for applications 

in emergency planning and response. 
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In cases of nuclear emergencies it is the primary task of emer

gency response forces and decision making authorities to act 

properly. Whatever the specific reason for the incident or the 

accident may be, g_t~,i_ck and IDQ§...t_ .. .e,cq_y;i;-_at_g analyses of the actual 

and future exposure situation in the endangered area must be 

made. This is an unalterable prerequisite for appropriate pro

tective measures in due course. 

With respect to this, model calculations have the advantage to 

supply consistent interpretations of possible radiation impacts 

in consequence of an emergency. Thus they do be able to improve 

decision making significantly. The use of model calculations as 

a basis for decision making processes, however, is not satisfac

tory. This is the case for two reasons. First, their assessment 

certainties are limited, and, second, the results of model cal

culations can only be relevant for decision making if they are 

supplied in .~~S!J::t..;tm.$... 

If we assume a bandwidth of about one order of magnitude to dif

ferenciate between various possible protection measures, such as 

• sheltering, 

• ingestion of iodine tablets, 

or 

• evacuation, 

the assessment certainty of model calculations must be signifi

cantly smaller. 
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This requirement, however, cannot be obtained by model calcula

tions alone. 

On the one hand this is caused by the limited assessment cer

tainties of partial models of Fig. 1. On the other hand, due to 

error propagation the assessment certainty of model calculations 

may principally decline with increasing duration of the emer

gency. Hence, the deviation between model calculations and re

ality may grow uncontrolled. This is the case for each model 

calculation if it is not made conform to the true situation from 

time to time. 

With respect to the partial models, Fig. 1 shows the greatest 

uncertainty for the assessment of source terms (up to 4 orders 

of magnitude). This uncertainty is not in contradiction to the 

variability of real emissions caused by the nuclear accidents in 

Harrisburg, Windscale and Chernobyl, cf Tab. 1. 

Bandwidth of real emissions during nuclear ac
cidents 

Released Total 
I-131 Cs-137 

Activity {Bq) 

Harrisburg <a> 6. 3 x 1011 very small 
amounts 

Windscale <b> 7.4 x 101 4 2.2 x 1013 

Chernobyl ( b ) 1.7 x 101 8 8.9 x 1016 

<a> Facility with containment 

<b> Facility without containment 
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CONVENTIONAL WAY OF 

DOSE PROJECTIONS 

Source Term 

Evaluation 

Radionuclide 
Dispersion in Air 

· Projection 
Uncertainties 

4 
up to 10 

2 
up to 10 

Precipitation - -
Cloud Shine 

Evaluation 

,, 

,, v 

Ground Shine 

Evaluation 

Assessment of 

Absorbed Doses 

Assessment of 
.. Dose Equivalents 

2 
up to 10 

3 
up to 10 

up to 30 

Fig.: 1 

Uncertainties involved 
in dose assessments for 
the early phase after 

nuclear accidents 
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In contrast to this, the inherent uncertainties of the other 

partial models, for atmospheric dispersion and deposition as 

well as for the dose evaluation models, are of lower importance. 

Because of the deficiencies of model calculations explained 

above, one may conclude to base decisions preferably on measure

ments of dose rates and activity concentrations both, in air and . 
on the ground. 

But even this is not satisfactory. In fact, measurements are 

free of greater uncertainties. Their decisive disadvantage, how

ever, is the fact that they are only available after activity 

has been released to the environment. Difficulties in decision 

making processes are also raised by the fact that measurements 

are only available at discrete, possibly less representative 

points. Additionally, the measurements are not necessarily syn

chronized, and usually comprehend only single exposure pathways. 

Moreover, in cases of superposition of several· radiological ef

fects it is difficult to accomplish equivocal associations. 

Thus, an optimal real-time evaluation of a growing amount of 

measurements, differnet in their physical character and taken at 

various locations and time periods is hardly possible without 

support of interpolating model calculations. This is especially 

true with respect to the psychological stress to which decision 

makers may be exposed in real emergency situations. 

Apart from the real-time problem, the advantages and disadvanta

ges of model calculations and measurements are essentially com

plementary. It is self-su~gesting, therefore, to merge the two 

decision aids in su~h a way that the deficiencies of each aid 

are compensated and all available information is used in the 

best way possible. 
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This combination can be realized by a systematic and continous 

f_e~dbg_gk of actual measurements into diagnostic model calcula

tions in order to bring calculations and measurements in best 

correspondence, and to supply consistent information about the 

actual exposure situation in the endangered area. Additionally, 

this procedure also forms the best bases for further projections 

of the radiological situation. 

As mentioned before already, decision makers do not wait. There

fore, all decision relevant information have to be supplied in 

r~al.-J;:.im~, i.e. before any decision is necessary and before 

significant changes of the radiological situation may accur. 

In order to meet the main objectives (feedback and real-time) 

explained above an advanced emergency guidance system for real

time applications and personnel training, named CAIRE (~omputer 

b_Jded Response to ~mergencies) , has been developed. It is an 

emergency response tool originally based on a feedback procedure 

in connection with telemetric networks. It can also be operated, 

however, with the aid of field team measurements and a combina

tion of both. 

The main tasks of CAIRE are diagnoses and·projections of radia

tion exposure, guidance of field teams and personnel training 

for exercise purposes. These objectives have been realized in 

two steps: 

First, in a feasibility study [1] it was shown that on-line 

model-based consistent interpretation of surveillance measure

ments. by feeback of them into model calculations is possible in 

real-time. Appropriate numerical tools had been developed to 

meet the objectives of sufficiently fast convergence of the ad

aption procedures, and the accomplishment of considerable reduc

tion of uncertainties in emergency dose projections, cf. [2], 

[ 3] . 
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All calculation procedures developed within the scope of the 

feasibility study mentioned above, however, necessitated an ex

pensive high capacity computer to remain them within the obliga

tory real-time period of 10 minutes. This was a serious defi

ciency with respect to practical application of the system in 

monitoring networks. 

Therefore, a second step of development was iniciated in order 

to meet the following principal objectives: 

• evaluation of an operable feedback system 

and 

• optimization of the existing software and hardware to 

accomplish real-time and economic requirements. 

Refering to the explanation of feedback in chapter 1, CAIRE has 

a special software modul, where the integration of measurements 

of activity concentrations, dose rates and/or ground contamina

tions into model calculations takes place, cf Fig. 2. Key ele

ment of this modul is the iterative· adaption procedure being 

illustrated by the control circle in Fig. 2: Starting with 

initial values of model parameters for each time step, the 

system systematically adapts the calculations of absorbed doses 

to the corresponding measurements. This is done by variation of 

the model parameters until the difference between calculated and 

measured values becomes a minimum. The variations are automati

cally executed on the basis of a particular variation strategy 

considering the rank of sensi ti vi ty of each parameter. This 

strategy distinguishes between the assessment of the source term 

and the determination of other dispersion and deposition parame

ters. 

First, the source term can be ass.es:;ed by detecting gamma rays 

at monitoring stations near the plant within 200 m to 300 m of 
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distance. This assessment is independent of the meteorological 

dispersion model used and the current weather situation, because 

the mean free path way of the decisive photons in air is in the 

range of hundred meters. 

Our numerical experience shows, that 5 stations in a source 

distance of 200 m to 300 m are enough to determine the source 

term within an accuracy of one order of magnitude. 

In a second step of the variation strategy the rest of the model 

parameters is evaluated by adapting the calculated values of 

dose rates and activity concentrations to the corresponding 

measurement values. In doing so the strategy also ensures.that 

physical contradictions with respect to the finally selected set 

of parameters are avoided. 

The adaption procedure is repeated each time step and results in 

both, a consistent actual interpretation of a bulk of single 

measurements, and a more realistic set of model parameters, 

including the source term. Subsequently these parameters are 

used to evaluate actual dose commitments of population at risk. 

Based on this dose projections can be calculated. 

The outputs of these calcu1·ations are supplied in form of color 

graphics, tables and guidance information for field teams. Addi

tionally, all emergency data are stored for perpetuation of evi

dence, and later investigations. 

The accomplishment of real-time calculations was possible under 

the following main conditions: 

• choice of an analytical puff-trajectory dispersion 

model for describing the time-dependent activity con

centration in air and subsequent ground deposition, 
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• analytical approximation of the necessary time and 

volume integrations to evaluate gamma - submersion 

doses, 

a use of parallel processors, called transputers, for 

enlarging the computation capacity. 

For the selection of an instationary air dispersion and deposi

tion model allowing for changing weather conditions a lot of 

more or less complex, numerical dispersion models were available 

which could principally be applied in this connection. The re

quirement, however, to keep the computational time within the 

permissible scope of 10 minutes, severely restricted the number 

of convenient models. Therefore a quasi-instationary analytical 

Gaussian puff-type dispersion model is used as a reasonable ap

proximation to solve the problem. This model has been developed 

by GEISS et. al., cf. [4] and [5]. Its analytical character 

allows relatively short computation times. 

A further condition to realize the real-time calculations in 

CAIRE was a substancial reduction of computing time for the eva

luation of the cloud shine factor. This aim was obtained, first, 

by quasi-analyticai integration over a cloud configuration being 

maximally combined by 50 single Gaussian puffs. 

Second, for the integration over the exposure time a procedure 

has been developed allowing the evaluation by using 3 to 7 

bases, generally. The resulting accuracy for this procedure lies 

between 10 and 20 %. 

Compared to the former conventional numerical solution of the 

volume and time integral the new procedure allowed an accelera

tion of computing time of about 4 orders of magnitude. 

Even this enormous reduction of computing time was not suffi

cient to supply all necessary calculations, tables and graphics 

in real-time. Therefore a third condition concerning the hard

ware had to be satisfied. 
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A realization on main frames was out of question because of 

their expensiveness and relatively low availability due to their 

multi-user operation systems and the obligatory long distance 

data transmissions. 

A solution of the problem on a micro computer in connection with 

a net of transputers, however, had the advantage, to be reaso

nably prized and shows high availability. Beyond this, the com

plete system of software and hardware forms a complete self-con

tained unit which can be individually designed for each user. 

In order to take sufficient profit of the application of trans

puters it was necessary to considerably parallelize the calcula

tion procedures. This leads to a further advantage of transputer 

applications. As the data processes are not bound to certain in

dividual transputers, it is possible to enlarge the transputer 

net with the objective of accelerating the calculation or the 

graphic processes in order to keep them within real-time. 

The application of transputers resulted in an additional de

crease of the computation time of about one order of magnitude 

so that, over all, 5 orders of magnitude have been obtained to 

meet the real-time requirements of CAIRE. 

Complex decision making processes in emergency situations, with 

most of the decision makers under extreme psychological stress 

and pressure of time, can significantly be improved by support 

of real-time feedback systems. This is the case, first, because 

systematic feedback of ac;:tual measurements into the analytical 

calculations ensures more accurate diagnoses of the actual ex-

po sure situation in the endangered area, and hence form the best 

possible basis for dose projections. Second, the results of the 

analyses of the system are available within time periods suffi-

ciently short to contribute to reducing the load of time pres-

sure to decision makers. 
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These improvements have been accomplished for the first time in 

the advanced emergency guidance system CAIRE, which can also be 

used for personnel training. The system is operable now and can 

either be directly connected to telemetric networks being in

stalled around nuclear power plants or adapted to the procee

dings of mobile field teams or a combination of both. It checks 

and processes all input data both, on-site and off-site, and 

supplies all decision-related results in a sufficiently conden

sed user-orientated manner. 

For the time being CAIRE shows good performance for cases of 

simple orographic terrain up to source distances of about 30 km. 

In cases of more complex orography the dispersion model used has 

to be completed, at least by a wind field model in order to con

sider the iIJ.fluence of hills, mountains ~nd valleys. This in

creases the number calculations and thus the computation time 

substancially. Appropriate performance tests are under way. 
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DISCUSSION 

BELLAMY: I would like to ask Mr. Braun if a copy of this computer simulated code would be 
available to us here in the United States, and if so how would we go about getting hold of a copy of it? 

BRAUN: Principally the computer code is available in the United States. H there is real interest 
on your side, please, directly address either to me or Brenk Systems Planning, Heinrichsallee 38, D-5100 
Aachen, FRG. 

DO~ON: I want to ask about the meteorology. You mentioned that the model is useful after 
about 30 kilometers. Do you have provisions to enter a changing meteorology in the region or do you 
only have one meteorological station to represent the whole area? 

BRAUN: I think the validity of the model for source distances greater than 30 km is a 
misunderstanding on your side. I mentioned that the meteorological dispersion model is a Gaussion
Puff-Trajectory model. The model is used in correspondence with the monitoring network around the 
nuclear power plants, usually up to source distances of 30 km. It is not a regional dispersion model. 

With respect to your question concerning the meteorology: the model allows for 
changing weather conditions. In cases of simple flat terrain one meteorological station may be sufficient. 
For more complex terrain more than one station can be incorporated in windfield calculations. 

DORON: So you have to use a model to get the wind field? You cannot enter meteorological 
data from different points in the field? 

BRAUN: Meteorological data from more than one meteorological station can be incorporated 
in wind field evaluations. The number of available meteorological data depends on the site where the 
system CAIRE is used. 

SCHOLTEN: I am sure that is a good program, but you need a very complicated computer system 
for CAIRE and also input from outside. Would it not be better to have a simpler code so that you can 
use a P.C. system that you can find in any average working office? 

BRAUN: First: the system CAIRE does not need any main frame computer. It simply runs on 
a P.C. extended by transputers. 

Second: the measurement input from outside is supplied by already existing telemetric 
networks. Thus the code is used, in a first step, for diagnostic purposes, i.e., the diagnostic calculations 
incorporate all measurements from various locations and various time intervals to interpret them in a 
comprehensive form with respect to the value of object, the equivalent dose. In this way it is made sure 
that the calculations reflect the real actual exposure situation as exactly as possible. Among others, this 
procedure allows to evaluate the source term only on the bases of emission measurements. This is 
important for otherwise undetected airborne leakage from the plant. This would hardly be possible with 
such a simple instrument you mentioned. 

SCHOLTEN: In the Netherlands we have simpler codes. You rely on a technical system. 

BRAUN: For decision makers the correct analyses of the actual and future exposure situations 
of the public is much more important than simple codes. 

SCHOLTEN: The point I am making is that your decision makers have to rely on sophisticated 
computers. Isn't it better to have simple codes that can be run on any kind of office computer? 
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BRAUN: What would your reaction be if the results of your simple code are completely different 
from the actual measurement in the field. A more sophisticated code with feedback technique, like 
CAIRE, is designed to make sure that this situation cannot happen. 

',•._ 
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Abstract 

A bimolecular reaction model containing the physico-chemical parameters of the adsorption and 
desorption was developed earlier to describe the kinetics of methyl iodide retention by activated carbon 
adsorber. Both theoretical model and experimental investigations postulated constant upstream methyl iodide 
concentration till the maximum break-through. 

The work reported here includes the extension of the theoretical model to the general case when the 
concentration of the challenging gas may change in time. The effect of short term loading followed by purging 
with air, and an impulse-like increase in upstream gas concentration has been simulated. 

The case of short term loading and subsequent purging has been experimentally studied to validate the 
model. The investigations were carried out on non-impregnated activated carbon. A 4 cm deep carbon bed had 
been challenged by methyl iodide for 30, 90,120 and 180 min and then purged with air, downstream methyl 
iodide concentration had been measured continuously. The main characteristics of the observed downstream 
concentration curves (time and slope of break-through, time and amplitude of maximum values) showed 
acceptable agreement with those predicted by the model. 
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· I. Introduction 

Physical adsorption plays an important role in the retention of gases and vapours by activated carbons 
even if the performance of the carbon was improved by special impregnants (eg. Kl or TEDA for the removal of 
methyl iodide). It is, therefore, important to unders~and and model the physico-chemical processes resulting in 
the retention of airborne contaminants. During the last two decades investigations have been performed on the 
dynamic character of gas adsorption on granular carbon adsorbents(1,2,3), experimental studies of the influence 
of various parameters have also been reported(4,5,6). Experimental investigations have examined charcoal 
performance for long term operation and within a wide range of conditions including those likely to be 
encountered following an accident(7,a). However, such experiments are limited in time and range of parameters, 
and therefore predictive models can be useful when assessing long term and post- accident behavior. 

A bimolecular reaction model containing the physico-chemical parameters of the adsorption and 
desorption has been developed to describe .the kinetics of methyl iodide retention on activated carbon(9,10). Both 
theoretical model and experimental investigations postulated constant methyl iodide loading till the maximum 
break-through. The work reported here includes the extension of the model to such cases when the 
concentration of the challenging gas changes in time, for example after a short loading period falls to zero, and 
the adsorbent is then purged with air. This case has been investigated experimentally and the results were 
compared with the model calculations. The model can also be used to simulate adsorber performance when 
more subsequent impulse-like inlet concentration changes occur, the results of such calculations are also 
presented. 

II. Theoretical Model 

Assuming that the adsorption mechanism can be represented by the reversible processes of adsorption 
and desorption, a bimolecular reaction model was developed to describe the kinetics of adsorption on activated 
carbon(9,10). At constant inlet gas concentrations, an analytical solution was found for low inlet concentrations 
and a cascade-type numerical method was used for calculations at higher inlet concentrations. 

Considering that the condition of constant inlet concentration represents a special case of the adsorption 
process it was necessary to develop the model for the general case when any change in inlet concentration 
(whether increase or decrease) may occur. 

Let E(z,t) be the concentration of the adsorbed gas molecules at the point z (measured from the inlet 
point of the adsorption column) and the time t. Furthermore let G(z,t) be the concentration of the propagating gas 
molecules at z and t and A(z,t) be the density of the active (adsorbing) sites. The evolution of .the system is 
governed by the following relations: 

a 
-E(z,t)= kFG(z,t)A(z,t)-k8E(z,t) at 

describes the adsorption-desorption process where kF and ks are the respective rate constants. The 
conservation of the adsorbing sites is expressed as 

A(z,t)+E(z,t)= A0 

(1) 

(2) 

where A0 is the density of the adsorber sites in the absence of adsorbed ga·s molecules. The system is initially 
(at t=O) 

G(O,t)=E(z,0)=0 (3) 

whereas the incoming gas-concentration is fixed as 
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G(O,t) = G0 (t) t > 0 (4) 

Finally the conservation of the gas molecules within the column is described by the equation 

z t 
I (E(z',t)+G(z',t)]dz' = v J (G0 (t') - G(z,t')] dt' (5) 
0 0 

where v is the velocity of the gas-flow in the column. The 1.h.s. of Eq.(5) gives the quantity of gas molecules 
residing within the section of the column between O and z at the time t, whereas the r.h.s. expresses the 
difference of the gas-quantities entering and leaving the same section. 

Differentiation of Eq.(5) yields: 

a a 
- [E(z,t)+G(z,t)] = -v -G(z,t) 
at at 

Transforming the coordinates as 

x = kFft.oZ/v , y = k8(t-Z/v) 

and introducing the functions F(x,y) by the relation 

ks(t-z/v) 

E(z,t) = A0 J F(x,y') dy' 
0 

Eqs. (1) through (6) transform to 

kF kr:Aozlv 
-G(z,t) = a(y) - I F(x',y) dx' 
k8 o 

and 

x 
F(x,y) = a(y) - I F(x',y) dx' 

0 
y 

- [1 +a(y)] I F(x,y') dy' 
0 

x y 

+ I F(x',y)dx' I F(x,y') dy' 
0 0 

where 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

the inlet gas concentration. Eqs. (8) through (10) describe the change in space and time of the concentrations in 
the column. For x=O and for y=O Eq.(10) can be solved analytically, e.g. 

F(x,O) = cx(O) e-X (12) 
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while in the general case the solution obtained numerically as follows. 

The independent variables x and y are discretized as 

Xj = i.(2t.\x) 
Yi= j.(21.\y) 

i=0,1, .... Nx 
j=0,1, .... Ny 

The following auxiliary quantities are defined: 

X1 

Aij = 1 + <X(Yj) - J F(x' ,yj) dx' 
0 

YJ 
Bij = 1 - J F(Xj,y') dy' 

0 

(13) 

(14) 

Approximating the integrals in Eqs. (10), (13) and (14) by the simple trapezoidal rule and neglecting the term t.\x 
t.\y Fi+1,j2 we have · 

Bi+1,j-1 = Bi,j-1 - t.\y (Fi+1,j + Fi+1,j-1) 

and 

(15) 

(16) 

(17) 

Eq.(17) is solved successively for every i at a given j value and repeatedly for increasing j's. The initial values 
F(i,O) and F(O,j) follow from Eq.(12) and the corresponding analytical solution for F(O,y). 

In the case of stepwise change in the inlet concentration, i.e. if 

Yk-1 <Y ~Yk (18) 

k=1,2, ... 

it can be easily seen that the function F(O,y) changes its values stepwise as 

(19) 

whereas at the time of constant inlet concentration. IX!< the function evolves as 

F(O,y) = exp[-(1+<Xt<) (Y-Yk-1H F(O,Yk-1) (20) 

Thus Eqs. (12), (15), (16), (17), (19) and (20) define a complete iterative solution of Eq.(10) and Eqs.{8) and (9) 
Sefl.!e for the reconstruction of the concentrations of interest in case of stepwise variation of the inlet gas 
concentration. 
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Ill. Experimental 

The investigations were carried out in a laboratory test apparatus described in Ref. 1 0. The test bed was 
filled with Norit RB 1.5 type non-impregnated activated carbon. The challenging gas was methyl iodide vapour, 
generated by evaporating liquid methyl iodide at controlled temperature and diluted by controlled air flow. The 
concentration of methyl iodide in the challenging mixture was 3.5x10-7 mol cm-3. The temperature of the methyl 
iodide-air mixture was 50°C, relative humidity was 50%, the temperature of the test bed was also 50°C. The bed 
depth was 4 cm, diameter 2 cm, face velocity of the air-methyl iodide mixture 3 cm s-1. The carbon was 
preconditioned at the above temperature and humidity up to constant weight (about 1 hour). After the desired 
loading period the carbon was purged with air of the same flow rate. The downstream concentration of methyl 
iodide was continuously measured by gas chromatograph during loading and purging. 

IV. Results and Discussion 

Results of the theoretical model 

As it is shown in section II, Eqs. (8) through (1 O) describe the gas concentration at any time and in any 
section of the adsorption column. From practical point of view the concentration at the end of the column (ie. the 
break-through) is of most interest, therefore the functioning of the model is demonstrated by calculating break
through curves in some typical cases. A computer code based on Eqs. (12) through (20) and the following set of 
parameters were used for the calculations: 

1.00 

0.50 

0.00 
0 

-

kF=4.0x103 cm3mol-1s-1 
ks=8.0x10-4 s-1 
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Figure 1. Calculated break-through at constant methyl iodide loading. Solid line: concentration of the 
challenging methyl iodide vs. time. Dashed line: downstream concentration of methyl iodide vs. time 

666 



Figure 2. 

21st DOE/NRC NUCLEAR AIR c·LEANING CONFERENCE 

1.00 - .................................... 1.00 

~ 
I 

E 
(.) 

0 
E 

'--' 
0 ..-
~ 

0.50 - ... 0.50 

0.00 

,,,,--------- ........ --
. ..;.· - .,.... 

I I I I I I I a I I I 

0 30 60 90 120 150 180 210 240 270 300 330 360 390 
T [min] 

Calculated break-through at 60 min methyl iodide loading followed by purging with air. Solid line: 
concentration of the challenging methyl iodide vs. time. Dashed line: downstream concentration 
of methyl iodide vs. time. Dotted line: break-through at constant upstream concentration (see 
Fig.1). 

The first special case is when the adsorption column is challenged by gas of constant concentration. The 
result of this process, shown in Fig.1, is the well-known break-through curve, determined by the above 
parameters and the inlet gas concentration(10) 

The second typical case is when the adsorber is being loaded during a certain time period and then 
purged with the carrier gas (eg. air). As it is shown in Fig.2, this process results in the delayed elution of the 
previously adsorbed gas (dashed line). The delay time, the maximum value and the duration of the discharge 
depends on the physico-chemical parameters, the concentration of the challenging gas and the loading time (in 
the given example 3.0x10-7 mol cm-3 and 60 min, respectively, see solid line). The dotted line shows the break
through if the loading was not interrupted at 60 min. 

In the third case the adsorber is continuously challenged and there is an impulse-like increase in the 
inlet gas concentration for a short time period. It can be seen in Fig.3 that the impulse-like loading of the 
adsorber does not have a significant immediate effect on the downstream concentration (ie. does not 
immediately influence the performance of the adsorber} but results in a sooner break-through (see dashed line} 
compared with the break-through in the case of constant inlet concentration (dotted line). 
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Calculated .break-through at constant methyl iodide loading with an impulse-like increase in 
upstream concentration between 20 and 40 min. Solid line: concentration of the challenging 
methyl iodide vs. time. Dashed line: downstream o;>ncentratlon of methyl iodide vs. time. Dotted 
line:break- through at constant upstream concentration (see Fig.1). 
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Calculated (solid line) and measured {dotted line} downstream concentrations of methyl iodide 
at 30, 90, 120 and 180 min methyl Iodide loading (curves No. 1, 2, 3 and 4, respectively). 
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It is to be remarked that the extent and character of the effect (eg. whether just a sooner break-through 
or a peak-type change in the downstream concentration or the combination of both) depends on the time point, 
duration and amplitude of the inlet concentration impulse. 

Comparison of the model with the experimental results 

In the course of the experiments the carbon bed was challenged by methyl iodide vapour till a certain 
time and purged with air afterwards. This procedure corresponds to the second case discussed in the previous 
section. 

The results of the experiments and the corresponding model calculations are shown in Fig.4. 

Curves No. 1, 2, 3 and 4 show the downstream methyl iodide concentration during 30, 90, 120 and 180 
min loading and subsequent purging, respectively. The dotted lines are measured concentrations divided by the 
Inlet concentration (G/G0}, whereas the solid lines show calculated curves. When calculating the theoretical 
curves the following procedure was performed: 

The values of parameters v, z and G0 were those set in the experiments (3 cm s-1, 4 cm, 3.5x10-
7mol cm-3, respectively). Ao was experimentally determined by measuring adsorption isotherms and using the 
Langmuir equation for the calculation (a more detailed description of this method can be.found in Ref.10). The 
value of Ao determined in this way was 2.sx10-s mo11cm-3. The values of kF and ks we~e then determined by 
fitting the iterative solution of Eqs. (8) through (10) on each measured curve, using the method of least squares. 
Finally, the curves shown in Fig.4 were calcula.ted using the averages of the four kf and ks values, respectively: 

kF= 4.0±0.8 x 1 os cm3mo1-1s-1 
ks= 9.0±1.0 x 10-4 s-1 

When comparing the measured downstream concentration curves with those calculated by the model it 
can be established that the model acceptably reproduces the main characteristics of the observed concentration 
curves (ie. the time and slope of break-through, the time and amplitude of the maximum value), taking into 
account the experimental error of kF, ks. A0 and G0 • A significant deviation can be observed between the 
measured anfl calculated curves at longer purging time, namely the elution of the adsorbed methyl iodide occurs 
faster than predicted by the model. This deviation exceeds the experimental error and needs further 
investigation, which may involve the extension of the model with some other processes (eg. pore diffusion, 
capillary condensation). 

V. Summarv and Conclusions 

A former bimolecular reaction model describing the adsorption kinetics of methyl iodide on activated 
carbonC10) has been extended to the general case when the concentration of the challenging gas changes in 
time. It is shown that the model can be used to predict the performance of charcoal adsorbers at constant 
upstream gas concentrations and also when the concentration changes in time. The .effect of short term loading 
followed by purging with air and an impulse-like increase in upstream concentration has been simulated. In the 
practice the former case corresponds to the conditions curing and after an accident, the letter case simulates an 
increased, short term adsorber loading due to temporary abnormal plant operation. 

The case of short term loading and subsequ~nt purging has been experimentally studied to validate the 
model. The acceptable agreement of the experimental results and model calculations shows that the model can 
be used to predict adsorber performance. The deviation observed between the measured and predicted data 
indicates the need for further development of the model. 

669 

,- ~:-- ('-r : .. ;, .i".':· 
:.-<- ·.;'-', 

,'·:.·/; 

•,•' 



_, ~··-----~--· -· 

21st DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

Acknowledgement 

The authors wish to thank Mr. J. Hargittay for his experimental work and discussions and Mr. 0. Lecz for 
excellent computer work. 

References 

1. Deitz, V.R. and Jonas, L.A., "Catalytic trapping of methyl iodide by beds of impregnated charcoal", 
Nucl. Technol., 37, 59 (1978) 

2. Jonas, L.A., Deitz, V.R. and Romans, J.B., "Desorption kinetics of methyl iodide from impregnated 
charcoal", Nucl. Technol., 48, 77 (1980) 

3. Grubner, 0. and Burgess, W.A., "Calculation of adsorption break- through curves in air cleaning and 
sampling devices", Environmental Science Technology, Vol.15, 1346 (1981) 

4. Deuber, H., Gerlach, K., "Laboratory tests of activated carbon for methyl iodide retention: influence of 
various parameters", IAEA Seminar on the testing and operating of off-gas cleaning systems at nuclear 
facilities, Karlsruhe, 3-7May1982, IAEA-SR-72134 

5. Shiomi, H., Yuusa, Y., Tani, A., Ohki, M. and Nakagawa, T., "A parametric study of removal efficiency 
of impregnated activated charcoal and silver zeolite for radioactive methyl iodide" Proc. 17th DOE 
Nuclear Air Cleaning Conference. Vol.1, 19.9 (19B3) · 

6. Billinge, B.H.M. and Broadbent, D., "The effects of temperature and humidity on the ageing of TEDA 
impregnated' charcoals", Proc. 20th DOE/NRC Nuclear Air Cleaning Conference, Vol.1, 572' (1989) 

7. Vikis, A.C., Wren, J.C., Moore, C.J. Fluke, R.J., "Long-term desorption of 131-1 from Kl-impregnated 
charcoals loaded with CH31, under simulated post-LOCA conditions", Proc. 18th DOE Nuclear Air 
Cleaning Conference, Vol.1, 65 (1985) · · 

8. Wren, J.C. and Moore, C.J., "Long-term desorption of CH3t from a TEDA-impregnated charcoal bed 
under post-LOCA conditions" Proc. 20th DOE/NRC Nuclear Air Cleaning Conference, Vol.2, 1117 
(1989) 

9. Friedrich, V., Lux, I., "Theoretical and experimental study of the adsorption of radioactive gases on 
continuous flow columns" J.Radioanal.Nucl.Chem., Letters 93, 5, 309 (1985) 

10. Friedrich, V.,' "Kinetic studies of the retention of radioactive gases by activated carbon adsorbers", 
Proc. 20th DOE/NRC Nuclear .Air Cleaning Conference, Vol.1, 512 (1989) 

670 



21st DOE/N.RC NUCLEAR AIR CLEANING CONFERENCE 

MATHEMATICAL MODELS FOR CHANGES IN HEPA FILTER PRESSURE DROP 

* CAUSED BY HIGH AIR HUMIDI";l'Y 

1C. I. Ricketts, 1M. Schneider, and J. G. Wilhelm 

Kernforschungszentrum·Karlsruhe GmbH 
Laboratorium fur Aerosolphysik ~nd Filtertechnik II 

Postfach 3640, D-7500 Karlsruhe 1 
Federal Republic' of Germany. 

1Consul tant 

Abstract 

• ' t ' • • • 
Possible high a~r hum~di ties resulting from~ an aCJcident in a 

nuclear installation threaten the integrity of HEPA filter units in 
the facility air cleaning systems. Field surveys indicate that filter 
units continue to be exposed to adverse humidities -in routine service 
despite the developmen~. of moisture countermeasure~ •. 

One of the detrimental consequences of expo~ure to high air hu
midity is an increase in filter pressure drop. Reported failures due 
to a tearing of the filter medium partly result from elevated struc
tural loadings imposed by AP increases. The.extent to which filterAp 
varies with airstream co~ditions can be used to help calculate safety 
margins for filter units during normal and upset operations as well 
as during postulated accidents involving high air humidity. 

Studies of humidity-related changes in pressure drop were 
carried out to help explain structural failures in routine service 
and to obtain the empirical data needed to numerically model flow 
dynamics in air cleaning .systems under accident conditions. Tests 
were performed on full-scale filter units under fog conditions and on 
samples of filter media at humidities up to 99% ~· 

Test results show that typical changes in AP can be mathemati
cally modeled by a number of time functions having coefficients that 
can only be determined empirically. Regression analysis is used to 
establish the ·coefficients for specific filter units and dust 
loadings tested under the operating conditions of interest. Compari
son of measured and calculated increases in pressure drop for clean 
filter units under fog conditions show that good agreement can be 
obtained with coefficients determined as relatively simple functions 
of the airstream velocity and liquid water content. 

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

Ventilation and air-cleaning systems provide for the thermal 
comfort and the health safety of working personnel in industrial and 
laboratory facilities that contain hazardous or toxic radioactive 
materials. The air cleaning systems (ACSs) also help to prevent the 
release of contaminated airborne particulates and gases to the sur
rounding environment. The required extremely good particle removal 
efficiencies at relatively low pressure drops are made possible by 
the use of High Efficiency Particulate Air (HEPA) filter unitsC1 • 2>. 

Particularly in power reactor facilities, minimum system air
flows are required - in order to maintain pressure differentials 
between confinement zonesC3 >, to remove the decay heat from iodine 
adsorbersC4 >, as well as to cool electrical equipmentC5l. To ensure 
that airborne radioactive particles do not escape containment 
barriers, it is also crucial that the HEPA filter units remain free 
of leaks. 

The presence of liquid water within the matrix of typical glass 
fiber HEPA filter media can not only reduce system airflow to below 
the design minimum but can also lead to tears in the filter medium 
itself. As a consequence, iodine desorption, pressure differential 
inversions, or the failure of ACS controls or electrical components 
become possible. Not to mention potentially large decreases in HEPA 
filter removal efficiency. The end result can be an escape of 
airborne radioactivity to less contaminated areas or to the environ
ment. 

Moisture Countermeasures and Their Shortcomings 

Since the adverse effects of moisture on filter performance 
could quickly lead to a loss of containment, liquid water is one of 
the more stringent possible challenges from which HEPA filter units 
in nuclear service must be protected. This protection is based not 
only o~ the treatment of the airstream to prevent filter exposure to 
moisture, but also on the use of moisture-resistant construction 
materials to minimize the detrimental effects of inadvertent 
exposure. Airstream humidity can be reduced to a safe level upstream 
of HEPA filters by the use of droplet separators and air heatersC3 l. 
Water repellant filter media CGJ and qualification tests in standards 
for new filter unitsC7 .s> are intended to inhibit failure should 
filters nevertheless become wet for brief periods of time. 

The realizations of these countermeasures, however, have not 
entirely eliminated incidents of filter malfunction or failure 
related to moistureC9

-
12>. This indicates that filter uni ts are still 

being exposed to sensible moisture and that filter construction 
materials, the medium in particular, remain yet sensitive to its 
effects. Reported exposures and subsequent failures, most of which 
occurred during normal operations, can have several of a variety of 
possible causes. 

The potential sources of moisture within the containment 
boundaries are numerous. The inlet air itself, the reactor coolant, 
fire sprinkler or containment spray-injection systems, and even 
ground waterC3 > are among these. In addition to equipment failures, 
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cases of filter exposure to liquid water have been attributed to 
errors in the design, the installation, the operation, as well as the 
maintenance of air cleaning systems or ACS components<3 .i3 - 16>. Uncer
tain is whether report~d incidents could be related to regulatory 
guides that do not specify minimum performance characteristics for 
mandated droplet separators<0> ·or those that do not require them at 
all <17>, for ACSs in service during normal operations. 

Once liquid water appears at f il. ter uni ts, pe~formance 
degradations intended to have been essentially eliminated by water 
repellancy treatments and filter qualification standards can occur 
nonetheless. For instance, filter medium water repellaricy can be 
significantly reduced by dust loading<10- 20>, creasing<12 • 21>, gamma 
radiation exposure<19>, and aging<21> of the filter medium. All factors 
to be taken into account with nuclear grade filter units. 

It is not unreasonable to question whether current moisture
resistance qualification tests for new, clean filter units<7 .s>, suffi
ciently simulate the moisture-induced stresses that can eventually 
occur in aged, dust-loaded filters, during the service conditions for 
which failures have been reported. With the exception of the recent 
realization of commercial high-strength uni ts in Germany<22>, user 
requests for HEPA filters with greater moisture resistance<23> seem to 
be going unheeded. Revisions of current filter unit standards to 
reflect improvements in performance should accompany any adoption of 
better filters. 

Though the inherent fragility of glass fiber filter media in a 
wet condition can be overcome by a reinforcing scrim, this improve
ment is not yet to be found in widespread use. Nor does it give the 
appearance of finding recognition in filter unit qualification stan
dards any time soon. Similarly, measures to prevent the detrimental, 
moisture-induced loosening of the filter pack have not been 
implemented in general practice, nor is their potential benefit 
reflected in filter standards. Means for promoting the drainage of 
water from the filter medium remain largely uninvestigated as to 
their viability in mitigating deteriorations in the performance of 
filter units accidentally subjected to. fog. 

Additionally open to question are the reliability and perfor
mance of conventional filter units during emergencies such as a LOCA 
or fire suppression actions situations that would involve the 
release of large quantities of steam or water into containment areas. 
Minimum performance characteristics for mandated droplet .separators 
in standby gas treatment systems are not always specified in regula
tory guides <s> , for example. As active components, which require 
external power and control systems, heaters are more likely to fail 
during an emergency than passive ones. The effectiveness of demisters 
and heaters in protecting aged, dust-loaded filter units has yet to 
be experimentally proven under transient condition~ involving con
densing steam. 

For the above reasons it is worthwhile to reevaluate the 
processes underlying the potential escape of radioactive. materials 
caused by filter unit exposure to humid airflows. 
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Potential Cause-and-Effect Relationships That Could Lead to a Loss of 
Containment Due to Humid Airflows 

The sequences of phenomena that can occur between initial humi
dity exposure and an eventual release of airborne radioactive sub
stances are illustrated schematically in Fig. 1. The incorporation of 
liquid water into the filter medium from the airstream, results from 
any one or combination of three mass transfer processes. The subse
quent effects can include penetration of filter units by liquid water 
or detrimental changes in the filtration characteristics of an intact 
filter medium. An increase in filter unit pressure drop, accompanied 
by simultaneous decreases in filter medium tensile strength and pack 
rigidity, threatens the folded filter medium with irreversible struc
tural damage. The effect with the greatest potential ramification is 
the increase in filter unit AP· 

Exposure of HEPA filters to high humidity airflow 

I I 
water vapor water vapor droplet 
adsorption condensation filtration 

I I 

I presence of liquid water in filter medium I 
I I I 

penetration by increase in decrease in changes in 
liquid water pressure drop pack strength filtr. cond. 

I 

I I I ! . I @ 
decrease in tearing of 
ACS airflow filter medium 

I I 
I I 

overheating of overheating of 
iod. adsorbers elec. equip. 

~ I @ 

I I ! 
I 

decrease in AP failure of decrease in 
adsorb. eff. inversions ACS comp. filter eff. 

I I 
Loss of confinement or containment I 

Fig. 1: Seque~ces of phenomena that can lead to a release of radio
activity caused by filter exposure to high humidity airflow. 
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Increase in Flow Resistance Due to Humid Airflow 

In humid air, the extent of increases in the flow resistance 
of HEPA filter media is influenced primarily by the amount of liquid 
water incorporated, as well as by the chemical composition, amount, 
and size distribution of any . captured dust particles present. How 
quickly water is transfered into the filter medium and the 
characteristics of any dust loading·present will play important roles 
in the rate of increase in flow resistance. The airstream temperature 
can also be decisive at cp s 100% RH for filters loaded with fine 
dusts. Filter medium and airstream parameters with significant 
influence on the rate and the extent of change in filter medium 6p 
and liquid water content (LWC) are summarized in Fig. 2. 

Airstream parameters Filter medium parameters 

I Air velocity I j Dust loading * I I I 
I 

I Air temperature * I composition I 
I I I 

I 
quantity I 

I I I Air humidity 
I 

I part. size I 
I dis. I 

ILWC > 0 g/m 2 

I 
I !Drainage character.I 

I 
mass cone. I 

I I 
I water repel. 

I droplet I size I I 
pleat geometry 

I 
& orientation 

1so s cps 100% RH*I I 
I I separator geo. 

& orientation 
* relevant for 

dust-loaded 
filter media Liquid Water Content 
only of Filter Medium 

I 
Filter Unit Pressure Drop 

in Humid Airflows 

Fig. 2: Parameters with significant influence on the 6P and the fil
ter medium LWC of HEPA filter units in humid airflows. 
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Many of the parameters listed influence filter pressure drop 
independently of filter medium LWC. Those that affect filter medium 
LWC or the structure of captured dust deposits can have additional 
effects on filterAp. In dry air for example, the characteristics of 
the aerosol particulates help determine the structure of the dust 
loading on the upstream surface and within the fiber matrix. The 
velocity, temperature, and the relative humidity of airstreams can 
influence the dust structure or the filter medium LWC, both of which 
in turn affect pressure drop. Under fog conditions, filter medium 
drainage characteristics influence not only the blockage of the 
upstream surface by drainage water but also the liquid water content. 

The challenge to filter units posed b,y moisture-related 
decreases in airflow. Air velocity will not necessarily remain con
stant as a result of HEPA filter exposure to high humidity. It can 
sink, depending upon the extent of the blowers' capability to main
tain constant deli very with the increasing filter pressure drop. 
During a LOCA, expanding steam could elevate airflows through ACSs in 
spite of increases in filter Ap<19>. 

Flows diminished to levels below the controlled operating range 
of the air cleaning system are not necessarily harmless, as is evi
dent in Fig. 3. Should the level of airflow approach zero, the 
maximum blower AP at no air delivery would appear across the water 
clogged filters. The path APp(Qh), which filter AP follows as the 
humid airflow through the ACS sinks, depends on the system and blower 
characteristic curves APg(Qd) and APs<O>. The airstream and filter 
medium parameters :that affect filter pressure drop determine how 
quickly and how far this path is traversed. Comparatively, the paths 
in dry airAPp(Qd), are straight lines. The max. damper Ap is APomu· 

0 
Airflow 0design Q 

Fig. 3: Path for rise of filter Ap with increasing filter flow re
sistance and decreasing ACS flow due to high air humdity. 
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The latent potential of the blowers for producing destructive 
pressure drops across filter units being clogged with water is worthy 
of closer examination. It is only after the control damper reaches 
the fully-open position, in an attempt to maintain constant flow 
conditions, that the system airflow begins to be reduced by the 
filters' clogging. As the flow leyel sinks, two phenomena act to 
enable filter unit pressure drop APF, to rise significantly. The sum 
of the pressure drops across the ACS components other than the HEPA 
filters and the damper, APc, will decrease. Simultaneously, the 
static pressure delivered by the blowers Ap8 , will increase. The 
overloading of filters with dust could cause tlie same effects, though 
at much slower rates. The kinetics of increases in APF due to soot 
loading during a fire could take place just a quickly as those 
possible during water loading. 

That the potential maximum pressure drop across the filters is 
essentially APa can be expressed . mathematically as follows. For 
airflows reduce~ by increases in filter flow resistance, the 
relationship between the three functions is given by 

/I 0 
APF(Qh) = APa(O) - APc(Qh) - APo(O), (Q < Qdesign)• (1) 

As 

lim APa(O) s APBmax 
o-+O 

and 

lim APc(Oh) = 0 
o-+O 

then 

lim ApF(Qh) ~ APBmax • 
Q-+0 

In order to protect filters from this challenge, with a safety 
factor of two for example, the burst strength of filter units in a 
wet condition, at the end of service, should be at at least twice 
that of APBmax· This can provide a rough estimate for the minimum 
pressure drop which should be required in moisture resistance tests 
for the qualification of new filter units as nuclear grade. 

The cballenge to filter units posed by elevated flows of humid 
.air..... The above evaluation does not, however, take into account any 
filter pressure drop~> APBmax that co~ld result.from increased flows 
driven by 'the expanding steam of a LOcA<24 >. Maximum values for these 
cases are scenario dependent and would best be determined by numeri
cally modeling the resulting flow transients within the ACS. Computer 
codes being developed to this end<25> require as input, functions that 
describe changes in filter A p with time for various airstream and 
filter unit parameters. Of particular interest are those summarized 
in Fig. 2. The primary reason for investigating the influence of 
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these parameters on filter ~P is for purposes of safety analysis. The 
elimination of moisture related filter malfunction or failure is the 
end objective. 

Evaluation of prior investigations. To be found in the litera
ture are differing, partly contradictory trends for the extents and 
rates of change in the flow resistance of test filters exposed to 
moisture laden air<26>. This can be attributed to the difficulties 
encountered in the accurate measurement and control of high airstream 
humidities. An additional contributing factor is the sensitivity of 
filter pressure drop to small changes in humid air states close to 
and above saturation. Frequently the humidities of the test air
streams were not measured. Differences in test air temperatures, as 
well as in the characteristics of the filter media and the dust 
loadings of the filter uni ts investigated, contribute to seemingly 
inconsistent results. A cross comparison of results for tests 
performed with decreasing airflows are not possible for the many 
cases where the characteristic curve of the employed blower was not 
denoted. The lack of data suitable for modelling purposes is, 
however, mostly due to the fact that parametric studies have not been 
the principal objectives of past investigations. 

In the preparation of tests performed for the development of 
mathematical. models, two major conclusions were drawn from results 
found in the literature. One was the necessity for instrumentation 
and control systems to accurately measure and to closely regulate 
airstream humidity. The second was the need to perform tests using 
the fil.ter units and the dust loadings typical for the air cleaning 
systems of interest. 

II. Experimental Work 

To study the behavior of HEPA filter units or media under high 
humidity conditions requires rather sophisticated test facilities 
built specifically for this purpose. Experiments were performed with 
two test rigs at Kernforschungszentrum Karlsruhe (KfK), one for 
filter units, the other for samples of filter media. In each case, 
careful attention was paid to the accurate measurement and control of 
airstream humidity, temperature, and velocity. 

Tests of Filter Units in Super-Saturated Airstreams 

Full-scale filter units were tested under super-saturated condi
tions ·in the TAIFUN facility. Descriptions of the test filters, 
procedures, and results . have been described in detail elsewhere, 
together with that of tl:ie rig i tse1f<27 > • 

Test on Samples of Filter Media at Air Humidities up to 99% RH 

Preliminary tests showed parametric investigations on dust
loaded units at humidities up to saturation to be impractical for a 
number of reasons. These included the limited number of dust-loaded 
filters available and the different degrees of loading among them. An 
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additional factor was the thermal inertia of the test rig which made 
precisely achieving the desired relative humidity a process too 
demanding for the test time available. 

A smaller rig was therefore constructed for testing samples of 
filter media removed from full-scale filter units. Only in this way 
could the available dust-loaded filters be cost effectively 
investigated ·to the extent necessary for· a useful parametric study. 
For air humidities up to saturation, it is the filter medium that 
accounts for the greatest proportion of the total filter unit flow 
resistance. Results of tests on specimens alone can be used to 
calculate the pressure drop of filter uni ts containing the folded 
filter medium<28 • 

LOFTER ·test rig. Variations in the pressure drop of filter· 
media specimens were investigated using the laboratory test rig 
LOFTER, shown schematically in Fig. 4 and photographically in Fig. 5. 
The airstream is recirculated through the test section by a sliding 
vane compressor driven by a 0.75-kW electric motor. A throttle valve 
at the compressor inlet limits the airflow to 6 m3 /h. Carbon particu
lates worn from the compressor vanes are removed by a .20- x .20- x 
.09-m HEPA filter at the compressor discharge. 

Row 
orifice 

. r--------.J 
I 
I 
I 

I 
Cootrol 
vnlve 

Droplet Waferbo.fh tE'Afllter Slldl~vane Cootrol ~ffi 
separator Heater lmldltler ~ vulve u...,,.,.. 

Fig. 4: Schematic diagram of the laboratory test rig LOFTER. 

The clean air is humidified by bubbling it 0.4 m through a 20-1 
water bath maintained at some 2°C above the air dew-point·temperature 
set for the test. A downstream perforated plate serves as a droplet 
separator to minimize the carryover of liquid water. The water
saturated air exits the cooler at the set dew-point temperature and 
enters a heat exchanger where it is heated up to the desired dry-bulb 
temperature. The fine adjustment and regulation of the airstream dry-

. 
679 



____ , _________ _..., .v--• _...:.,.__-.. ..:.._ __ ..........,. __ ,,,. _ __,__~~~----.:'·~--

21st DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

bulb and dew-point temperatures allows the air relative humidity to 
be accurately set and maintained. 

Fig. 5: Photo of LUFTER test rig. 

The air relative humidity is measured psychrometrically 
upstream of the junction that divides the airflow between the bypass 
and the test section. Aged four-wire, 100-Q RTD probes connected to a 
precision ohmmeter sense the wet- and dry-bulb temperatures. Only 5 
to 25% of the 6-m3/h airflow required for the humidity measurement is 
directed to the test section, illustrated in Fig. 6. The remainder is 
routed through the bypass to a control valve which serves to keep the 
airflow through the test section constant. 

Parameters sampled at the 
test section include the pressure 
drop of the test specimen as well 
as the dry-bulb temperature and 
absolute pressure of the air
stream. The liquid water content 
of the 108-mm dia. test specimen 
can be gravimetrically establish
ed with a microbalance during 
intermittent interuption of the 
airflow to the test section. An 
orifice plate downstream of the 
test section is used to measure 
the airflow and to provide feed
back to the control valve via a 
pressure transducer. 

' -'· .:..~ . ~'. 
' - ,{ 

: .jJ .i' 

t .• .. ' ~ ; ... - .~, .. , . 

~·~.~.•. · .. , ... ;.)ii •·•·· ...• ' 1 ': ~· . " 

- -,,q_• -·
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~'\\~·---· ~ , Po: ~ 

Fig, 6: View inside test section. 

The airflows of the test section and the bypass are fed into a 
16-1 pulsation damping chamber before returning to the compressor. A 
third inlet provides makeup air to compensate for any leaks in the 
system which is operated in an overpressure mode. With the exception 
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of the compressor and its discharge filter, all components and 
connecting ductwork are wrapped with regulated heating elements and 
insulation. The performance characteristics for the test rig, the 
measurement instrumentation, and the control systems are summarized 
in Tabl.e I. 

Table I: Performance characteristics of the LOFTER test rig. 

Test Operating Measurement Control 
parameter range uncertainty tolerance 

< 

at test section 

Airflow (m
3 
/h) 0 - 1.7 ± 0.003 ± 0.006 

Air temperature (oC) 20 - 80 ± 0.05 ± 0.1 

Air humidity (% RH) 40 - 99 ± 0.5 ± 1.0 

Overpressure (kPa) 0 - 20 - -
for test sample 

Superf. vel. (cm/s) 0 - 5 ± 0.01 ± 0.02 

Pressure drop (kPa) 0 - 15 ± 0.01 -
LWC (g/m2) 1 - 500 ± 0.1 -
X-sect.. area (cm2 ) 92 - -

Test specimens and test procedures. Filter units purchased from 
several manufacturers on the open market were sources for clean 
samples. Test specimens loaded with _fine particle dusts came from 
comme_rcial filter uni ts after normal service in uncontaminated 
laboratory air cleaning systems at KfK. Specimen dust loadings lay 
between 0.1 and 4 g/m2 for pressure drops in the range of 290 to 800 
Pa at 2. 5 cm/ s, 25 ° C and cp < 40% RH. The dry weight of samples was 
determined after conditioning in an oven for 24 h at 50°C and an 
absolute pressure of 5 kPa. 

Kinetic tests were run after a 30 to 60-min conditioning of the 
airstream to achieve the desired at the test temperature and air
flow. Specimens were spanned between the halves of a ring-shaped 
holder before being mounted in the test section. During mounting, the 
test section was blocked off from the test air and open to tpe 
ambient enviroment at < 50%,RH. Tests began with the opening of the 
valve upstream of the test section. The change in specimen bP with 
time was recorded for up to 4 h of exposure at constant temperature, 
relative humidity, and flow. Tests were ended and the specimen 
weighed once an approximate maximum or minimum equilibrium value of 
pressure drop was attained. 
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Typical test results. 

The test results of Figs. 7 - 9 show some typical effects of 
three important airstream parameters on the relative Ap increase of 
dust-loaded specimens having an initial Ap of 500 Pa at 2.5 cm/s in 
dry air. In general, both the rate and the extent of the AP increase 
grow with greater values of relative humidity above 70% as seen in 
Fig. 7. No significant change in pressure drop was evident at < 70% 
RH and 25°C. The increase in AP with rising constant relative 
humidities was nonlinear above 90% RH. 

320 

3 
g 
as 
~ 240 u .s 

. 8' 
-6 
~ 160 

! 
Q. 

i 80 
Cl) 

a: 

0 

/ 
I 
I~ 
&-~ 

f' /80.03 RH 
~ 

.......... 

0 

98.53 RH 

96.53 RH 

90.03 RH 

!75.03 RH _....-70.03 RH 

1 2 
h 

Exposure time 

Fig. 7: Influence of air relative humidity on the rate and extent 
of the relative AP increase for a dust-loaded HEPA filter 
medium at 25°C and 2.5 cm/s. 

3 

For- the given test conditions, Fig. 8 shows that a 20% increase 
at 25°C, changes at 50°C to a decrease of about the same magnitude. 
The equilibrium value at 75°C is an even lower -44%. This indicates 
that temperature can play a decisive role in the structural loading 
of filter units at hign ·relative humidities up to saturation. The 
threat to filter integrity can decrease with increasing temperature. 
This indicates another potential benefit in the use of air heaters, 
in addition . to that of lowering airstream relative humidity. The 
mechanisms triggered by this temperature effect are not yet 
established. 
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25°C 
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75°c 
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Fig. 8: Inf1uence of temperature on the r~te and extent of the re-
1ative 6p increase for a dust-1oaded HEPA fi1ter medium at 
94% RH and 2.5 cm/s. 
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Fig. 9: Inf1uence of fi1tration ve1ocity on the rate and extent of 
the re1ative 6P increase for a dust-loaded HEPA filter med
ium at 25°C and 94% RH. 
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The curves of Fig. ·9 indicate that filtration velocities less 
than design values can produce ~P increases greater than those for V 
= 2.5 cm/s. This phenomenon poses an additional threat to filters in 
ACSs where airflows have been reduced to lower than design values by 
the effects of high air relative humidity. It has not been observed 
in tests of dust-loaded filters in super-saturated airstreams. 

III. Matbematical Models for Changes in HEPA Filter Pressure Drop 

Results for tests performed at constant flow indicate that 
humidity-related variations in filter pressure drop with time can be 
approximated well by the functions illustrated in Fig. 10 and 
summarized in Table II. Whether the pressure drop changes 
significantly and whether a decrease or an increase occurs, depends 
on both the airstream parameters and the characteristics of the 
filter medium. Decreases have been observed for filter units or media 
loaded with fine particulate dust in service and tested at ~ > 50°C 
and air humidities up to 99% RH, for example. All, clean filter units 
or media showed negligible changes up to saturation, as did some 
dust-loaded ones for certain combinations of temperature and relative 
humidity. 

~Po·~--===::::::=--~~~~-'--

----"- AP= f {a:~t) 
0 

Ap"/: f(tJ 

tx 
Exposure time 

t 

Fig. 10: Time functions observed for the changes in pressure drop of 
HEPA filter units or media exposed to humid airflows. 

Based on visual appearance, functions similar in form to those 
of Table II appear among curves published by other investigators who 
tested with constant airflows <29- 32> • 
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Table I I: Summary of currently established time functions for the 
variation of HEPA filter pressure drop due to high air 
humid.ity. 

Type of Functional Airstream conditions 
Time Relationship 20 $ fi $ 80 oc 20 $ fi $ 50 oc 

Function Ap = 60 $ cp < 100% RH 05 5 LWC 5 10 gjm3 
filter units filter units 
clean loaded clean loaded 

t 
Apo - [a ! oi] - yes - -- a+ Et 

Ap 1: f(t) Apo yes yes - -
et Apo exp ( c1tc2) - yes yes yes 

~ Apx + gitg2 - - yes -
t Apx +ht - yes - yes 

Int Apx + ktln k2t - yes yes yes 

t -Apx + (m ! ni] - yes - -m + nt 

Filter units in super-saturated airstreams. 

Significant increases, initially of the exponential form to be 
expected T33 >, were invariably observed for filter uni ts in super
saturated air!lows<27>. The rise in AP under fog conditions could be 
modelled by e up to a transition pressure drop AP , - regardless of 
filter unit manufacturer, design, pleat orientation to the airflow, 
dust loading, or the test air conditions. Above APx' the curves 
exhibi~ed one of several other functional forms. 

With clean filters, an extremely steep increase of the form tg 
occurred shortly before failure for minipleat types from most 
manufacturers and for deep-pleat units from several suppliers. This 
was also typical for all deep-pleat uni ts in the sizes 305 x 305 x 
292 mm and 610 x 610 x 150 mm from 3 manufacturers. 

Characteristic of a few deep-pleat filters slightly loaded with 
dust, was a linear range, possibly an extended transition into an 
ln( t) function, interrupted by structural failure. Otherwise, the 
form of +n(t) was found to be typical for both conventional and high 
~trength deep-pleat units - clean and dust-loaded - as well as for 
all dust-loaded minipleat filters. 

Samples of Filter Media and Filter Units for Air Humidities < 99% RH 

Filter units or media with the most variety and.combinations of 
time functions were those loaded with dust and exposed· to air rela
tive humidities between 50 and 99%. Observed exclusively in this. 
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group were the functions of -t/(a+bt) and +t/(m+nt), an indication of 
adsorption phenomena. For relative humidities high enough to 
influence pressure drop, the airstream temperature 2etermined the 
sign. A third, less frequent initial function was e , followed by 
either +t/(m+nt) or ln(t), and occasionally both. The linear ht 
function was also evident in some cases in a transition stage between 
the other types. Mathematical models for dust-loaded filters are 
still being refined and will be published in more detail later<34 >. 

Determination of the Empirical Coefficients 

Once the relevant functional forms have been identified by 
least-squares fitting, the next step is to determine the coefficients 
necessary to make them useful. Summarized in Table III are the known 
airstream parameters with primary influence on coefficient values. 
Though this tabulation can be considered neither complete nor 
universal, it provides an initial general reference. The filter 
parameters of Fig. 2 will also greatly influence the coefficients. 
Hence, they can only be determined empirically. This requires that a 
number of filters or samples of filter media be evaluated in tests 
within the range of the operating conditions of interest. 

Table III: Summary of currently established empirical time function 
coefficients and airstream parameters of influence. 

Coefficient Airstream conditions 
of Table II 20 5?? 5 80 oc 20 5?? 5 50 oc 

60 5 cp < 100% RH 0.5 5 LWC 5 10 gfm3 

a f(-0, cp, V) -
b f(-0, cp, V) -
C1 f({), cp, V) f(LWC, V, fl) 

C2 f(-0, cp, V) f(LWC, V, fl) 

gi -
f(LWC, V) 

g2 -

h d CIT .6.p(t) fort > tx 

ki f(.6.px) f(.6.px) 

k2 f(tx) f(tx) 

m f(-0, cp, V) -
n f( fJ, cp, V) -
.6.px f(-0, cp, V) f(LWC, V, fl) 

tx f(.6.p(t) fort < tx, .6.px) 
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To obtain such coefficients for evaluation, ten new filter 
units from one production lot were tested under steady-state 
conditions at .O = 20°c, LWCs between 1.2 and 10 g/m3

, and average 
filtration velocities V, from 54 - 216 m/h. For 

Ap(t) = AP
0 

exp (c1t
02

) , t < tx 

and 

, 

the empirical coefficients and their respective coefficients of 
deteµnination R2 , or standard deviations a, were 

and 

Ct = 1.08 • 10-2 (LWC. V) - 1.19 • 10-1 (R2 = 0.98), 

10 
}} C2· 

= 1.38 = i= 1
10 

1 
(values ranged from 1.13-1.95) ( u = 0.25), 

= 1.32 .6.px + 1.25 • 10-a (R2 = 0.91), 

1 
= tx' 
= 1.16 • 10-1 LWC + 8.20 • 10-a V + 3.75 • 10-2 (R2 ;:= 0.97), 

As shown by four itYPi_ca;L curves in Fig. 11 the cal.cul.ated 
values fit the measured ones reasonably well. The relative simplicity 
of the models, as well as the ease with which the empirical 
coefficients can be determined from test results(3Sl, should encourage 
further investigations in this area. With the experience gained, it. 
is possible to show that the information necessary for these 
particular models could have been obtained by 5 or 6 filter tests and 
a judicious s.election of the test conditions. The greatest 
disadvantage of such models lies in their validity for only a single 
production lot of filter units. 

Mathematical models such as these have applications other than 
that of being able to predict pressure drop increases in terms of 
particular airstream parameters. For example, an equation similar to 
that for APx was established to predict the pressure drop at struc
tural failure APd' for the filter units. Measured values for the 10 
tests deviated from 

.6.pci = 7.71 • 10-a V + 1.60 • 10-1 LWC + 2.84 (R2 = 0.86) 
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by not more than 12%. An empirical expression for the exposure time 
until failure was also developed in terms of V and LWC using the 
above functions and coefficients. 

0 5 10 h 15 
6 

10 g/m3 Filters: clean, deep pleat, VP 1.2 glm3 

kPa v = 6 cm/s 610 x 610 x 292 mm 6 cm/s 

fj. 
fj. 

fj. 

0.. 4 !;. 
0 
L... 

-0 

OJ 
L... 

2.Sg/m3 :J 
(/) 1.5 cm/s (/) 
(]) 
L... 

2 a.. 

.:l = 20°c 
cal. t>p(t): --

l>Px : .,, ........ 
0 

0 1 2 h 3 

Exposure time 

Fig. 11: Comparison of measured and calculated pressure drop increa
ses for clean, deep-pleat, 610- x 610- x 292-mm filters at 
20°C under fog conditions. 

IV. Summary and Conclusions 

Surveys of the literature indicate that ·the development of 
measures to counter the effects of high air humidity have not elimi
·nated incidents of moisture-related HEPA filter failure or air clean
ing system malfunction. Prevention of similar events in the future 
will depend on the possible causes being forthrightly addressed. 
Included among these are the nonuse or the shortcomings of available 
countermeasures - in particular insufficiently stringent performance 
standards for new, clean nuclear-grade filter units in humid air. 
Regulatory guides that do not take full advantage of potential 
countermeasure technology may also in part be responsible. Improved 
field surveys and incident reporting systems would be required to 
more definitively attribute reported failure events to their 
respective causes. 

Current safety concepts, which essentially rel.y on counter
measures intended to prevent filter exposure to moisture, should 
include back-up provisions sufficient enough to· at least prevent 
filter structural failure in humid airflow. That the maximum blower 
static pressure could in principle appear across water-clogged HEPA 
filter units additionally underscores the need to consider revision 
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of filter unit. wet-strength qualification standards. Based on 
established failure mechanisms, the stabilization of the filter pack 
and the use of filter media with increased wet strength could help 
eliminate structural failure in humid airflow. The reliability of 
filter units in dry air would thereby also be increased. 

The results of the parameteric studies reported on here 
indicate that pressure drop increases for clean filters exposed to 
fog at steady-state conditions can be modeled well by relatively 
simple functions of the exposure time and several airstream 
parameters. Pressure drop increases for clean water-repellent filter 
media .were insignificant up to saturation. Models for dust-loaded 
filter units in humid airflows are still in development. 

The principal drawback of such models is their particularly 
strong dependence on the characteristics of the filter units and any 
captured particulates involved. Accordingly, safety analysts will be 
forced either to obtain empirical data for the specific cases of 
interest or to choose conservative values from those that otherwise 
become available. 

The observed decreases in 6P of dust~loaded filters for 
elevated temperatures above 40 - 50°C offer a potential. benefit in 
lowering the structural loads on filter units at air humidities up to 
saturation. They also point to a further advantage in the use of 
heaters. Under fog conditions, however, no positive effect was 
evident for the filter units and temperatures (up to 50°C) 
investigated. 

V. Future Tasks 

For the future, a number of research needs become apparent not 
only for model development and verification but also with regard to 
protecting filter units from moisture-related failure. 

The models currently under development will be valid only for 
steady-state operating conditions. Flow, humidity, or temperature 
transients can affect the transfer of water into the filter medium or 
the captured-dust structure, and hence filter AP· Models for AP 
increases with varying airstream conditions remain to be delt with. 

The observed overproportional increases in AP of dust-loaded 
samples for V = 1.25 cm/s, together with the potential increases in 
filter AP with decreasing system · airflow seem particularly 
threatening to filter unit integrity. Since each can contribute to 
filter failure in normal service, .their potentially interactive, 
individual effects need be investigated in combination. The 
utilization of simplified or scale-model air cleaning systems will be 
required in such an endeavor. · 

With respect to severe accident conditions, the effectiveness 
of currently employed droplet separators and heaters in protecting 
aged, dust-loaded filters from condensing steam need to be verified, 
particularly during the transient temperature, humid! ty, and flow 
conditions of a major LOCA. 
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DISCUSSION 

KOVACH: On the fourth or fifth slide you were showing temperature effects at constant relative 
humidity. Was this a used filter? 

RICKETTS: The tests were performed on small samples of filter media removed from filter units 
after normal service in an air cleaning system at Kernforschungszentrum Karlsruhe. 

KOVACH: A clarification, you were coming in at 94% R.H. and than you were superheating. 
Therefore the humidity would be lower at higher temperature. Or did you maintained 94% R.H. all the 
way through. 

RICKETTS: These were results from three different tests. Each test was conducted at a different 
temperature but the relative humidity was identical for each test. 

KOVACH: Is the velocity that you gave a normalized velocity under standard conditions or the 
velocity at the actual temperature? 

RICKETTS: That is the velocity at the actual temperature. 

KOVACH: If you normalized velocity there would have been significantly different velocities 
through the media. 

RICKETTS: No, I gave the velocity in the media. 
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OPTIMIZATION OF AIR DUCTS FOR NUCLEAR REACTOR 
POWER GENERATION STATION 

Katsumi Hirao 
Nuclear Power Design Division 

Nuclear Power Construction Department 
·Tokyo Electric Power Company 

Tokyo, Japan 

Hirokaz.u Yoshino. 
Plant & System Planning Section 

Plant & System Planning Department 
Nuclear Energy Group 
Toshiba Corporation 

Yokohama, Japan 

Takayuki Sonoda 
Nuclear Power Plant Engineering Department 

Hitachi, Works 
Hitachi Ltd. 

Hitachi, Japan 

Abstract 

In the optimization study ~n the h~ating 9 ventilating and air 
conditioning system in .Nuclear .Reactor-Power ,Generation Station, 
proper arrangement of air ducts has been studied using the 
experimental and analytical investigation from a viewpoint of duct 
arrangement optimization. This study consists of two parts. Part I is 
optimization of air ducts in the corridors and Part II is 
optimization of air duct in each room. 

In part I , from viewpoints of confinement of radioactive 
materials in facilities having possible radioactive contamination and 
improvement of thermal environment for workers, we have studied air 
ducts system in which fresh air is supplied to corridors and heat 
removal and ventilation for each room are performed by transfering 
air from the corridors, instead of current ducts system with supply 
duct to each room. Hereafter we call this air ducts system as 
"substitution of corridors for air ducts". surveying plant 
characteristics in 1350 MWe class Advanced Boiling Water Reactor 
Power Station, hypothetic test building, that is one floor model 
which consists of a corridor and twenty-one (21) rooms is 
established. Air temperature and air flow distribution in the 
corridor and each room in the above test building are examined, using 
a similar model and a thermal fluid computer analysis program~ From 
the test results, temperature .in the corridor rises in propor"tion to 
~ distance from supply outlet, rising rate of the temperature has 
certain value and items to be considered for application of 
substitution of corridors for ducts to a actual plant are obtained. 

Futhermore, conceptual design of substitution of corridors for 
ducts is conducted for reactor area in a Advanced Boiling Water 
Reactor Power Station, using design method obtained in this study. As 
a result, reduction of air ducts and space for duct arrangement and 
improvement of environment in corridors are obtained. 

In part II , the condenser room with complex configuration and 
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large space, and the electrical equipment room with simple space are 
selected for model areas. Experimental investigation with the 
one-tenth reduced scale model and analytical investigation with a 
three-dimensional thermal hydraulic analysis method are performed to 
understand the flow and the temperature characteristics in both 
rooms. 

In the investigation of the condenser room, the measured 
temperature data in an actual plant in the plant operation mode are 
compared and evaluated with the measured data at the experiment and 
the result of the analysis. The optimized duct arrangement was 
proposed from the temperature distribution and the flow distribution 
point of view by selecting six (6) duct patterns as a parameter. In 
addition, three (3) cases were selected for analysis from the six (6) 
cases of experiments, and three-dimensional thermal hydraulic 
analysis have been carried out, and verified the conformity with the 
actual plant data. As a result, based on the obtained ventilation 
type, the optimization of air-duct in the condenser room are 
established. 

In the investigation of the electrical equipment room, 
experimental investigation is done for the conditions of duct 
patterns (layouts of supply and exhaust ducts) and several thermal 
parameters. The experiment was done for twenty-seven (27) cases under 
each condition. The thermal parameters are the configuration of 
rooms, that of heat generators in each room and the heat generation 
density in each room. And the optimization of air-duct arrangement is 
estalished in accordance with room conditions and the method of 
selection for duct arrangement design is estalished. Now, analytical 
investigation method verified by comparing with experimental data in 
typical cases. 

Based on these studies, experimental and analytical 
investigation (using a three-dimensional thermal hydraulic analysis) 
technique has been established, and the effective design method for 
duct arrangement of HVAC design has been verified for Boiling Water 
Reactor Power Station. The air-duct arrangements optimized in this 
study are applied to an Advanced Boiling water Reactor Power Station 
in trial and reduction of the air-duct quantity is confirmed. 

Optimization of Air Ducts in the Corridors (Part I) 

I. Introdution 

In our current design, ventilation and air conditioning for 
nuclear power stations have been performed by supply and exhaust 
ducts installed in each room. But recently, corridors where operators 
pass frequently are required to have improved thermal environment for 
operators. Additionally, as building volume of a nuclear power plant 
is reduced from a stand point of rationalization, each system and · 
equipment should also be reduced in the amount of the materials. We 
have proposed an air duct ventilation system as "substitution of 
corridors for air ducts" in order to respond above requirements. As 
substitution of corridors for air ducts is assumed, temperature 
distribution in corridors should be evaluated quantatively, because 
it is expected that supply air temperature to each room is different 
due to air temperature distribution in a corridor. From this point of 
view, we made a scale model which can easily change heat load and so 
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on as parameters, and studied the tendency of temperature 
distribution in a corridor through experiments and computer analyses. 

II. Method of Study 

Before the study of design method for "substitution of corridors 
for air ducts", shapes and heat loads in reactor area and radioactive 
waste disposal area of a 1350 MWe class Advanced Boiling Water 
Reactor Power Station are surveyed. Results of the survey are shown 
in Table 1. From the results of the survey, a model of nuclear power 
plant is established as shown in Figure 1. 

Table 1 Plant data for ventilation system design 
Items 

Shapes of corridors 

Length of corridors 
Widths of corridors 

Height. of corridors 
Shape of Rooms 

Number of Rooms 

React.or Area (R/Al 
Blind Alley (3 Floors) 
Loop (1 Floors) 
About. 160 m/Ploor 
Average of Harrow 

Corridors 2.4 m 
Average of Wide 

Corridors 8.6 m 
5.9 m (2.3 .....,7.7 ml 

Square 84 % 
Ct.hers 16 % 
Average 18 Rooms/Floor 

Area of Roau Average 37 fil/Room 
Volume of Rooms Average 228 71i/Room 
Beat. Load of Equipment. Maximum 19200 W 

in corridors 
Beat. Load of Light.ing Average U.9 W/nf 

in Corridors (10.2 .....,19.7 W/nJ. ) 
Beat. Load of Equipment. Maximum 15200 W 

in Rooms 

Beat. Load of Light.ing 
in Rooms 

Thickness of Wall 

Average 11. 7 W / nf 
< 9.3 .....,15.0 W/nf > 

0.72 m :t 0.42 m 
(Drywall 2.0.....,2.5 ml 

Rad. 'lfast.e Area (Rv/A) 
Blind Alley (3 Floors) 
Loop (1 Floors) 
About. 160 m/Ploor 
Average of Harrow 

Corridors 1. 8 • 

Average of Wide 
Corridors 6.6 111 

6.1 m (4.5 .....,7.6 111) 

Square 100 % 

Average 14 Rooms/Floor 
Average 71 nf /ROOm 
Average 449 71i/ROOm 
Maximum 19200 w 
Average 18.1 W/nf 
<14.o .....,19.o W/rrl > 

Maximum 15200 w 

Average 14. 7 W / nf 
c13.1 .....,15.9 W/nf > 

0.9 m :t 0.1 m 

Size of Bat.chway Maximum 8.9 m x 6.0 m Maximum 2.0 m x 3.0 m 

42.0m 

A 

CORRIDOR 

E 
co 

TRANSFER DUCT 

SECTION A SECTION B 

B 

Figure 1 

1--1 TRANSFER DUCT 
1--11 EXHAUST DUCT 

Typical floor model in a nuclear power plant 
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This hypothetical test building is designed to imitate typical 
floor in the nuclear power station, qnd it consists of a circular 
corridor and rooms surrounded by the corridor. On the floor, a 
hatchway is installed considering the ef,fect of the lower level 
floor. Fresh air over this floor is supplied from the corridor corner 
into the corridor. Openings (transfer ducts) are installed in the 
partition wall between the corridor and each room, and the exhaust 
ducts are installed in each·room. Air for each room is supplied from 
the corridor via transfer duct. Therefore, the supply air temperature 
for each room has a relation with the position of the transfer duct 
which is installed in the partition wall. 

Scale model tests and computer analyses shown below, are carried 
out for a primary purpose of understanding the tendency of the air 
temperature distribution in the corridor. 

III. Tests and Analyses 

Method of Scale Model Tests 
In this scale model test, a similar model reduced to a scale of 

one-tenth hypothetical test building size (See Figure 1, the model 
size is approximately 4m x 4m x lm} is adopted. The similarity rules 
applied to the test and the reduction ratio are listd in Table 2. 
Similarity rule of velocity is calculated by allowing the archimedes 
number to agree between the actual device the model i?l,~~1t~9n Cl>. 
These rules are typical in such a similar model test. 

Archimedes Buoyancy 
Number =::Inerfial 

Force 

For c ·e - pg/JU1 3 

p 1 2 u 2 

gf34Bl 

u2 
(l} 

~
1 4 • Differential 
11 v t.emperat.ure 

Unit. volume 
expansion 

1 • Represent.at.ive 
• lengt.h 

g •• Gravit.at.ional 
accelerat.ion 

U : A~looiLy P : •~'1Ly J 
Table 2 Similarity rules 

I t em Similarity Rule and Reduction 

1/2 1/2 1/2 
Velocity nu=nB • n 1 = (1/10) 

3/2 5/2 5/2 -3 
Heat Load nQH =n 9 • n 1 = (1/10) =3.16xlO 

2 5/2 -3 
Flow Rate nV=nl •nu= (1/10) =3.16Xl0 

Thermal -1 1 1 nr=nu ( +1) 
Resistance aN rN a"' rN 

nu: Reduction Ratio of Air Velocity 
nB: Reduction Ratio of Differential Temperature 
nl: Reduction Ratio of Representative Length 
nQa: Reduction Ratio of Heat Load 
nV: Reduction Ratio of Air Flow Rate 
nr: Reduction Ratio of Thermal Resistance 
as: Heat Transfer Coefficient (Actuality) 
aK : He a t Trans f e r Coe f f i c i en t (Sc a 1 e Mode l) 
7": Thermal Resistance (Actuality} 

698 

Rat i 0 



21st DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

In scale model tests, it is usual to use one-room model and heat 
loads from walls are simulated by plate heaters or regarded as an 
adiabatic system. In this scale model test, the mulit-room model is 
considered and heat load from the wall is simulated by using wall 
material having thermal conductivity calculated based on the 
reduction ratio of thermal resistance. 

Conceptual flow diagram·of model test is shown in Figure 2. 

CAMERA 

Figure 2 

OP PLATE 
HEATER 

EXHAUST 
CHAMBER 

;---- -----r---T----------1 COMPUTER I 
! 

I REC0
1

RDER I 

I I HEATER 

~DAMPER/ 
~ 
@:B 

\RESISTOR 

Conceptual flow diagram of model test 

About two hundred fifty thermocouples are installed in the 
model in order to measure the air temperature distribution in the 
corridor. 

Method of Thermal Fluid Computer Simulation 
In this analysis, non-compressive viscosity fluid model is used 

as air flow since the air flow velocity in this study is sufficiently 
lower than the sound speed and there is no factor of causing a 
significant turbulent flow except a flow near the duct outlet. The 
buoyant force effect and the vortex viscosity effect by turbulent 
flow are analyzed by approximation of Boussinesq and Zero(O) equation 
model. These flows are given by the following equations (2),(3) and 
(4). The number of meshes is 2023 Cl7xl7x7). The individual physical 
property values are the same as those of the scale model tests. 

aui ' 0 (2) 

axj 

aui 
---+---

a 
(u.u.)= 

1 J 

1 aP a 
--+-- {(llo+eK) ax. ax. 

au i P(T) -
--"""-} + --- g at P• 

1 J 
ax. P• 

J 

p CTI = p o {l - .8 (T-T; ) } 

ah a a aT • 
-- + -- (h u . ) = -- { (a. +ea) --} +Q 
at axj J axj axj 

u: Velocity h: Enthalpy llo 
P: Pressure T: Temperature a. 
g: Gravitational 

Viscosity 
Thermal 
Di f fus ivi ty 

Acceleration 
Eddy Viscossity ea: Eddy Diffusivity 
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conditions for Tests and Analyses 
In the tests and analyses, the measurement of air temperature 

and air flow distribution in the model was carried out using the heat 
load as a parameter. This parameter is the thermal distribution in 
the model (Table 3 and 4). Table 3 divides-the heat load over the 
floor in the model into three cases. We refer to the case of small 
load as "Case a ", the average case as "Case b ", and the large case 
as "Case c " in accordance with plant data for ventilation system 
(Table 1 ). Case c is divided into the case of small heat load from 
equipment in the corridor and the case of great heat load from 
equipment in the corridor. In table 4, we refer to the case where the 
heat load from the equipment in the room becomes larger as the room 
is closer to the air supply outlet in the corridor as "Heat Load 
Distribution 1 11

, the reverse case as "Heat Load Distribution 3", and 
the flat case as "Heat Load Distribution 2". 

Table 3 Heat load parameter 
Heat Load in the Model CW) 

Corridor Rooms 
Total 

Heat Load 
Equipment Walls,Lighting Equipment Walls,Lighting 

Heat Load a 32560 0 14880 8840 8840 
Heat Load b 65010 5700 21740 28730 8840 
Heat Load c-1 9420 26160 53040 8840 
Heat Load c-2 97460 26150 26160 36210 8840 

Table 4 Heat load distribution in the model 

H e a t. L 0 a d ( w ) 
Room Heat. Load a Heat. Load b Heat. Loadc -1 Heat. Loadc -2 
Number Dist.ribut.ion Dist.ribut.ion Dist.ribut.ion Dist.ribut.ion 

1 2 3 1 2 3 1 2 3 1 2 3 
ROOl 520 5750 1690 0 3120 7220 2130 

R002 520 5100 1690 0 3120 6450 2130 

R003 520 4470 1690 0 3120 5640 2130 

R004 520 3830 1690 0 3120 4840 2130 

ROOS 520 3190 1690 0 3120 4030 2130 

R006 520 2550 1690 0 3120 3220 2130 

R007 520 1920 1690 0 3120 2410 2130 

ROOS 520 1280 1690 0 3120 1600 2130 

R009 520 640 1690 640 3120 800 2130 

ROlO 520 0 1690 1280 3120 0 2130 

ROll 520 0 1690 1920 3120 0 2130 

R012 520 0 1690 2550 3120 0 2130 

R013 520 0 1690 3190 3120 0 2130 

R014 520 0 1690 3830 3120 0 2130 

R015 - 520 0 1690 4470 3120 0 2130 

R016 520 0 1690 5100 3120 0 2130 

R017 520 0 1690 5750 3120 0 2130 
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IV. Result and Evaluation 

Results 

As one result of these model tests, Figure 3 shows the 
relationship between the distance from the outlet in the corridor and 
the air temperature of .the corridor. In Case a/2Cheat load a and 
distribution 2) and b/2, the ·standard deviation by the primary 
approximation is calculated for lOOm and 160m distances from the 
outlet in the corridor, as the temperature rise rate is nearly 
linear. These· standard deviations are shown in Table 5. This Table 
shows that the standard deviations for lOOm distance from the 
corridor outlet has better coincidence. 

-CJ 
0 -w 
a: 
:::> 
~ 
a: 
w 
0.. 
:E 
w 
I-

40 

35 

a/2 
o---o b/2 
D.-D. C· 1 /2 
c_-c C-2/2 
•-• C-2/2 

(Computer Simulation! .. 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 

DISTANCE FROM SUPPLY DUCT OUTLET (m) 

Table 5 

standard deviatior 
:if t.he primary 
approximation 

Figure 3 Air temperature in corridor 

Standard deviation of the primary approximation 
for air temperature in corridor 

Case a/2 Case b/2 
From outlet to lOOm From outlet to 160m From outlet to lOOm From outlet to 160m 

0 . 3 1 0. 6 6 0 . 3 1 0 . 7 1 
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Therefor, Table 6 shows the result in which the primary 
approximation of each case is performed up to lOOm long from the 
outlet. If Case c-1 and c-2 are excluded in this table as these cases 
are based on large heat load in plant data for ventilation system 
<Table l >, the temperature rise in the corridor is about 0.06 C/m. 

Table 6 Temperature rise in corridor in each case 

Heat. Load a 

Heat. Load Dist.ribut.ion 1 Heat. Load Dist.ribut.ion 2 Heat. Load Dist.ribut.ion 3 

Tc•28.4+0.0694 X 

Heat. Load b 

Heat. Load c - 1 

Heat. Load c - 2 

Tc•28.9+0.0762 X 

a· o.32 

Tc•J0.7+0.0578 X 

* a· o.37 

Tc•JO.S+0.0918 X 

* a· o.93 

a· o.31 

Tc~29.9+0.0647 X 

a· 0.31 

Tc•26.0+0.0796 X 

a· o.89 

Tc•26.4+0.105 X 

a· o.94 

Tc•26.9+0.0654 X 

a· 0.61 

Tc :Air Temperat.ure X : Dist.ance from Out.let. Crri) 
in Corridor (°Cl 

* : Looped Corridor 

As a typical result of the computer analyses, the output for 
Case c-2/2 as well as comparison with the model tests is shown in 
Figure 3. The average difference between the air temperature by 
computer analysis and by model test is 0.35 c. The air temperature 
has good coincidence between computer analysis and model test as the 
standard deviation is +1.7 c. Figure 4 shows sectional air flow 
distribution in the corridor for computer- analysis and model test on 
Case b/2. The air flow in the same direction as ·supply air flow over 
the floor, reverse air flow to the outlet along the roof, and so on, 
direction and velocity have good coincidence between computer 
analyses and model tests. Therefor, we can judge that the tendency of 
temperature rise in the model tests is the same as that of computer 
analyses. · 

Model Test (Case b/2) 

• • .. iil "' ~ ~ ..:c-- c--~ .- -

t'Kk'~..-- - - .-- ~/......-
-:.---~- - ..... 
... " ' ,. 
... + 

1 

j 
Mesh for CompQter 

Computer Analysis (Case b/2) Analysis (Plan) 

Figure 4 Comparison of air flow pattern between model test and 
computer analysis 
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Summary of Design Method 

On the basis of the above results and the other data on air flow 
distribution and so on, we have established the design method of 
"subs ti tu ti on of cor.r idors fo~ air ducts" • The design method is 
summarized as follows: 

1) Distance from a supply outlet in the corridor to a transfer 
duct of each room is to be within lOOm. 

2) Temperature rise in the corridor is expected to be 0.06 C/m. 
3) Air flow velocity at the outlet in the corridor should be 

selected about 10 m/sec. to make the temperature in the 
corridor uniform. 

4) When a large opening is installed in the' floor, the outlet in 
the corridor should be installed apart from it as far as 
possible. 

Conceptual Design 

The conceptual design of the ventilation system, "substitution 
of corridors for ducts" is conducted for the reactor area of the 
1350 MWe class Advanced Boiling Water Reactor Power station, using 
the knowledge obtained in this study. The amount of duct reduction 
is shown in Table 7. About 30 % of total ducts are reduced. And an 
improvement of environment in corridors of about 10 c temperature is 
obtained. 

Table 7 Comparison of 9uct amount 

This System Current System Rat i o 

s u p p l y Due t s 16 53 0. 30 

E x h u s t Du c t s 48 45 1. 07 

Transfer Ducts 8 2 4. 00 

T 0 t a l 72 100 0. 72 
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Optimization of Air-duct in each room (Part II) 

I. Introduction 

The optimization of air-duct in each room is performed by 
comparing and evaluating the experimental investigation with the 
one-tenth reduced scale model and analytical investigation with a 
three-dimensional thermal hydraulic analysis method. 

The study was performed through the following three (3) steps. 

STEP 1. A room with complex configuration and a room with 
simple space (which can be applied to general design) are selected 
for model areas. 

In case of the model room which is simulated complex 
configuration, the measured temperature data in an actual plant in 
some plant operation modes are compared and evaluated with the 
measured data at the experiment and the result of analysis. 

STEP 2. Various cases of duct patterns and conditions in the 
both rooms are compared and evaluated with experiment and analysis. 
And the optimized duct layouts are selected. 

STEP 3. The scope of application of optimized duct patterns 
is evaluated, and the optimized duct arrangements of this study are 
applied, in trial, to an Advanced Boiling Water Reactor Power 
Station and effects are estimated. 

II. Method of study 

Selection of model areas 

For evaluations of the optimization of air-duct in each room, 
model areas, which are performed experiment and analysis, are 
selected from the view point of complex area and generalized area 
for duct arrangements. 

Temperature data are measured in an actual plant, and are used 
for the experimental and analytical investigation for the model 
area. 

The model areas are two types considering the followings. 
a) The area which requires investigations for general design, 

because the complex air flow is expected and the large three 
dimensional air flow including up and down flow may occur. 

b) The area for general design, because the configuration in the 
room is simple and flow and temperature distributions are 
easily definable. 
The condenser room and the electrical equipment room are 

selected as the rooms corresponding to above a) and b). 

Method of experiment and analysis 

Experiment In case of the experimental investigation of the 
room with different room average and supply temperatures, the 
Archimedes Number (eq.(5)) must be kept equal between the model and 
actuality, which is the similarity rule derived from the buoyancy 
force and inertia force. 
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Ar = Fb = g {1 D.O I (5) 
Fi u2 

Ar 
Fb 
Fi 

: Archimedes Number 
: buoyancy force = p g {J AO 13 
: inertial force = p 12 u2 

p : density 
g : gravitational acceleration 
{J : unit volume expansion 

AO : differential temperature 
1 : representative length 
u : air velocity 

From the similarity rule, each experimental parameter is set 
for the one-tenth reduced scale model. 

An experimental device is composed as figure 5 and set as the 
condenser room model. The electrical equipment room model is 
composed as the part of the condenser room model. 

The temperature and flow characteritics are measured in the 
experiment and compared with the measured temperature data in an 
actual plant and the result of the analysis. 

Figure 5 Experimental device and room model 

Analysis In the analysis of this study, three-dimensional 
thermal hydraulic analytical code for non-compressible viscosity 
fluid is used which treats the thermal convection caused by two 
forces (buoyancy force and inertial force). Figure 6 indicates the 
analysis model for the condenser room. ~ 

" 

CJ Area 

c:::::J tta II 
E222I Keat gonorator 

Figure 6 model for condenser room 
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III. Optimization of air-duct in condenser room 

Experimental condition 

Using the condenser room model reduced to one-tenth scale of 
1350MWe Advanced Boiling Water Reactor Power Station (ABWR) (see 
Figure 6), following experiments are performed. 

a) Experiment for confirming the temperature distribution of the 
condenser room of llOOMWe plant ducting using the 1/10 ABWR 
model. (Case A) 

b) Experiments for applying the optimized air duct in the 
condenser room of 1350MWe plant. (Case B, C) 

The basical patterns of duct arrangements are two types. One 
is that supply ducts are located at upper area (lF) and exhaust 
ducts are located at lower area (B2F) (Case B). The other is 
opposite to the above case (Case C). Each case has three {3) duct 
patterns as shown in Table 8. These are the cases of changing and 
reducing the supply and exhaust ducts. 

Table 8 Experimental conditions of condenser room case 
<:Experimental case)> 

Duct Pattern N o t e 
lF BlF B2F 

Case B-1 m t t W:J :I 

Case B-2 D ~ t WJ ---.i.Supply duct 
-.r i--.._ Exhaust duct 

Case B-3 D D E1 
Case C-1 le-~-"%11 0 DJ ...:;,.o:;.J I .. 
Case C-2 I 1-ID D t:D 
Case C-3 

~ t t EJ 
Actual Hodel Note 

1. Length (Ill) 
1• 66000 •I 16600 '"'! n4=1/10 

IH=21SOO Ii IH=2150 I~ nQ =1/350 
nV =3.06X 10-' 

2. Heat load(VJ 825, 580 2. 3 6 0 
(I) B2F Piping 339, 540 971 
(2) BlF Piping 83, 720 238 
(3) IF Piping 287, 210 820 

Heater 80, 230 232 
SJAB .. 34- 880 99 

3. Velocity(a/s} (5. 0) { l. 5) 
Supply - 6. 0 1. 8 
Transfar 4. 0 1. 2 

4. Air flov rate(a/hJ (122, 100) {3 7 4) 
Supply 64, 200 197 
Transfar 57. 900 177 
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Experiment and analysis 

Experiment Figure 7 indicates the measured temperature data 
of experiment (Case A) and the actual plant. 

The tendency of temperature distribution seems nearly equal. 
Figure 8 indicate the results of measured temperature of each 

experiment based on table 8 for selecting the optimized air duct. 

BlF -

Figure 7 Result of the 

@Supply teap. ("C) 
@Teaperature ("C) 

Top : Experiaent 
Bottoa: Actual 

in the experiment 

30,40 50 60 

B -1 

B2F .._____.___,._._, 
30 40 50 60 

B2F 
30 40 50 60 <t) 30 40 50 60 -- 30 40 50 60 -- 30 40 50 60 <t) 

B -2 8 - 3 c - 1 c - 2 c -3 

Figure 8 Temperature distribution of each experiment (Case B, C) 

From the result of experiments, the dependence of duct patterns 
on temperature distribution is confirmed as follows. 
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a) The upper supply and lower exhaust method (Case B) is largely 
influenced by supply duct and less influenced by exhaust duct. 
The upper exhaust and lower supply method (Case C) is little 
influenced by supply duct and largely influenced by exhaust 
duct. 
That is to say, ducts of upper area have larger effect. 

b) The upper supply and lower exhaust method (Case B) is more 
gentle slope in temperature. 
That is to say, the ventilation method case B matches for 
complex and large space. 
From the above, the followings are concluded as the guideline 

for adoption of optimized air duct in the condenser room. 

i) The duct arrangement with the upper supply (lF) and lower 
exhaust {B2F) method has the gentle slope in temperature from 
upper to lower space. 

ii) Minimized exhaust duct is possible because of the small 
dependence on temperature distribution in lower space. 

iii) Supply ducts must be routed in upper space. 

Analysis Using the analysis model {see figure 6), analytical 
investigation is performed to evaluate measured data of the 
experiment and to determine the duct arrangement in condenser room. 

Figure 9 indicates the temperature data from measurement of 
experiment and result of analysis. The tendency of analized 
temperature distribution is nearly equal to the data of experiment. 
The analized direction of air flow has same tendency to the 
experimental data measured by tuft method. 

lF 
-=== 

BlF 

B2F 

Figure 9 

Top : Experiment("C) 
Bottom: Analysis ("C) 

Temperature distribution of experiment/analysis 
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As the next step, to study a rationalized exhaust ducts design 
based on the guideline i), ii), iii) above, two analytical cases of 
pattern A and B are investigated which are considered as 'redµced 
exhaust ducts. 

Figure 10 indicates the result of analysis. The temperature 
distribution is nearly equal in both cases, and these duct patterns 
are applicable to the condenser room. 

Case B-1 

Pattern A 

Pattern B 

Figure 10 

Table 9 Duct patterns for analysis 
Duct Pattern N o t e 

lF 

a:] 
lI] 

!!J 

)-

. ) 

'--0--

30 40 50 60 

B-1 

BlF 

t 
t 
t 

lF 

BlF 

B2F 

B2F 

·~ rn .., 

t EJ ......_ Supply duct 

~- - 9:1 Exhaust duct 

i err ~ 

)' .., )---

~) ) 

... l 
~ . 

""""°"' 
"' .... "· 

~>--

30 40 50 60 

Pattern A 
30 40 50 60 Ct) 
Pattern B 

Temperature distribution for cases A, B with 
reduced exhaust ducts 

Conclusion Experimental and analytical investigations are 
performed for some optimized air ducts in the condenser room, and 
from the view points of reduction of the air ducts and temperature 
and flow distribution, the two most optimized air duct systems have 
been established. 
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IV. Optimization of air-duct in the electrical eguipment room 

Experimental condition 

In the investigation of the electrical equipment room, 
experiment is done for conditions of duct patterns (layout of 
supply and exhaust ducts) an9 several thermal parameters. The 
thermal parameters are the configuration and layouts of heat 
generators and the heat generation density in the room. The 
experiment is consist of twenty-seven (27) cases shown in Table 10 
and 11. 

m, 

© 

@ 

<ID 

m, 

Q) 

@ 

<ID 

© 

® 

m, 

Q) 

@ 

® 

Table 10 Experimental 
configurations 

Duct pattern n o t e 

) I i l t!l-~ 
Supply duct type 

IU_.x_tJ~ Bxhaust duct type 

T>- ~-l~ 
Ductless type 

Configuration of heat generator N o t e 
Concentration 

I D I 
Dispersion 

I D D I D D 
... J 

Concentration Large type 

I D I . ) 

Concentration S1all type 

I D I 
Dispersion Saal! type 

looooj 
Heat load Heat density 

139, 500 w 6 BW/rit 

41, 800 w 20W/rd 

13,950 w 6.SW!nf 

Experiment and.analysis 

Table 11 

1.Length(u) 

Experimental 
conditions 

A c t u a l K o d e 1 

1
• 22100 .. 

1 

N o t e 

'14=119.2 

~ 1:::: 1 [IH=1soo I nO=l/400 
nV=2.92x10-• 

2. Velocity(m/s) 6 1.7 
<ExperJ.111ental case> 

Experimental code A c t u a 1 H o d e l 
Heat load Flov rate Heat load Flow rate 

(m1 - mz- ma) (W) (rit/h) (W) (nl'/ h) 

<D - <D - © 139,500 19,000 349 55 

@ - Q) - Q) 139,500 19,000 349 55 

@ - <D - Q) 139,500 19,000 349 55 

Q) - ® - Q) 139,500 19,000 349 55 
@-@-© 139,500 19,000 349 55 
@-@-© 139,500 19,000 349 55 
©-©(@, ©)-@ 41,860 5,700 105 17 
@-©(@, ©)-@ 41,800 5,700 105 17 
@-©(®, ©)-@ 41,800 5,700 105 17 
©-@(@)-@ 41,800 5,700 105 17 
@-@(@)-@ 41,800 5,700 105 17 
®-@(®)-@ 41,800 5,700 105 17 

<D - <D - @ 13,950 1,900 35 5.5 
@-<D-@ 13,950 1,900 35 5.5 

®-©-® 13,950 1,900 35 5.5 
©-@-@ 13,950 l,1j00 35 5.5 
@-@-® 13,950 1,900 35 5.5 
®-@-@ 13,950 1,900 35 5.5 

(Eighteen (18) points of 
temperature measurement are 
installed nine (9) horizontally 
times two (2) vertically.) 

Experiment Figure 11 indicates frequency of temperature 
appearance within eighteen (18} points measurement. 
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100 

80 

60 
Frequency 

(~) 

20 

401:< ml 
38NOtf:i:l 

.--~,...,...,,..,_,_38.....,'C> CJ .. . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . .. . . . . 

OL-..L_,..,..1"-"-,.,,.,i........;i.....,.,,,,..._~........,.,,...._.......,,...._.__,='"'-'-r. .......... -7='-'"',,......_~_,_,.,.....__....,,,,..,__._~~~~ 
Duct pattern 1 

Heat density------------------------~-----

(W Int) 
6 6 

(Concentrated-
2
) O(Dispersed- ) 

6
• 

5
<1> Supply duct type 

Figure 11 
heat load heat load @ Exhaust duct type 

<ID Ductless type 
Frequency of temperature appearance 
in each experimental condition 

From the experimental investigation, the followings are 
concluded as the guideline for application of duct design to 
ventilate the simply conf igurated room such as the electrical 
equipment room. 

a) The room with large heat generation density must have supply 
ducts with several air outlets in both cases of concentrated or 
dispersed heat generation. 

b) The room with medium heat generation density must have supply 
ducts with several air outlets in case of dispersed heat 
generation. 

c) The room with low heat generation density can be ventilated by 
ductless type. 

Analysis Analytical investigation is performed for selected 
typical cases and compared with experimental temperature data. The 
tendency of temperature distribution is nearly equal. 

... _ ... _ J. 

@13E3 ®I 34.61 ®l 3NI 39.7 35.7 3 • 

eliHI ~l~~:ll 0!133 35.3 I 34,0 I 
-1.9S&t$2, l 

I ~o.I ®EIE ®' 35.41 ©1 33
•
4 1 ·3.6UtS3.6 31.0 35.7 36.4 I Exp er ilaent ("C) I --- __ ;r 

I Analysis ("C) I 
Figure 12 Temperature distribution of experiment/analysis 

Conclusion As a result of experiment and analysis, the 
guideline for air,duct optimization in a typical room such as the 
electrical equipment room is established as shown in figure 13. 
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Low 

ST ART 

Duet pattern 13) 
(Ductless type) 

Large 

Dispersed 

Duct pat tern <D 
(Supply duct type) 

Figure 13 Flow diagram of selection of optimized air duct 

v. Summary 

Optimized duct arrangement 

In this study, experimental and analytical investigations are 
performed, and for the condenser room with large complex 
configuration and the electrical equipment room with simple 
configuration, optimized air duct arrangements are proposed. 

For the optimized air duct in the condenser room, the 
ventilation method with upper supply and lower exhaust duct 
arrangement is proposed from the view point of reduction of the air 
duct and temperature and flow distribution. 

For the optimized air duct in the electrical equipment room, 
the optimized du~t configurations are proposed in accordance with 
heat load conditions in the room. 

Conceptual design for actual plant 

A conceptual design based on the optimized air duct arrangement 
is carried out for 1350MWe Advanced Boiling Water Reactor Power 
Station. The effect of reduction of air duct is shown in table 12. 

Table 12 Effect of reduction of air duct 

This study tflrevi_ous desigr Ratio 
© ® ©I® 

Condenser Supply duct 49 49 
Exhaust duct 25 51 

room Total 74 100 o. 7 4 
Electrical Supply duct 56 68 

Exhaust duct 20 32 
equipment roo~ Total 76 100 0. 7 6 
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Conclusion 

The design method for optimization of air ducts has been 
established by a series of model tests and computer analyses, and the 
conceptual design has been conducted for 1350 MWe class ABWR power 
station. As a result, it is confirmed that reduced ducts and space as 
well as improved environment in corridors are implemented. 
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ALTERNATIVES TO CURRENT PROCEDURES USED TO ESTIMATE 
CONCENTRATIONS IN BUILDING WAKES 

J. V. Ramsdell, Jr. 
Atmospheric Sciences Department 

Pacific Northwest Laboratory 
Richland, Washington 

Abstract 

This paper discusses a new model for estimating concentrations in 
building wakes and offers alternative guidance for evaluating the con
sequences of releases from nuclear facilities. The new model accounts 
for about 57% of the variability in concentrations observed in wakes. 
Models suggested in current guidance account for less than 10% of the 
variability. The alternative guidance demonstrates application of the 
new model. It covers ground-level releases, roof-top vent and short
stack releases, and elevated releases. It also includes a procedure 
for accounting for uncertainty in building-wake diffusion estimates. 

Introduction 

The Nuclear Regulatory Commission provides licensees with guid
ance on acceptable methods for implementing the Commission's regula
tions. Regulatory Guides 1.3, 1.4, and 1.5 deal with the problem of 
estimating diffusion in building wakes simply. (l}, C2>. (a) Regulatory 
Guides 1.111 and 1.145 modify the earlier guidance to include use of 
onsite meteorological data and account for enhanced diffusion at low 
wind speeds . C4) • (S) This paper describes new m~thods for estimating 
diffusion in wakes. It offers an alternative to the guidance in 
Regulatory Guide 1.145, and it compares diffusion estimates made 
with the alternative to estimates made with the Regulatory Guide 
proqedures. 

Regulatory Guidef 1.145 recommends treating all releases from 
buildings as ground-level releases and basing wake diffusion estimates 
on three equations. These equations are 

and 

X = Q/[U(f"UyD'z + A/2)] 

X = Q/(3f"UO'yD'z) 

X = Q/ (f"UEyuz). 

where X = concentration at the plume centerline 
Q = release rate 
U = wind speed at a height of 10 m 

uy,uz = horizontal and vertical diffusion coefficients, 
respectively 

A = projected area of the building, and 
Ey = a modified horizontal diffusion coefficient. 
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Equation (1) is a standard building-wake model. It under
estimates concentrations near the release point. Equation (2) gives 
concentrations that are a factor of 3 lower than those predicted for 
the center of a plume in the absence of a building wake. Thus, 
Equation (2) limits the credit that may be taken for additional dif
fusion in a wake. Equation (3) is a ground-level diffusion model in 
which a modified horizontal diffusion coefficient accounts for 
increased diffusion resulting from wind meander.during low speed 
conditions. The modification is an empirical correction that depends 
on wind speed, atmospheric stability, and distance. It includes the 
effects of building wakes implicitly because it is based on data col
lected in building-wake experiments. 

These equations are used in a two-step procedure. In the first 
step, Equations (1) and (2) estimate concentrations in the wake. The 
larger of the concentrations is saved for the second step where it is 
compared with the concentration estimated using Equation (3). The 
final concentration estimate is the lower value. 

Diffusion in Wakes 

Comparisons of concentrations measured in building-wake diffusion 
experiments with model predictions show that building-wake models do 
not describe variations of concentrations associated with changes in 
atmospheric conditions. (G) Figure 1 compares model predictions of 
centerline concentrations in the wakes with concentrations measured 
between 8 to 400 m from the release point. At these distances, wake 
effects should dominate diffusion. On the average, the models predict 
concentrations that are of the right order of magnitude, but they 
clearly don't predict. the variations. 

Further analysis shows that the primary problem with the models 
is the way in which they account for the effects of wind speed on dif
fusion. Variation of the ratio between predicted and observed concen
tratlons with wind speed provides a clear indication of the problem. 
If the model were correct, the ratio would be independent of wind 
speed because the model includes wind speed as a factor. However,this 
isn't the case; the ratio is very much a function of wind speed. 

Multiple linear regression of observed concentrations on dis
tance, projected building area, wind speed, and stability provides 
insight to the proper relationship between centerline concentrations 
in building wakes and wind speed. It also provides a means of deter
mining the predictability of centerline concentrations in building 
wakes. The regression yields 

where X/Q = 
s = 

u = 
x = 
A = 

85 60.1,1 ue.12 
X/Q = ------

xl.1 Al.2 
(4) 

normalized concentration at the plume centerline (s/m3 ) 
numerical equivalent of the Pasquill-Gifford stability 
class, 1 = A, 2 = B, etc. 
wind speed (m/s) at 10 m upwind of the building 
distance from the release point (m), and 
minimum projected area of the building. 
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Comparison of centerline concentrations predicted by 
a standard wake diffusion model with centerline con
centrations observed in wakes to a distance of 400 m. 

Figure 2 compares the concentrations estimated using Equation (4) with 
centerline concentrations measured in field experiments. The regres
sion model is significantly better than the regulatory guide models. 
It accounts for about 65% of the variation in the observed concentra
tions. The standard wake model accounts for less than 10% of the 
variation. ;. 

A regression model can be expected to perform better than the 
standard model, but the difference is greater than would be expected. 
Use of the regression model was recommended as an interim measure 
until models more firmly based on physical principles could be devel
oped. (G) Regression models provide reasonable predictions when applied 
within the limits of the data, but extrapolation beyond these limits 
is always subject to question. 

Ramsdell derives theoretical expressions for building-wake dif fu
sion coefficients that may be used in the usual Gaussian diffusion 
models. C7) These expressions assume that diffusion and travel time are 
directly related. A relationship between concentration and distance 
follows from the Galilean transformation x = Ut where t is the travel 
time. Without repeating the details of the derivation, wake diffusion 
coefficients may be estimated by 

(5) 
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where S is a stability parameter ranging from about 1 for extremely 
unstable atmospheric conditions to 2.5 in extremely stable conditions. 
The k in Equations (7) and (8) represents a combination of several 
terms in the theoretical model that can't be evaluated easily with 
readily available meteorological data. It is treated as a dimensional 
constant. 

Figure 3 compares centerline concentrations to a distance of 
400 m predicted with a Gaussian model with uY• and u1• given by Equa
tions (7) and (8) with k = 1 m2/s2 • For the moment, uy and u1 are 
assumed to be negligible. Clearly, the theoretical model is an 
improvement over the regulatory guide models and is nearly as good as 
the regression model. It accounts for about 57% of the variability in 
observed concentrations. However,it is biased in that it slightly 
underpredicts the centerline concentrations. If k = 0.91 m2/s were 
used, the model would be unbiased. Addition of the normal diffusion 
components reduces the concentrations estimated by the theoretical 
model. Setting k = 0.5 m2/s2 compensates for this reduction. 

'f 
$ 
c 
0 

""' g 
c 

~ 
"8 

i 
~ a. 

Figure 3 

-.--~. v-~~ ~'.-.~~~ .. ~ !~ 
, ., .. ~ . . " .. '; ~ ,; 

10°-----------------------..,. 

' 10-2 

10-3 

10"' 

10-s 

10-11 

Time-Based Wake Model 
without Gaussian Plume 
xs400m 

0 

0 

0 

10·7'~-l--l...-.....L...--1-..J..._---L.-. ---L.-.L..~.'-----'--2,.........&_~1--L____..100 
10·7 10-11 10-s 10- 1ov 10· 10· 

Observed Concentration (s/m3) 

Comparison of centerline concentrations predicted by 
a model with time-based wake diffusion coefficients 
observed in wakes to a distance of 400 m. 

'· ... '-i . '' 



;;-

~ 
c 

t 
~ 
0 
0 

~ 
-0 e 
a.. 

Figure 2 

and 

21st DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

10°--------------------..,. 

Statistical Wake Model 
without Gaussian Plume 

10.1 xs400m 

10-2 

10.:t 

10-4 

10-5 

10-& 

10-& 10-4 10" 

Observed.Concentration (stm3> 

~ 

10-2 

Comparison of centerline concentrations predicted by 
a regression model with centerline concentrations 
observed in wakes to a distance of 400 m. 

where r:.1 , Ewz = diffusion coefficients to be used in Gaussian models 
a

1
,az = diffusion coefficients resulting from background 

turbulence, and 
"Y•'"zw = diffusion coefficient increment caused by turbulence 

in th~ building wake. 

Assume that the standard methods of estimating u
1 

and "z are accept
able and consider "Y• and "zw• 

and 

The wake diffusion increments are 

kAl/2 
(1 2 = ---yw 

0. 0076U2 

[
l _ (i + 0. 08698~\ exp( 0. 08698~] 

Jl/2 J Al/2 J 

111 

( 6) 

(7) 

( 8) 
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Alternative Guidance 

The following procedures offer an alternative to the procedures 
recommended in Regulatory Guide 1.145. They implement the wake diffu
sion model just described. They also incorporate features to prevent 
unrealistically high concentration predictions near the release point. 

Ground-Level Releases 

The starting point for the alternative guidance is a slightly 
modified version of the standard Gaussian plume model for ground-level 
releases. The modifications account for initial dilution of the 
effluent before release and for diffusion in wakes. It is 

(9) 

where F0 is the flow at the release point and E and Ewz are defined 
by Equations (5), (6), (7), and (8) with k = O.S m2/s2 • The flow 
keeps Equation (9) from predicting concentrations that exceed the 
concentration at the release point. This is important when the 
release point is a vent or short stack. The flow may be set to zero, 
if desired. 

With diffusion coefficients defined by Equations (7) and (8), 
Equation (9) naturally achieves the goals of the two-step Regulatory 
Guide 1.145 procedure. The wake diffusion increments approach zero as 
the distance from the release point decreases. They increase to a 
maximum value determined by the building area as distance increases, 
and they increase as the wind speed decreases. It is not necessary to 
limit the wake correction near the source or to make a correction for 
meander at low wind speeds. 

Figure 4 compares centerline concentrations predicted using Equa
tion· (9) for distances between 8 and 1200 m with observed concentra
tions. For this example, diffusion coefficients from the XOQDOQ and 
PAVAN computer codesCSJ,(9) represent the normal .diffusion, and F

0 
is O. 

The model accounts for about 55% of the concentration variations and 
is slightly biased toward overprediction. 

Under most atmospheric conditions, the alternative procedure pre
dicts concentrations that are lower than the Regulatory Guide 1.145 
procedure predictions. Figure 5 compares concentrations predicted 
using Equation (9) and predictions made using the Regulatory Guide 
1.145 procedure. Equation (9) gives lower concentrations near the 
release point and carries the wake effects farther downwind. However, 
both curves show regions near the source where the.building wake 
enhances diffusion. They also approach a common curve at long dis
tances where the initial effects of the building are not significant. 

Near the source, the difference in concentration predictions of 
the two procedures is primarily a function of atmospheric conditions. 
Table 1 shows ratios of concentrations predicted 400 m downwind of a 
2000-m2 building using the two procedures as a function of wind speed 
and stability. Ratios greater than 1.0 show those combinations of 
atmospheric conditions for which Equation (9) gives lower concen
trations. For most combinations, the ratio is between 1.0 and 5.0. 
The largest reductions in concentrations occur in low, wind, stable 
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Table 1 X/Q reduction factor (regulatory guide/alternative). 

Wind 
Speed Pasg!;!ill-Gifford Stability Class 
{m/s} A B _c_ _D_ E F G 

1.8 2.02 3.36 5.00 6.62 8.02 13.25 20.21 
3.6 1.23 1.52 1.87 2.54 3.06 4.68 10.41 
5.8 1.06 1.13 1.21 1.36 1.46 2.01 4.19 
8.5 1.00 1.00 1.00 0.97 0.93 1.13 2.16 

11.2 0.98 :o .95 0.91 0.83 0.73 0.80 1.41 
14.3 0.97 0.93 0.87 0.75 0.62 0.63 1.00 

conditions. In these conditions, the reduction may exceed a factor of 
10. Finally, during high wind speed conditions, Equation·(9) predicts 
concentrations that are higher than the concentrations predicted by 
the regulatory guide procedure. 

The ratios in Table 1 show the differences in concentration pre
dictions between the two procedures for specific sets of atmospheric 
conditions. The impact of these differences on diffusion estimates at 
a specific site depends on the frequency of occurrence of each combi
nation of wind speed and stability. Figure 6 shows cumulative fre
quency distributions for normalized concentrations predicted using 

Figure 6 
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Comparison of annual· cumulative frequency distributions 
for normalized concentrations estimated using the Regu
latory guide 1.145 procedure and the new wake model. 
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Equation (9) and the regulatory guide procedure. The distributions 
are based on a joint frequency distribution for wind speed and sta
bility for Hanford. 

Two features in the figure deserve comment. First, the range of 
concentrations predicted by the regulatory guide procedure is much 
larger than the range predicted by Equation (9). However, recall that 
the regulatory guide procedure did not do well in predicting the 
variation of concentrations measured in building-wake diffusion 
experiments. Second, the slope of the curve for the concentrations 
predicted using Equation (9) flattens when the cumulative frequency 
exceeds about 80%. As a result, differences between the concentra
tions exceeded 10, 5, and 1% of the time are small. 

Elevated Releases and Fumigation 

Regulatory Guide 1.145 defines elevated releases as releases 
occurring from points that are more than two and one-half times the 
height of adjacent structures. For elevated releases, it suggests 
using 

X = Q exp(h
8
2/2o}) 

1f'UtT ytT z 
(10) 

to compute ground-level concentrations, where U is the wind at release 
height, h8 is the effective release height, and all other symbols are 
as previously defined. Transitional meteorological conditions that 
typically occur in morning and near bodies of water are treated sepa
rately using a "fumigation" model. This model, which assumes rapid 
downward mixing of material, is 

(11) 

The wind speed, u1, in Equation (11) is a layer-average speed that may 
be -assumed to be 2 m/s in the absence of better information. 

The only suggested change to this guidance is the addition of an 
optional F0 term to the denominators of Equations (10) and (11). This 
is not a fundamental change to the equations. It only reflects a 
recognition that the maximum concentration in the plume may be no 
greater than the concentration at the release point. 

Elevated-Vent and Short-Stack Releases 

Regulatory Guide 1.145 treats releases from points lower than two 
and one-half times the height of adjacent structures as ground-level 
releases. However, Regulatory Guide 1.111 provides somewhat different 
guidance. It considers releases from roof-top vents and short stacks 
as a separate class of releases. What has been refered to as a 
"split-h" approach is used in estimating concentrations for this class 
of releases. It is an empirical method of accounting for a fre
quently observed phenomenon in which plumes from short stacks alter
nate between being entrained in a building wake and escaping from the 
wake. Conceptually, the "split-h" approach is as applicable to evalu
ating the consequences of accidental releases as it is to evaluating 
the consequences of routine releases. 
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The 11 split-h 11 procedure divides the releases into three groups 
based on the ratio between the vertical velocity of the release and 
the wind speed at the release height. If the vertical velocity of a 
release is less than or equal to the wind speed (ratio<= 1), the 
release is assumed to be at ground level in the wake of the building. 
If the ra~io is greater than 5, the release is assumed to be an ele
vated release. In either of these cases, the concentration is com
puted using the equation appropriate for the release assumption. A 
mixed-release mode is assumed 'if the ratio is between 1 and 5. In a 
mixed-release mode, concentrations are computed by averaging concen
trations estimated with elevated and ground-level plume equations. 

Weights given to the ground-level and elevated plume concentra
tions depend on the ratio between the vertical velocity and the wind 
speed. If the weight assigned to the ground-level concentration is 
Et, then the weight given to the elevated concentration is 1 - Et. 
Regulatory Guide 1.111 computes Et from 

for 

and 

for 

where W0 is the vertical velocity at the release point. Building
wake diffusion data of Johnson et al. (lS) provide the basis for the 
numerical constants in Equations (12) and (13). 

(12) 

(13) 

Using the "split-h" procedure with the ground-level and elevated 
plume models suggested in the regulatory guides results in lower con
centration predictions than are estimated with the ground-level model. 
That is not necessarily the case when the procedure is used with the 
ground-level diffusion model represented by Equation (9). Table 2 
compares 50% and 95% normalized concentrations predicted using hourly 
meteorological data from the Hanford Site for 1987. The example 
assumes a projected building of 2000 m2• In addition, for the roof
top release, it assumes a release height of 40 m, an F0 of 10 m3/s, 
and a W

0 
of 10 m/s.. · 

Table 2 . Comparison of X/Q predictions made by the Regulatory 
Guide 1.145 .and alternative procedures using 1987 
hourly meteorological data from the Hanford Site. 

Alternative Procedure 
Distance RG 1.145 Ground-Level Roof-TOE 

50% X/Q 400 m 2.2E-4(a) 2.8E-5 1.2E-5 
1600 m 3.2E-5 8.0E-6 1.lE-5 
6400 m 5 .4E-6 3.0E-6 3.5E-6 

95% X/Q 400 m 9.6E-4 6.4E-5 6.4E-5 
1600 m 1.BE-4 1.8E-5 7.2E-5 
6400 m 5.0E-5 1.0E-5 1.8E-5 

(a) E-4 = 10-4 
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Concentrations estimated using the alternative procedures are 
lower than those estimated using the current procedures. However, 
with the alternative procedures, ground-level releases do not always 
give lower concentrations than roof-top releases. Near the source, the 
concentrations from roof-top releases are lower than concentrations 
from ground-level releases. The situation changes as the distance 
from the source increases. Even with the "split-h" procedure and a 
nominal vertical velocity of 10 mis, the roof-top releases tend to 
give larger concentrations than ground-level releases. 

Uncertainty 

The new wake diffusion models account for more of the variability 
in observed concentrations than the model in the current guidance. 
However, the scatter of the data in Figure 4 clearly shows that there 
is still a significant amount of uncertainty in building-wake concen
tration estimates. This remaining uncertainty must be considered in 
evaluating the consequences of potential releases. This section 
discusses one method of combining the model concentration estimates 
with uncertainty to get a cumulative frequency distribution. 

Mathematically, the problem is to find the probability that the 
concentration in a wake at some distance x will exceed a threshold 
value, X

0
• This probability can be represented as P(X > X

0
). It may 

be estimated from the distribution of meteorological conditions and 
uncertainty using 

P (X > x0 ) = E [P (Xix. > x0 1x.) P (M)] 
M 

where X1 is the model estimate of the concentration at distance x 
given meteorological conditions M with a probability P(M). If M 
represents a specific wind speed, wind direction, and stability 
combination, P(M) is a probability from the normal joint frequency 
distribution used with the current guidance. 

(14) 

Figure 7 characterizes the uncertainty remaining in diffusion 
estimates in complementary cumulative distributions of the ratio of 
XIX1 • The x axis in this figure is the ratio between observed and 
predicted concentrations, and the y axis is the probability that this 
ratio will be exceeded. The solid line in the figure represents a 
complementary cumulative distribution function that approximately fits 
the distribution of ;atios for ground-level releases when Equation (9) 
is used to estimate concentrations. This figure may be used to esti
mate P(XIX. > X0 IX8 ). For example, if X0/0 is 1.0E-4 and X8 /0 is 6.5E-5 
then X0 lx1 is 1.54. The figure shows that the probability of exceed
ing 1.54 is about 0.39 (39%). 

Table 3 shows computation of the probability of X/O exceeding 
1.0E-4 for the ground-level release example in Figure 6. The first 
column in the table gives a frequency band, and the second column 
gives an approximate x.10 for the band. The third column gives the 
ratio used as input to Figure 7. The last column is the product of 
the probability of X/O exceeding l.OE-4 given X8IO (colllinn 4) and the 
probability of occurrence of the meteorological conditions associated 
with X

1
IQ (column 5). The total at the bottom of the last column is 

the probability that XIQ will exceed 1.0E-4. Table 2 shows that the 
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Uncertainty estimates for the new wake models. 

Computation·of the probability that the normalized 
concentration (X/Q) will exceed 1.0E-4. 

x•/ct X0 /X1 P ( X/X1 > X0 /X1 ) P(M) 

8.0E-5 1.25 0.45 0.01 0.005 
7.0E-5 1.43 0.41 0.04 o. 016 
6.2E-5 1.61 0.38 o.os 0.019 
5.4E-5 1.85 0.34 0.10 0.034 
4.7E-5 2.13 0.31 0.10 0.031 
4.0E-5 2.so 0.27 0.10 0.027 
3.3E-5 3.03 0.24 0.10 0.024 
2.SE-5 4.00 0.18 0.10 0.018 
1.9E-5 5.26 0.14 0.10 0.014 
1.SE-5 6.67 0.11 0.10 0.011 
1.lE-5 9.09 0.08 0.10 0.008 
8.3E-6 12.05 0.05 0.10 0.005 

0.212 

95% X/Q is about 6.SE-5. However, the computation in Table 3 shows 
that the probability of X/Q exceeding l.OE-4 is greater than 20% when 
uncertainty is considered. 

The solid line.in Figure B shows the results of repeating the 
-calculation in,Equation (14) for a number of threshold concentrations. 
After adding uncertainty to the mqdel concentration predictions, the 
95% concentration is approximately 4.0E-4. This value is a factor of 
about 6 higher than ~he 95% concentration estimated by the new wake 
diffusion model, and it is a factor of 2.4 lo~er than estimated by the 
current procedure. 
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Same as Figure 6, with an additional curve that 
accounts for the uncertainty in predictions made 
by the new wake model. 

Conclusions 

This paper discusses a new model for estimating concentrations in 
building wakes and offers alternative guidance for evaluating the con
sequences of releases from nuclear facilities. The new model accounts 
for about 57% of the variability in concentrations observed in wakes. 
Models suggested in current guidance account for less than 10% of the 
variability. The proposed guidance demonstrates application of the 
new model. It covers ground-level releases, roof-top vent and short
stack releases, and elevated releases. It also includes a procedure 
for accounting for uncertainty in building wake diffusion estimates. 

As an example, the paper shows application of the proposed guid
ance to a 2000-m2 building using meteorological data at Hanford. In 
the example, changing from the procedures recommended in Regulatory 
Guide 1.145 to those suggested as an alternative reduces the 95% X/Q 
used for evaluation of accident consequences by a factor of about 2.4 
at 400 m. 

Acceptance of the alternative guidance discussed in the paper 
would impact current thinking related to diffusion in wakes in several 
ways. The most significant change is in the concept of worst-case 
meteorology. 

Under current guidance, worst-case meteorology is synonymous with 
low wind speeds and stable atmospheric conditions. Frequently this 
means F stability and a 1 m/s wind speed. However, worst-case mete
orological conditions exist only in reference to specific diffusion 
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models. With the new building-wake model and proposed guidance, the 
worst-case meteorological conditions depend on release mode and 
distance from the release point. Near the building, the worst-case 
conditions are moderate to high wind speeds. These speeds generally 
occur during near-neutral stability. For a specific application, the 
worst-case conditions should be determined from the model and a repre
sentative joint frequency distribution. 

Diffusion models recommended in current guidance estimate high 
concentrations at low wind speeds, and these estimates are sensitive 
to small changes in wind speed. As a result, the wind speed classes 
in joint frequency distributions have fine resolution for low wind 
speeds and coarse resolution at high speeds. Diffusion models in the 
proposed alternative guidance estimate high concentrations at high 
wind speeds. Fine wind speed resolution at low speeds in joint 
frequency distributions does not make a significant contribution to 
the concentrations of interest. With these models, uniform wind speed 
classes are a better alternative than varying from fine to coarse 
resolution. Of course, the problem of class sizes can be avoided by 
using hourly meteorological data directly for diffusion estimates. 
The computations, which lead to Figure 6, were made with hourly data 
(8760 observations) and took less than 2 min on a personal computer. 

The suggested alternative guidance includes use of the- "split-h" 
procedure from Regulatory Guide 1.111 for releases from roof-top vents 
and short stacks. With the models in ~he current guidance, use of the 
"split-h" procedure would result in reduction of the predicted conse
quences of roof-top vent and short-stack releases. With-the models 
proposed in the alternative guidance, use of the procedure can result 
in increases in predicted concentrations at some distances. The 
result of the example presented in Table 2 demonstrates this. 

Acknowledgments· 

This work was performed for the U.S. Nuclear Regulatory Commis
sion, Office of Nuclear Regulatory Research by the Pacific Northwest 
Laboratory under NRC.FIN B-2929-0. Battelle Memorial Institute 
operates the Pacific Northwest Laboratory for the U.S. Department of 
Energy unde~ Contract DE-AC06-76RLO 1830. 

References 

1. U.S. Nuclear Regulatory Commission. Assumptions Used £or 
Evaluating the Potential Radiological Consequences of a Loss of 
Coolant Accident for Boiling Water Reactors. Regulatory 
Guide 1.3. Rev. 2. U.S. Nuclear Regulatory Commission, 
Washington, D.C. (1974). 

2. U.S. Nuclear Regulatory Commission. Assumptions Used for 
Evaluating the Potential Radiological Consequences of a Loss of 
Coolant Accident for Pressurized Water Reactors. Regulatory 
Guide 1.4. Rev. 2. U.S. Nuclear Regulatory Commission, 
Washington, D.C. (1974). 

121 

:''-' 



21st DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

3. U.S. Nuclear Regulatory Commission. Assumptions Used for 
Evaluating the Potential Radiological Consequences of a Steam 
Line Break Accident for Boiling Water Reactors. Regulatory 
Guide 1.5. U.S. Nuclear Regulatory Commission, Washington, D.C. 
(1971). 

4. U.S. Nuclear Regulatory Commission. Methods for Estimating 
Atmospheric Transport and Dispersion of Gaseous Effluents in 
Routine Releases from Light-Water-Cooled Reactors. Regulatory 
Guide 1.111. Rev. 1. U.S. Nuclear Regulatory Commission, 
Washington, D.C. (1977). 

5. U.S. Nuclear Regulatory Commission. Atmospheric Dispersion 
Models for Potential Accident Consequence Assessments at Nuclear 
Power Plants. Regulatory Guide 1.145. Rev. 1. u.s. Nuclear 
Regulatory Commission, Washington, D.C. (1983). 

6. Ramsdell, J. v. Atmospheric Diffusion for Control Room Habita
bility Assessments. NUREG/CR-5055. U.S. Nuclear Regulatory 
Commission, Washington, D.C. (1988). 

7. Ramsdell, J. V. "Diffusion in Building Wakes for Ground-Level 
Releases." PNL-SA-17611, Pacific Northwest Laboratory, Richland, 
Washington (1990). (To be published in an Urban Atmospheres 
edition of Atmospheric Environment fall of 1990) 

8. Sagendorf, J. F., Goll, J. T. and Sandusky, W. F. XOQDOQ: 
Computer Program for the Meteorological Evaluation of Routine 
Effluent Releases at Nuclear Power Stations. NUREG/CR-2919. 
U.S. Nuclear Regulatory Commission, Washington, D.C. (1982). 

9. Bander, T. J. PAVAN: An Atmospheric Dispersion Program for 
Evaluating Design Basis Accidental Releases of Radioactive 
Materials from Nuclear Power Stations. NUREG/CR-2858. U.S. 
Nuclear Regulatory Commission, Washington, D.C. (1982). 

10. Johnson, W. B., Shelar, E., Ruff, R. E., Singh, H. B., and 
Salas, L. Gas Tracer Study of Roof-Vent Effluent Diffusion at 
Millstone Nuclear Power Station. AIF/NESP-007b. Atomic 
Industrial Forum, Washington, D.C. (1975). 

728 



21st DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

DISCUSSION 

DORON: Did you consider for a specific site the effects of changes in wind direction as well as 
wind speed. At a specific site, when the building has a certain configuration, changing may give different 
results for the same location. 

RAMSDELL: If I were to use this model for a specific site, I would definitely put in a directionally 
dependent area. However, for the analysis that I have presented, I assumed the cross-sectional building 
areas used for licensing the commercial power plants. The cross-sectional areas used for the three INEL 
facilities were given to me by people at INEL. The model was very much overpredicting the 
concentrations at Diablo Canyon until we got the right building area. After that, we were very close. 
An area of 1600 sq. meters was used in licensing Diablo Canyon. When their meteorologists went back 
to the drawings, they found that the area was more typically 7000 sq. meters. Putting that area into the 
model reduced the bias by about a factor of 7. For Diablo Canyon, we are predicting about 80% of the 
variation in centerline concentrations. This is a particularly difficult site because we only used 
experimental data for one distance. Therefore, we don't have the normal distance dependence to assist 
in getting a high correlation; we only have the variation in meteorological conditions. 

LAGUS: When you have an extended source of variable aspect, don't you have a problem 
modeling wakes using a Gaussian plume which is exact only for a point source? 

RAMSDELL: 1\vo approaches to modeling an extended source in a wake came to mind immediately. 
The first is to use the expressions given in the paper to estimate wake diffusion coefficients and use 
these coefficients in a line source model. The other approach is to model the source as a line of point 
sources having equal release rates. 
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CLOSING COMMENTS OF SESSION CO-CHAIRMAN BELLAMY 

This sessic,n has had five papers associated with mathematical modeling. We have discussed 
computer simulated models for emergency response to accidents, for purging activated carbon after a 
short term insult of methyliodide (which I would characterize as an accident), heard about HEPA filter 
performance, talked about the optimization of air duct design, and we have heard about some new 
mathematical models for meteorological considerations. It demonstrates the importance of being able 
to analyze situations mathematically and, as pointed out by a number of the questions and comments, 
the importance of being able to consider the use of personal computers and the ease of using computer 
codes in the future for our work. 
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OPENING COMMENTS OF SESSION CO-CHAIRMAN GILBERT 

This is the second conference session on filters and particulate air cleaning. The objective of this 
session, as well as the earlier session, is to improve air cleaning technology. 

We have five interesting papers. In addition to improving our techniques and our products, we 
might try also to improve the economy of air cleaning in _terms of conserving both time and funding. 
Sometimes I think the concept of economy has been downgraded even if not forgotten. We must strive 
to upgrade particulate filtration, not only in efficiency, but with due regard to its practical design for the 
operation being filtered. 

732 



21st DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

IDGH EFFICIENCY STEEL FILTERS FOR NUCLEAR AIR CLEANING* 

W. Bergman, J. Conner, G. Larsen, R. Lopez, 
C. Turner, G. Vahla, C. Violet, and K. Williams 

Lawrence Livermore National Laboratory 
P. 0. Box 5505 Livermore, CA 94550 

Abstract 

We have, in cooperation with industry, developed high-efficiency filters made 
from sintered stainless-steel fibers for use in several air-cleaning applications in 
the nuclear industry. These filters were developed to overcome the failure modes in 
present high-efficiency particulate air (HEPA) filters. · HEPA filters are made from 
glass paper and glue, and they may fail when they get hot or wet and when they are 
overpressured. 

In developing our steel filters, we first evaluated the commercially available 
stainless-steel filter media made from sintered powder and sintered fiber. The 
sintered-fiber media performed much better than sintered-powder media, and the 
best media had the smallest fiber diameter. 

Using the best media, we then built prototype filters for venting compressed 
gases and evaluated them in our automated filter tester. 

I. Introduction 

HEPA filters have provided the nuclear industry with the best available 
technology for nearly 40 years in preventing the release of radioactive particles into 
the environment. Although improvements were made in the reliability and 
performance over this time, the present HEPA filter used in the nuclear industry is 
quite similar to the original unit that was made by gluing folded filter paper into a 
wooden frame. The most significant improvement was the replacement of the 
cellulose filter paper with glass fiber filter paper in the late 1950s to make the filter 
fire-resistant. This change was prompted by a fire at the Rocky Flats Plant in 1957, 
when some of the combustible HEP A filters burned. An excellent review of the 
history of HEPA filters in the nuclear industry is given by Gilbert. (I) 

The reliability of HEPA filters has been criticized in recent years because of 
increasing concern with environmental protection and the recent disclosure of. 
serious contaminants at several Department of Energy (DOE) facilities. Much of the 
criticism of HEPA filters is based on the poten,tial structural damage to the filter. Our 
investigation of high-efficiency steel filters was motivated by our desire to reduce 
this failure potential. 

*This work 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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HEP A Structural Damage 

HEP A filters may suffer structural damage undei: extreme conditions of 
temperature, humidity, air flow or shock wave, and particle deposits. The failure of 
HEPA filters under these conditions is not surprising since HEPA filters are 
essentially delicate, weak structures made by gluing folded paper into a frame. These 
failure modes can be avoided by providing adequate design features in the off-gas 
system. 

High Air Flow or Shock Waye. HEPA filters will be structurally damaged when they 
are subjected to high air-flow conditions that may occur during tornadoes or 
explosive shocks.(2) 

High Temperature. When HEPA filters are exposed to hot exhaust, they can suffer 
severe reductions in strength and structural integrity. These HEP A failures depend 
strongly on the material and the design of the filter, in addition to the temperature 
and time of exposure. (3-6) Visible structural damage, such as media tears and 
distortions, are usually seen when HEPA filters are exposed to temperatures above 
250°C. Above 175°C (350°F), the binder that holds the filter paper together begins to 
bum off, leaving a filter medium that can be easily blown apart.<5-6) Although all 
HEPA filters used in nuclear facilities are required to be qualified and labeled by 
Underwriters Laboratories as fire-resistant,(7) these tests do not simulate real failure 
modes, where high-temperature exposure is followed by mechanical stresses. 

Since HEPA filters are not generally installed in high-temperature process 
streams, they experience high-temperature exposure only during accident 
conditions. Under these conditions, the HEPA filter blow-out is due to more than just 
the high temperature. 

High Humidity. Recent studies· have shown that HEPA filters can suffer severe 
structural damage and may even blow out under high humidity conditions.(8-11) The 
accumulation of water in the HEPA filter leads to an increase in the differential 
pressure and a decrease in the filter pack stability and the media's tensile strength. 
The increased mechanical load on the filter, coupled with the decreased strength, can 
lead to structural failures. 

Heavy Particle Deposits. Particle deposits on HEPA filters increase the mechanical 
load on the filters and can lead to mechanical failure in the same fashion as discussed 
for high humidity. The use of an efficient, cleanable prefilter can prevent this 
problem. 

Combination of Conditions. The combination of the previous conditions can lead to an 
accelerated destruction of HEPA filters. Swedish studies have shown that high 
humidity at 100°C causes a HEP A filter to "fail due to its own weight or in a minimal 
stream of air.00)" Another example is the case of high humidity and heavy particle 
loading. In this case, the particle deposits increase the water adsorption in the filter 
and can lead to filter blow-out. 

The potential for HEPA filter blow-out following high-temperature exposure is 
very high if the HEPA is subjected to any additional stress. The HEPA medium is 
structurally weak since the binder holding the filter paper together is burned off. 
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In addition, the entire filter pack is loosely supported in the filter frame.(4,6) Any 
subsequent exposure that exerts a mechanical strain on the filter can cause the HEPA 
pack to blow out of the filter housing. In some instances a water spray was used to 
put out fires in HEPA filters, which caused the filters to blow out of their frames. 

Steel Fitters Do Not Suffer Structural Damage 

The high-efficiency steel filters described in this report do not suffer from 
the type of structural damage described for the glass-paper filters. This follows from 
the intrinsic strength of the steel and the welded construction of the filter. The steel 
media consist of fibers or powder held together in a mat by diffusion bonding and are 
far stronger than glass-paper media. Welding the steel media into a steel housing 
yields a high-strength filter that will not have structural damage under extreme 
conditions of high temperature, humidity, air flow or shock wave, and particle 
deposits. 

The use of steel filters in nuclear air cleaning applications is not new. 
Cleanable ·stainless steel filters were used as prefilters to extend the life of HEPA 
filters in hot off-gas systems such as in waste calciners (13) and in waste 
incinerators ( 14). These filters had high pressure drops (over 8 inches w .g. at 4 feet 
per minute air velocity) and low efficiencies (about 65%) when clean. The pressure 
drop and efficiency increased as particles built up on the filter. Dillmann et al 
( 15, 16) described the use of 2 µm stainless steel fibers to make deep bed filters for use 
as vent filters in nuclear power reactors. The deep bed filters had efficiencies 
comparable to the glass HEPA filters but were much larger and could not be cleaned. 
Klein and Goossens ( 17) showed major improvements in filter efficiency with 
decreasing diameter of the steel fibers from 12 to 4 µm. However, the efficiencies 
were far below HEPA grade. They also showed that deposits of methylene blue 
aerosols could be efficiently cleaned from a cylindrical filter by washing with a 
water spray. Recently, Randhahn et al (18) described a stainless steel filter that had 
efficiencies comparable to a HEPA filter. However, no pressure drop data was given 
for a comparison to HEPA filters. Dillmann et al (19) showed that sintered metal 
filters made from fibers performed much better than those made from metal powder. 
Tli~ pleated cylindrical filters made from 2 µm fibers had efficiencies of 99.8% for 
uranin p'articles and a pressure drop of 5.6 inches of water at 58.9 cfm. 

II. Steel Filter Media Evaluation 

We evaluated the commercially available steel filter· media made from sintered 
powder and sintered fiber. The large variety of filter media that we evaluated is 
illustrated by the electron micrographs shown in Figs. 1-5. Figure 1 shows the 
surface of a sintered-powder filter from Pall Trinity (PMM-M020) at 2X 
magnification. The cross section of this filter is shown in Fig. 2: Figure 3 shows the 
surface of a sintered-fiber filter from Bakaert (3AL3) at 2X magnification, while Fig. 
4 shows the cross section of the filter. The structure of sintered-metal filters can also 
be rather complex, as illustrated by the four magnifications of a Memtec filter (XS44) 
in Fig. 5. . Our objective was to screen samples of the filter media and select the most 
promising candidate for use in fabricating steel filters. The screening process 
consisted of measuring the aerosol penetration and the pressure drop across each 
filter at several flow rates. 
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General Procedure 

Figure 6 is a schematic of the test apparatus used in our screening tests. We 
used a variety of aerosols such as dioctyl sebacate (DOS), sodium chloride, and silica to 
challenge the filters. The concentration of particles was measured as a function of 
particle size by using one of two laser particle counters from Particle Measuring 
Systems, Inc. One laser particle counter ( 4SLAS-32) had a sample flow rate of 0.3 l/m 
and measured particles from 0.065 to 1.0 µm over 32 channels. The other counter, 
(LPC-HS-Special) had a sample flow rate of 2.8 l/m and measured particles from 0.07 
to 0.5 µm over 16 channels. The two particle counters were used interchangeably in 
our study. We determined the aerosol penetration as a function of particle size from 
the ratio of the downstream to upstream concentrations for each particle size range. 
Before measuring the upstream particle concentration, we first · diluted the sample, 
using one to three stages of TSI diluters to prevent counting more than one particle 
at a time in the laser counter. A typical dilution ratio was 1000:1 in our tests. To 
prevent premature plugging of the filter, the upstream aerosols were directed to a 
dump while the concentrations were measured. The concentration of particles 
downstream from the filter was measured after the aerosols were directed to the 
filter. 

Figure 7 shows the measured concentration of DOS aerosols generated by a 
Laskin nozzle in a typical steel-filter screening test. This figure shows the upstream, 
downstream, and background concentrations as functions of particle size. The 
background measurement represents the downstream sample with the aerosol 
generator turned off. We took background measurements to verify that there were 
no leaks present. 

The filter penetration was computed from the ratio of the downstream to 
upstream particle concentrations and the results are plotted in Fig. 8. This 
penetration curve represents the fraction of DOS particles passing through a sample 
of_ Pall sintered-fiber media (FH025-HEPA) at a face velocity of 6.2 cm/s. The pressure 
drop at this face velocity was 190 mm of water. This filter had the best performance 
of those tested in our evaluation. 

Sintered-Fiber Filters Are Better Than Sintered-Powder Filters 

We evaluated a large number of different filter media from Pall Trinity, 
Memtec, Michigan Dynamics, Bakaert, and Mott to find the best media. Our studies 
showed that for equivalent sized powder and fiber, the powder filters always had a 
higher particle penetration and a higher pressure drop than the fiber filters. 
Figure 9 illustrates this point with two filters from Pall Trinity: a sintered powder 
filter (PMM-M050) made from 5.0 µm steel powder and a sintered fiber filter (PMF
FH050) made from 5 µm steel fiber. Both filters were evaluated at a face velocity of 
1.25 cm/s. The powder filter has a maximum particle penetration of 0.95 and a 
pressure drop of 7.4 mm water. In contrast, the fiber filter has a maximum particle 
penetration of 0.017 and a pressure drop of 0.9 mm of water. 

The higher filter penetration and higher pressure drop for the sintered
powder media compared to the sintered-fiber media is due to the filter structure. 
Figure 10 shows electron micrographs of metallurgical samples of the sintered-fiber 
(lOA) and sintered-powder (lOB). The more open structure of the sintered-fiber 
filter has less air resistance than the more closed structure of the sintered-powder 
filter. This accounts for the lower pressure drop in the sintered-fiber filter. The 
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more open structure of the sintered-fiber filters also increase the residence time of 
the particles inside the filter. This increased residence time increases the particle 
capture due to ~rownian motion and hence decreases the filter penetration. 

Filters With -Thinner Fibers Are Better 

Another major finding from our screening tests is that sintered-fiber filters 
made from thinner fibers have better performance than those made with thicker 
fibers. Figure 11 shows the penetration of two different Pall sintered-fiber filters at 
a face velocity of 3.7 emfs. The filter made with 5 µm diameter fiber (PMF-FH050) 
has a much higher penetration than the filter with 2.5µm diameter fiber (PMF
FH025). One of the most efficient media from our screening tests was , a Pall filter· 
made with 2.0 µm diameter fiber (PMF~FH025-HEPA). 

Steel Filter Media Haye Similar Penetration but Higher Pressure Drop Compared to 
Glass HEPA Media 

Our filter pen~tration measurem~nts demonstrated that the Pall steel filter 
with 2.0 µm fibers (FH025-HEPA) had a particle penetration similar to the glass HEPA 
filter, but more than three times the pressure drop. Figure 12 shows the DOS , 
penetration for the steel-fiber media and the glass HEPA media when tested at 3.5 
cm/s face velocity. The pressure drops across the steel and glass media are 9 .9 and 2.9 
mm of water, respectively. Thus, a steel HEPA filter would require more than three 
times as much filter area to have penetration and pressure drop similar to the glass 
HEPA filter. This would result in a very expensive filter. 

III. Development and Evaluation of Prototype Steel Filters 

We then used the results of our screening test to develop prototype filters for 
applications as venting filters for pressurized gas systems. The increased air 
resistance of the steel filters compared to the glass filters is not important in those 
venting applications. Figure 13 shows a prototype filter from Memtec that we 
evaluated for our application as a vent filter. This filter was cut in half to expose the 
two-stage concentric-cylinder design. The exhaust flow enters the large opening in 
the bottom, passes through the outer cylindrical filter and the inner. filter, and 
finally exits through the small opening on top. This filter design represents a 
compromise between minimum filter penetration and minimum cost. 

We evaluated the prototype vent filter in our automated filter tester shown in 
Fig. 14. This figure shows. the filter being inserted into the filter chuck of .the test 
apparatus. The basic components of the tester are similar to those shown 
schematically in Fig. 6. The DOS aerosols are generated with a Laskin nozzle 
generator. The results of the penetration measurements for the filter are shown . in 
Fig. 15. This filter has a maximum penetration of 1.2X10-7 at O.lµm particle diameter 
and 3.0 cfm flow rate. The pressure drop is 1.36 m of water (1.94 psi). 

A more complex prototype filter from Pall Trinity is shown in Fig. 16. This 
filter also has a two-stage concentric design ·but -.has the filter media pleated into a 
cylindrical configuration. Figure 16 ·shows the housing with the two filter stages 
separated from each other. The results of our penetration measurement are shown 
in Fig. 17. We see that this filter has a maximum penetration of 3.2Xto-8 at 0.1 µm 
particle diameter and 2.0 cfm flow rate. The pressure drop at these conditions is 107 
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mm of water. Although this filter with the pleated cylinder design has a lower 
penetration and pressure drop, it also costs several times more than a filter with the 
flat cylinder design. 

Another prototype filter that we developed is shown in Fig. 18. This filter is a 
single-stage filter with a pleated-cylinder design and is made from a combination of 
sintered fiber (FH025) and sintered powder (MOlO). The results of our penetration 
test are shown in Fig. 19. This filter has a maximum penetration of 1.6X1Q-3 at 0.09µm 
particle diameter and 6.0 cfm flow rate. The pressure drop at this flow rate is 295 mm 
of water. 

IV. Conclusion 

We have developed high-efficiency steel filters for use in nuclear air-
cleaning applications to avoid the structural damage that occurs with the glass-paper 
HEPA filters. However, the steel filter media have the same penetration but more 
than three times the pressure drop as glass-paper HEP A filters. The steel filters at 
this time are, therefore, restricted to applications that are not sensitive to air-flow 
resistance. They can be used in exhaust vents for a pressurized gas system or in any 
compressed gas line. These filters can also be used in many other applications where 
glass-paper HEPA filters are used, if the filter capacity is downgraded. However, 
under these conditions, the steel filter is much larger and far more expensive than 
the comparable glass-paper HEPA filter. Figure 20 shows that the steel filter is much 
larger than a glass-paper HEPA filter with similar penetration and pressure-drop 
characteristics. 
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PALL M020 

Figure 1 Electron micrographs of the surface of a s_intered-powder filter (Pall 
M020) at increasing magnification. 
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PALL M020 

Figure 2 Electron micrograph of a cross section of a sintered-powder filter (Pall 
M020). 
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Bakaert 3AL3 

Figure 3 Electron micrographs of the surface of a sintered-fiber filter (Bakaert 
3AL3) at increasing magnification. 
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Bakaert 3AL3 

Figure 4 Electron micrograph of a cross section of a sintered-fiber filter (Bakaert 
3AL3). 
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1 OA Sintered Fiber 

1 OB Sintered Powder 

Figure 10 Electron micrographs of metallurgical samples of sintered-fiber (lOA) and 
sintered-powder (lOB) filters. 
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Dl:SCUSSJ:ON 

SEJ:BERT: You stated that typical ventilation systems would not 
tolerate high resistance to flow. You also said that you had reduced 
the four-fold difference in resistance between regular HEPA filters 
and steel filters to a two-fold difference. Although steel filters 
have higher mechanical integrity than typical HEPA filters, 
installations can have redundancy by installing two or three stages. 
Would that change your conclusion? 

BERGMAN: Figure 12 of the paper shows that the steel HEPA 
media has 3.4 times the air resistance of the standard glass HEPA 
media. This higher pressure drop would not be acceptable in most 
ventilation systems. Although it is true that those installations 
having three stages of standard glass HEPA filters have about the same 
pressure drop as a single stage steel HEPA filter, the multiple filter 
installations also have much higher efficiencies. Until both the 
pressure drop and the efficiency of steel HEPA filter become 
comparable to the glass HEPA filter, the steel HEPA filter will not 
generally be suitable for use in ventilation systems. However, in 
applications where the glass HEPA filter is subject to severe 
structural failure, the steel HEPA filter may be acceptable in spite 
of the higher air resistance. 

MORRJ:S: If you had the Midas touch and you could convert a 
glass material to stainless steel, would you expect to get a better 
efficie~cy from the glass? If not, why? 

BERGMAN: There will be no difference between a glass fiber and 
a metal fiber filter. The glass fiber filter may have a slightly 
better performance because of added electrostatic attractive forces 
that do not exist with a steel fiber filter. However, this increase 
would be very small for the glass fiber filter because it still 
conducts electricity. 

MORRJ:S: You would expect the stainless steel filter to come 
up to the same efficiency level? There is no reason you can think of 
why it shouldn't? 

BERGMAN: No, not one reason. 

MORRIS: Is there any way of using electrostatics for your 
benefit? Could you charge the particles and get a better filter? 

BERGMAN: Electrostatics will not be beneficial in steel 
filters because they conduct electricity. We had previously looked at 
applying electrostatics to glass fiber filters and published several 
papers in previous Proceedings of this conference. Although 
electrostatics showed remarkable improvements in ~ilter performance, 
they were not well received in the nuclear industry because of 
increased complexity and lower reliability. 
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A PERMANENTLY MAGNETISED HIGH GRADIENT MAGNETIC FILTER FOR GLOVE-BOX CLEANING 
AND INCREASING HEPA FILTER LIFE 

Dr J.H.P. Watson and Dr C.H. Boorman 
Institute of Cryogenics 

University of Southampton 
Southampton S09 SNH 

England 

Introduction 

The purpose of this paper is to describe the structure and testing of a permanently magnetised magnetic 
filter on simulants for radioactive material. The experimental work was carried out at British Nuclear Fuels 
pie, Sellafield, England and in CEN/SCK, Mel, Belgium using Cr powder which is a good magnetic simulant for 
PL02. The basis of the use of such a filter in the nuclear industry relies on the fact that much of the 

radioactive material is paramagnetic, as shown in Table 1. 

Material 

u 
Pu 

l02 

PLD2 

Zr 

Insoluble Ejssjoo Products 

Mo 

Ru 

R1 

Pd 

Tc 

Origin 

Magnox fuel 

Research Labs 

Oxide Fuel 

(AGR, PWR, BWR, LMFBR) 

LMFBR fuel 

PWR, BWR fuel 

Irradiated Fuel 

from all types of 

reactor 

Suscepibility (SI) 

3.9 (10· 4) 

6.3 (10- 4) 

1.2 (10- 3) 

3.7 (10- 4) 

1.1 c10· 4> 

1.2 c10· 4> 

4.6 c10· 5> 

1.1 c10· 4> 

8.2 (10- 4) 

3.9 c10· 4> 

Table 1 Magnetic volume susceptibility data (SI units) for materials occurring In the 
nuclear Industry. 

In the last twenty years a separation technique has been developed which allows weakly paramagnetic 
particles of colloidal size to be separated from fluid which passes through the separator. This method is 
called high gradient magnetic separation (HGMS) and is accomplished by magnetising a fine ferromagnetic 
wire matrix by an externally applied magnetic field. The wires of the matrix attract the paramagnetic 
particles which are also magnetised by the applied magnetic field. The technology of HGMS is used throughout 
the world to purify kaolin clay. In the United States this industry is centred in Georgia. Many of the 

applications of this technology in the minerals industry have been discussed by Svoboda< 1 >. 
While modern technology allows the generation of high magnetic fields and which have been used in many 

applications, there remain a significant number of applications where the magnet or solenoid, providing the 
magnetic field, would be difficult, if not impossible, to accomodate. This paper describes a new approach to 
this problem, by using a magnetically hysteretic material to construct the ferromagnetic matrix, it has been 
possible to provide a magnetic field in the region of the matrix and also have a residual magnetisation within 
the matrix. This provides extremely compact magnetic separation systems. There are some subtle 
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differences between this separation· system and conventional HGMS which makes the radial feed system, 
with all Its advantages, almost mandatory. for hysteretic HGMS. 

The permanently magnetised magnetic filters described in this paper have the following important features: 
(1) No external magnet is required. (2) No external power is required. (3) Small in size and portable. 
(4) Easily interchangeable. (5) Can be cleaned without demagnetising. 

Two uses have been proposed for such a filter: 

(A) As a cleanable pre-filter in front of an absolute filter in order to reduce the load on the absolute filter 
and thereby increase Its useful life. This reduces greatly reduces the absolute filter storage cost. 

(B) To Improve housekeeping in a glove-box by preventing the spread of fine Pu02 through the box by 

constantly circulating the air or part of the air through the filter. By adopting this measure operator 
exposure could be reduced. 

Magnetic interaction of a particle and a magnetic fibre 

The theoretical model assumes a flow of paramagnetic particles carried by a fluid past a magnetised wire. 
We assume that the wire is ferromagnetic and hysteretic. The magnetic field in which the wire sits Is the 
Internal demagnetising field H1 of the whole assembly of hysteretic wires which have been magnetised to 

saturation after which the external applied field Is reduced to zero. This leaves the residual demagnetising 
field as ·the magnetic field in which the wires and the paramagnetic particles sit. In this situation 

Magnetisation M 
in the opposite 
direction to Hi 

M=2p
0
( He: - I H ii ) 

Fig 1 Shows the particle· of radius b carried by a fluid of background velocity V0 moving 

parallel to the x-axis along which a magnetic field H1 Is applied. It Is necessary to 

determine the capture cross-section 2Rca, as shown. Re is referred to as the capture 

radius. 
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the magnetisation M of the wire is in the opposite direction to the local magnetic field Hi and is given by M 

= 2µ0 (H0 - IHil ) where H0 is the coercive force and µ0= 4~ (1o· 7)H/m, the permeability of free space. It is 

assumed that the wire is perpendicular in direction to this local field. From this following the methods by 

WatsonC2) and more recently by Lawson, Simons and TreatC3) and Simons and Treat< 4 >, the equations of 
motion can be calculated and the capture cross-section 2R0 a for the particle can be calculated. Here R0 is 

termed the capture radius and a Is the wire radius. The geometical significance of the capture cross-section 
is illustrated in Fig 1. 
The equations of motion determining the particle trajectories show and, in consquence, the capture of 
particles by a fibre, in are background magnetic field Hi• are determined by three parameters; 

i) Vm/V0 

where V m is the 'magnetic velocity' containing all the Important magnetic parameters in the system, 

and V 0 is the flow velocity. V m Is given by; 

(1) 

where x is the difference In susceptibility between- the fluid of viscocity 11 and the particle of radius b. M is 
the magnetisation of the ferromagnetic wires of radius a and Hi is the local magnetic field, which for the case 

of the permanently magnetised matrix is referred to as the internal field Hi. Then using the expression given 

above for the wire magnetisation M, equation (1) becomes 

V m is maximised with respect to H1 when IHi I = H0/ 2. 

(ii) The short range parameter K, given by; 

(1 a) 

(2) 

If the wire is not magnetically saturated then K = 1. If V m is maximised then K = 1, as the capture radius R0 
depends on V m' V 0 and on K, the maximum in R0 does not necessarily occur at !Hi I = H0/ 2. 

iii) Stoke's number, Ns t; 

(3) 

Pp and PL are the particle density and the fluid density, respectively, Re is the wire Reynolds number where 

Re = 2 PL V 0 a /11. The efficiency of capture by the fibre can be adjusted by changing these parameters. 

In the case of a permanently magnetised filter the optimisation of these parameters is crucial. To understand 
why this is so some background is necessary. In HGMS weakly magnetic particles are captured by the 
combination of high fields and high .field gradients. This is possible through the use of large electromagnets, 
or superconducting magnets so large values of V m can be obtained. However there are some disadvantages 

which must be considered. One of these concerns the short range term, K, and the fact that for a soft 
ferromagnet with low hysteresis K can only have a values between 0 and 1. In the case of a permanently 
magnetised filter the magnetic field is significantly smaller than that experienced in HGMS, however, 
because of magnetic hysteresis, it is possi!lle· to create values of K much greater than unity. Consequently, 
the optimisation of the field and magnetisation is crucially important. Given this optimisation, magnetic 
particles passing the filter elements will be captured if they are inside the capture radius R0 of that element. 
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The magnitude of Re can be determined from V m• V 0 and K. It is possible to build a model relating relating K 

to Re for various V m' V 0 ratios. Fig 2 shows a graph of the capture radius as a function of the ratio of 

magnetic velocity to flow velocity. This graph has been obtained from data calculated by Watson<5>. These 
values were calculated for the case where dependence on the Stokes number is small and negligible. 

It is interesting to look at the differences between conventional HGMS and HGMS with hysteretic 
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ferromagnetic material K can never be greater. than 1, but for hysteretlc material values 
of K>>1 are possible. 

materials. In conventional HGMS, the surface of the wire becomes divided into four regions, two of the 
regions are attractive to paramgnetic material and two repulsive to paramagnetic material. In hysteretic 
HGMS, the attractive regions become repulsive and vice versa. This has been discussed previously by 

Boorman, Watson and Bahaj<6>. 

The development of this model requires an understanding of the filtration applications envisaged for the 
system. A prototype filter has been constructed incorporating a roll of expanded ferromagnetic metal mesh, 
as shown in· Fig.3. The mesh is an hysteretic ferromagnetic but it is also flexible with a coercive force of 
300 Oersted. Chromindur is a product of Telcon Metals Ltd, Manor Royal, Crawley, England. 

The matrix was magnetised parallel to the surface of the sheets in the roll, and also parallel to the filter 
axis. The applied field was then reduced to zero, and, due to the hysteretic nature of the Chromindur, the 

filter remained magnetised with an internal fi_eld strength Hi of 14881 Am" 1• The magnetisation of those legs 

perpendicular to the field, on which most magnetic capture will occur due to the· large field gradients 
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Unit Cell Separation of 
the leyers 

Fig 3a Structure of the prototype filter showing a role of chromlndur expanded metal 
mesh. This Is wound on the Inlet tube so the flow Is radally outwards through 76 layers 
of mesh. A cross-section through the filter Is shown •. The unit cell Is the repeated unit 
generating the two dimensional sheet. The separation of the layers Is 0.4 mm 

Inlet 
Radius 

Rl 

Chromindur 

Matrix 
20% Filling 

Rmax 

outlet 

R2 = so:e mm 
R 1 = 6.35 mm 

76 layers 

Fig 3b Shows a section through the filter. The original 
filter had a length L:25.4 mm. The matrix Is wound on the central perforated tube. The 
gas flow Is radially outwards. The separation between the layers Is 0.4 mm and the 
thickness of the sheet Is 0.2 mm. The chromlndur Is magnetised In the plane of the sheets 
that Is parallel to the axis of symmetry. 
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present, will be 17980 Am· 1. For fibres of radius, a = 0.2 mm, and particles of radius, b = 0.5 microns, 

with a susceptibility of 5 x 1 o· 5 (S.I. units), the resulting magnetic velocity will be 0.0018 mm/sec. In this 
case a value of V m' V 0 = 0.03 would be suitable, i.e. a flow velocity of 0.06 mm/sec. The corresponding 

value of K will be 2.55. 
A reasonable approximation to these parameters (for the case V m' V 0 = 0.03) is: 

Re= a+ b.K . (4) 

where a = 0.0094 and ba = 0.048. The. capture radius for the filter elements in this case will therefore be 

0.132. Assuming a 7% filling factor, the total volume of the matrix is 1.4 x 1 a· 5 m3. . As already mentioned, 

the mass loading envisaged for the filter is about 0.04gmtm3• Nesset and Finch(?) introduced a quantity 
called the loading number which has been modified to incorporate' interparticle frictional forces and this 
loading number has been used to calculate the total mass that can be theoretically captured by the filter. 
Using this approximation the total mass captured by the _filter has been calculated to be 283 grams. If the 

loading is 0.04gmtm3, and assuming,.a SO% packing factor for the material built up on the wires, this means 

the total processed volume will be 4,126 m3, and, at a flow rate of 0.0036 m3thr (assuming an inlet flow 

area to the filter of O.OOlm2) the overall lifetime of the filter will be 1.15 million hours!! It should be realised 
that this is a small prototype filter. Practical filters will need to process somewhere in the region of 10 

m3 /hr if, they . are . to be useful. ,-

In a filter of this structure with conventional HGMS, with the field applied parallel to the sheets of 
Chromlndur, the particles would be captured into the holes in the mesh so a radial feed system would certain 
to block as the suspension must pass through the holes so an axial feed would be appropiate here. On the 
contrary, for hysteretic HGMS the particles are attraced to the mesh leaving the holes clear which makes a 

radial feed ldea1(6). 

Experimental work at British Nuclear Fuels pie. Sellafield 

Experimental arrangements 

In order to test this filter in an 'in-situ' environment it was sealed and attached to a glove box at British 
Nuclear Fuels pie. The arrangement is shown in Fig.4. . 

l'1llli'l'~i ~r~~~rl'lll'lll,' 
>, 

Fig 4 Arrangement of the glove box test rig at. Sellafield. A Cr powder slmulant was used 
In these tests. 
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Chromium powder was suspended Inside the glovebox and circulated through the filter. The filtered air then 
passed through a second filter which contained a glass microfibre filter (to detect any particles that may 
have passed through the magnetic filter}. This second filter was both weighed, visually inspected and 
replaced after every hour of operation. The pressure drop across the microfibre filter was recorded 
throughout the test while the pressure drop across the magnetic filter was recorded from the forty-sixth 
hour of the test. The pressure within the glove box was kept approximately constant between the levels of 
negative one inch and negative six inches water gauge, by the use of the vacuum pump and a compressed air 
line. The chromium dust was suspended by hand through the glove ports and by the use of the compressed air 

line. The flow rate through the filter was kept at 300 cm3/min. 

Results 

(1) Loading of the filter 

The loading on the filter was maintained at between 0.5 and 0.8 grams per hour throughout the test. 
Throughout the test, last 96 hours, no breakthrough was detected by the microfibre filter. It was estimated 
that the total amount of Cr powder that passed into the filter was 50 grams ( .t. 10 grams} 

(2) Washing the filter 

The filter was washed using a solution of manganese chloride. The susceptibility of this solution had been 
measured and adjusted to match that of the Cr powder. Hence it was hoped that it would be possible to wash 
out the majority of the Cr powder. The solution was passed through the filter continuously for several hours. 
The filter was then removed and shaken before being replaced in the flow stream. A total of 25 grams of Cr 
was removed from the filter in this way. 

;;: ...... » 
Q 
c 
CD 
'.§ 
:t: w 

100 NJ 

90 

80 

70 

60 

50 

40 
0 

. :\ 

f' 
I' ' 
' ' J .... 

\.. 
II Efficiency(%) 

"-. 
"" " " '- ... 

2 3 4 5 

Velocity (emfs) 
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In litre/hr, for this filter, can be obtained by multiplying the velocity by 36.36 
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Experjmenta! testing of the prototype fjlter at CEN/SCK. Mo! . Belgium 

The performance of the magnetic filter was tested at Mo! in Belgium using an APS 33 Aerodynamic Particle 
sizer. Chromium powder simulants were used in place of the radioactive uo2 or Puo2, since the filter was 

required for further research after this testing was complete. The powder, after being acid washed to 
ensure purity from ferromagnetic contamination, was mixed with water and then atomised to produce a fine 
spray. This spray was then heated and passed over a bed of silica gel to remove any moisture before passing 
through the magnetic filter. 
Initially a low mass loading was used to test the efficiency of the filter at various flow rates. Comparisons 
could then be made with the results obtained using non-magnetic aerosols. 
At a flow rate of 8 litres/hour (0.22 cm/s) the filter was found to be exceedingly efficient. Over a four 
hour run the efficiency of the filter was greater than 99%. Similar results were obtained at· 1 O litres/hour 
(0.27cm/s). However, as can be seen from Fig 5, the efficiency fell as the flow velocity was increased. For 
this filter the flow rate in litre/hr can be obtained by multiplying the velocity in cm/s by 36.36. 
These results are very encouraging. However they are interesting to compare with the efficiency of 
mechanical capture acting alone within the filter as a function of particle size. A series of tests were 
carried out at Mo! in which non-magnetic aerosols were passed through the filter. Fig 6 provides a 
comparison of the capture of the magnetic and the non-magnetic particles for particle diameters of 0.5 
micron, 1.0 micron and 2.0 microns. Above two microns diameter the mechanical capture is very strong but, 
at the smaller sizes, the capture due to magnetic forces considerably increases the capture of the particles. 
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Conclusions and Future Program 

Although there has been no detailed comparison of the capture radius with the experimental results, the 
theoretical model has suggested a number of important factors which have been incorporated into the 
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separator design, namely: 
1. The matrix material sho11ld have ·high coercive force and high remanence while remaining highly ductile and 
malleable. 
2.The Internal field Hi within the_ structure is highly dependent on the overall shape of the matrix. The shape 

can be changed to optimise the capture radius. 
3.The material held on the matrix wires in hysteretic HGMS is on the opposite quadrants to conventional 
HGMS. Confirmation of this experimentally illustrated the value of radial feed in hysteretic HGMS. 
4. Although not discussed in detail in this paper, a complete solution to the calculation of the capture radius, 

including magnetic, drag and gravitational forces has been achievedC7 >. This model also includes a frictional 
term acting between the particles of the captured material. The effect of gravity on the capture and 
retention of low density weakly magnetic particles in a magnetic field, created by a highly coercive 
material, are small. On the other hand for high density particles gravity is important and retention remains 
small unless the inter-particle friction is high. 

Experimental results have been obtained with the filter under various flow conditions using chromium metal 
powder as a magnetic simulant for Pu02• At low flow rates the capture efficiency was 100%. About 30gm. 

of chromium was recovered from the filter and while this was collected using radial flow the pressure drop 
across the filter was constant. The theoretical capacity of the filter was near 200gm. At higher flow 
velocity the efficiency drops as theory suggests. When a comparison is made between the material passing 

through the separator and a theoretical expression given by WatsonC2>it is found the filter is consistently 
more efficient than theory predicts, however the predicted scaling with the quantities used in the theory 
appears successful allowing the perfomance of diffent filter designs to be calculated with reasonable 
confidence. The next step is to work with Pu02 rather than a simulant. 

Using the results from the prototype filter an algorithm was constructed to predict the efficiencies expected 

from various sized filters operating over a range of flow rates varying from I m3/hr to 100 m3/hr. While 
the filter dimensions become very large at the higher flow rates, the algorithm suggests that reasonably 
sized units can be constructed with high extraction efficiencies at moderate flow rates. 
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A suitable compromise is for a filter with same inner and outer radii as the filter used in this work which 
allows an overall dimension Rmax• as shown in Fig 3b, to be less than Sin., a requirement for glove box 

posting. A test a filter with L=406.4 mm, R1 =6.35 mm, R2=50.8 mm and with Rmax< 6 in. or 152.4mm has 

been built. There are to be 74 layers 0.4 mm apart. 

This filter will start tests at British Nuclear Fuels pie, Sellafield in the last part of 1990 on Pu02. 
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DISCUSSION 

HANSON: I am curious if you tried reversing the polarity on-the'filters to see if it would cause 
the contamination to fall off? Is that practical? · 

WATSON: What we did to remove material,was to simply wash the filter in a liquid. Ifyou use 
a liquid, the viscosity Js considerable higher than air and you can wash the material out because of the 
very much hjgher drag on the part~cles. I~ is very difficult to change. magnetic properties. . · 
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BEHAVIOR OF THE POLYGONAL HEPA FILTER EXPOSED TO WATER DROPLETS 

CARRIED BY THE OFFGAS FLOW 

K. Jannakos, G. Potgeter, W. Legner 
Kernforschungszentrum Karlsruhe GmbH 

Postfach 3640, D-7500 Karlsruhe 
Federal Republic of Germany 

Abstract 

A polygonal HEPA filter element has been developed and tested with a view to 
cleaning the dissolver offgas fr.om reprocessing plants. It is likewise suited to 
filter process offgases generated in other plants. 

Due to its high dew point (about 30°C) the dissolver offgas, before being di
rected into the HEPA filter, is heated with a gas heater to approx. 100°c so that 
condensation in the pipework upstream of the filter and in the filter proper is 
avoided. In case of failure of the heater the offgas may undergo condensation up
stream of the HEPA filter until it is bypassed to a standby heater or a standby 
filter system. Consequently, the filter may be loaded with water droplets. There
fore, experiments have been per.formed with a view to estimating the behavior of 
the polygonal filter element when exposed to condensate droplets in a real plant. 

According to the experiments performed so far it can be anticipated that in 
case of failure of the heater the amount·of condensate produced until bypassing to 
a standby system will not damage a new or little loaded polygonal filter element. 

The experiments will be carried on with the goal of investigating the behav
ior of a heavily loaded polygonal filter element exposed to water droplets. 

Introduction 

The polygonal HEPA filter has been developed to filter process offgases from 
nuclear facilities, especially to filter dissolver offgases originating in repro
cessing operations. The dissolver offgas is normally treated in scrub columns be
fore it is passed through the filter system. When entering the filter system it is 
wet saturated at a temperature of about 30°C. In the filter system it is pre
cleaned in a demister, then heated to approx. l00-150°C in a gas heater, and only 
then passed through the HEPA filter. Therefore, before the gas enters the HEPA 
filter, its relative humidity is <4 %. This prevents condensate droplets from de
veloping in the gas pipework or in the filter proper. 

In case of failure of the heater the offgas may cool down to room temperature 
until it is bypassed to the standby filter system and the standby heater, respec
tively, and considerable amounts of condensate may be produced which are present 
as droplets in the offgas. For instance, during cooling down of the offgas from 
30°C to 20 °C in the state of saturation 13 g of condensate per kg of dry air are 
produced. Some of the condensate droplets will reach the HEPA filter where most of 
them will be removed. 

Objective of Testing 

It was proposed to study the behavior of the polygonal HEPA filter exposed to 
water droplets carried by the offgas stream. Above all it was to be found out 
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whether and. if applicable. after which duration the filter is damaged by exposure 
to droplets. 

Description of the Polygonal HEPA Filter 

The polygonal HEPA filter element {Figure 1) was presented at the 11Nuclear 
Air Cleaning Conferences" 1986 and 1988 (1. 2) .To help better understand the re
sults and the differences in design and face flow as compared to the usual rectan
gular filter element a brief description of the polygonal filter element will be 
given below. 

SCREEN 

GAS OUTLET 

GASKET 

GAS INLET/ FINISHED SEMI-FINISHED 

=============================================::;trQ!lliHIT~9~ 

FIG.: 1 POLYGONAL FILTER ELEMENT (HEPA} 
VIEWED FROM THE BOTTOM 

The polygonal filter element is an annular filter; the filter element is cyl
inder shaped. The filter medium {fiber glass paper) mounted endlessly with only 
one pasting line on the perimeter is compartmentalized into five filter chambers 
with equally wide inner and outer surfaces using V-shaped spacers. The filter ele
ments used in the various tests have a protective strip made of fiber glass pro
vided between the filter medium and the spacer edge. A slotted sheet metal is in
stalled between the inner space and the filter medium. The slots are 10 mm in 
length and 0.7 mm in width. The slotted sheet metal serves to protect the filter 
medium and to guarantee radial flow through it. The polygonal filter elements can 
be manufactured with or without slotted sheet metal. 

The offgas flows from the bottom through the circular cross-section in axial 
direction into the interior and then in radial direction through the filter medium 
towards the outside. The circular cross-section of face flow is much smaller than 
the face flow area of the filter ring and has been dimensioned in such a way that 
at nominal gas flow in the non-loaded condition the pressure loss of the filter 
element is approx. 0.3 kPa. The maximum admissible operating temperature is l60°C. 
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Based on test results the mechanical structure of the filter element was optimized 
so that the axial strain of the stainless steel filter frame does not exert an in
fluence on the filter medium at operating temperatures up to 180°C. 

Test Facilities 

For investigating the behavior of the polygonal filter element exposed to wa
ter droplets, two test benches were used: VERBE, in which a 72° sector (1/5 of the 
polygonal filter element) was investigated, and REFIFI, which allowed the entire 
filter element to be tested. A short description of the test benches and of the 
results obtained will be given below. 

VERBE Test Bench 

The VERBE test bench {Figure 2) has been designed in such a manner that 1/5 
of the polygonal filter element (one filter chamber) can be tested. The flow con
ditions at the filter medium correspond to those encountered when the polygonal 
filter element is installed in a standard filter housing. It was possible to 
choose any value for the lateral contact pressure of the filter medium. In the ex
periments the same contact pressure was chosen as for the standard filter element. 
The attachment of the filter medium at the top and bottom edges corresponded to 
that of the polygonal filter element. Experiments were performed with and without 
slotted sheet metal. The water droplets were injected about 80 cm upstream of the 
gas inlet of the filter element using a two-fluid nozzle. According to information 
from the manufacturer of the nozzles the mean droplet diameter under the condi
tions set for the experiments and with a rate of H20 injection of 6 kg/h is 18.5 
µm, whereas it is 19,9 µm for 12 kg/hand 17,4 µm for 18 kg/h. 

Tl Ml 

VENT AIR PIPE 

, Fl Tl 

BLOWER 

VENT AIR CHAMBER 

WATER 
DISCHARGE 

LEXIGLASS HOUSING 

FRESH AIR CHAMBER 

SUCTION PIPE 

TWD-FLUID NOZZLE 

®- tlNLET 

®- COMPRESSED AIR 

~==H20 

·~- ~=urr=,9=90========== 
Fig.: 2 VERBE: DEVICE FOR TESTING THE HEPA POLYGONAL FILTER ELEMENT 

DURING EXPOSURE TO WATER DROPLETES 
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The quantities of air and water were set prior to the test and kept constant 
during the test. The air taken in was ambient air. Therefore, the relative humid
ity of the air taken in was not always constant during the test. The following pa
rameters were measured. 

- the pressure differential immediately at the filter element; 
- the discharging quantity of water downstream of the filter; 
- the temperature and the relative humidity upstream of and downstream of the fil-

ter. 

'Most parts of the VERSE test bench were made of plexiglass in order to be 
able to observe the flow conditions and the behavior of the filter medium during 
the test. 

Test Conditions 

All the tests started with the dry filter element.The dimensions of the fil
ter element were equal to the dimensions of a filter chamber (=1/5) of the poly
gonal filter element. They were 730 mm in height, 180 mm in width, 120 mm in 
depth. About ten tests each were performed with one filter element. In every case 
ambient air was taken in at about 21 °C. The relative humidity of the air taken in 
was not constant but varied during the test series between 21 % and 57 %. The wa
ter injected was likewise at ambient temperature and the quantity was always larg
er than necessary in order to achieve saturation of the air taken in. A test las
ted about six hours. Two tests were performed which lasted 70 hours. 

Test Results 

A total of 30 tests were carried out at different offgas flow rates (600 m3/h 
= nominal gas flow rate, 800 and 1000 m3/h) with different quantities of water in
jected : 7, 16 and 28 g per m3 of air taken in. Three filter elements were used in 
the tests. 

General phenomenological consideration of the behavior of the filter element. 
All the tests were similar in their course. However, the data measured differed 
and depended on the quantity of water injected, the gas flow and the condition 
(dry or wet) of the filter element. After water injection had started the water 
droplets were entrained by the air taken in and carried to the filter medium. The 
whole quantity of water injected arrived at the upstream side of the filter. It 
was not possible to determine the droplet size and distribution immediately up-
stream of the filter inlet side. · 

After a certain interval depending on the quantity of water injected - be
tween 5 and 50 minutes in the test - some of the droplets injected and retained on 
the filter medium started to flow downwards at the inlet side of the filter ele
ment. At the inlet of the filter element the water was entrained by the air taken 
in and returned to the surface of the medium. Then the quantity of water flowing 
downward increased so that the flow developed into a spout from the filter inlet 
towards the filter medium. During that time. interval the pressure differential at 
the filter element increased steeply. At the downstream side of tQe filter element 
water droplets were visible at some points after development of the spout; they 
run towards the bottom of the filter element along the edges of the spacers. Then 
the downstream side of the filter element became completely saturated with water 
and the spout stopped to exist. The quantity of ~ater measured at that point in 
time at the downstream side of the·filter element was larger than the quantity of 
water injected. Subsequently, the conditions prevailing at the filter element were 
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steady state. After the downstream side of the filter element had been fully wet
ted it was observed that during the entire test very few single droplets were en
trained by the gass flow at the edges of the spacer. 

Data measured. Figure 3 shows a typical plot of the differential pressure im
mediately at the filter element with 600 m3/h gas flow rate and different quanti
ties of water present in the offgas as entrained droplets. With the quantities of 
water getting larger in the offgas the differential pressure rose and the time 
from the start of water injection up to attainment of the maximum differential 
pressure became shorter. When the water injection was stopped the pressure differ
ential dropped within about twenty minutes to nearly the original value measured 
before the onset of water injection. 

EN> OF WATER RETENTION 

3.0 
H20 MASS FLOW 17 kgn, EN> OF WATER INJECTION 

2.5 

~O MASS FLOW 10 kg/h 

2.0 

1.5 

GAS FLOW 

600 - 1.0 
I 

EN> OF WATER INJECTION 

.,E 
- 300 - 0.5 
3: "'-.START OF WATER INJECTION 

~ 
~ 

FIG. 3 

2 3 4 5 6 7 
EXPOSUftE TINE (h) -- IViITivz 

~[h=H=IT/=19=9=0 ==== 
DIFFERENTIAL PRESSURE BEHAVIOR AT THE POLYGONAL FILTER ELEMENT 
WITH VARIOUS WATER VOLUMES INJECTED 

As already mentioned, the differential pressure depends likewise on the con
dition of the filter element. Figure 4 shows the plot of the differential pressure 
in a filter element which had been exposed to 10 kg/h water droplets in the dry 
condition at room temperature (21 °C) and at 600 m3/h gas flow rate; the water in
jection had been intentionally interrupted after 4.7 hours and was restarted after 
another 70 minutes by injecting the same quantity of water. The maximum differen
tial pressure prior to interruption of water injection was 2.2 kPa, but after re
start of water injection only 1.5 kPa. 

The steep rise in the pressure differential shortly after the onset of water 
injection is probably attributable to the water repelling effect of the dry filter 
medium. The water droplets are retained at the filter medium and pushed inside by 
the gas in the grooves of the spacer towards the spacer edge where they run down 
to the filter bottom. Only when the filter medium has been saturated with water it 
becomes permeable to the arriving water droplets. A constant value of the differ
ential pressure is then established which is obviously dependent on the value of 
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FIG. 4 . DIFFERENTIAL PRESSURE BEHAVIOR AT THE POLYGONAL FILTER ELEMENT 

DURING WATER INJECTION IN THE INTAKE AIR 

saturation with water of the filter medium (i.e. the quantity of water contained 
in the wet filter medium). The value of saturation with water probably depends on 
the condition of the filter element prior to water injection. This is the only 
plausible explanation of the diffenrent values of differential pressures plotted 
in Figure 4. 

Figure 5 shows a typical plot of the quantity of H20 at the downstream side 
of the filter element during testing at 600 m3/h gas flow rate and 10 kg/h of wa
ter injected. The quantity of water corresponding to the difference between the 
water injected and the water measured at the downstream side of the filter element 
was consumed mainly to saturate the intake air. 

The entrainment of individual water droplets at the downstream side of the 
filter element was well visible. With small quantities of water hardly visible . 
droplets were entrained by the offgas flow. The larger the quantity of injected 
water became the more frequently water droplets were entrained by the offgas fJow. 

Condition of the filter elements after testing: The average duration of a 
test with water injection was six hours. In addition, two tests of about 72 hours 
duration were performed without interruption. As already mentioned, also tests in
volving larger gas flows and quantities of water injected were performed in order 
to be able to estimate the limit of operation of the polygonal filter element. The 
maximum differential pressure applied was 6.5 kPa; it was achieved at 1000 m3/h 
gas flow rate and 16 kg/h water injected. 

As the tested filter elements were examined for their condition.at the end of 
each test, subsequently dried and used again in the following test, ·one filter 
element underwent test operation of up to sixteen days duration and during that 
time interval it was exposed to water droplets for a total of about 100 hours with 
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interruptions between the single tests. At the end of testing none of the three 
filter elements tested exhibited visible damage. 
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FIG. 5 H20 QUANTITY ON THE DOWNSTREAM SIDE OF THE FILTER 

REFIFI Test Bench 

The REFIFI test bench {Figure 6) consists of a standard filter housing for 
the polygonal filter and the respective measurement and water injection devices, 
as shown in Figure 6. 

The intake pipe into which the water was injected is 203 mm in inner diame
ter. The water was injected at about 6 m distance from the filter housing. The in
ner diameter of the filter housing is 790 mm and the diameter at the inlet of the 
filter element is 205 mm. A complete polygonal filter was installed for testing. 
The tests were performed at 3000 m3/h nominal gas volume flow rate. Tests were 
performed in the vent air and circulated air modes of operation. 

In the vent air mode of operation it was found that the filter element re
mained dry despite the'water injected. Consequently, no rise in the differential 
pressure was measured, not even over several hours of test operation with water 
injection. Most of the water injected accumulated in the bottom part of the hous
ing due to cross-sectional widening in the filter housing and coagulation taking 
place in the pipework which probably had increased the droplet size. The remainder 
of the water did not suffice to saturate the intake air; for instance, of 30 kg/h 
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Fig.: 6 REFIFI: DEVICE FOR TESTING THE HEPA POLYGONAL FILTER ELEMENT 

of water injected 24 kg/h accumulated in the bottom part of the housing. There
fore, the tests in the, vent air mode of operatio,n have not been continued. 

In the circulated mode of operation the circulating gas was wet saturated 
(100 % relative humidity plus water droplets). The gas temperature was 44°C, the 
gas volume flow rate was 3000 m3/h~ and the quantity of water injected was 18 
kg/h. 8 kg/h of water injected accumulated in the bottom part of the housing. The 
remainder (10 kg/h) certainly arrived at the filter element as droplets or vapor. 
Figure 7 is a plot of the differential pressure directly at the filter element. It 
differs from a plot derived from the tests in the VERBE'test bench; see Figure 3. 
The maximum differential pressure is attained only after about seven hours. 

Taking into account the results obtained with the VERSE test bench the fol
lowing conclusions can be drawn regarding the events in the REFIFI test bench. 

- The quantity of water arriving as droplets,.at the filter element was small. 

- Saturation of the filter medium with water took several hours (approx. 6) be~ 
cause only after saturation of the filter medium with water the steady-state 
differential pressure was attained. 

- likewise, it took several hours until water could run down at the.downstream 
side of the filter. 

After 80 hours of test operation with water injection the filter element was 
dismounted and examined for possible damage by application of the oil mist test. 
No damage was found. Three tests were carried out under similar test conditions 
and with similar test values. 
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In order to find out how a damaged polygonal filter element could look like a 
polygonal filter element was installed in the REFIFI test bench in which only 1/5, 
i.e. only one filter chamber, was provided with filter medium. The rest of filter 
chambers were tightly sealed with sheet metal. This filter element was tested 
while exposed to a wet saturated gas flow at a rate of 3000 m3/h (corresponding to 
5 times the nominal gas flow rate). The maximum differential pressure at the fil
ter element was 5.1 kPa. After about 4 hours the filter element was dismounted and 
inspected. Several tears at the edge of pleating of the filter medium were detect
ed at the downstream side ·of the filter element; see Figure 8. 

Assessment of the Polygonal Filter Element 

The experiments were performed with a view to assessing whether after failure 
of the gas heater installed upstream of the polygonal filter element damage to the 
latter must be expected to occur by droplets before a standby filter section or a 
standby heater can start operation (estimated maximum duration until connection to 
standby systems 1 - 2 hours). 

It was not possible and, actually, not intended to simulate exactly the oper
ating conditions prevailing in an offgas system installed, above all as regards 
the amount of condensate, the droplet size, and the droplet size distribution. 

On the basis of the tests performed with quantities of water smaller or larg
er than calculated to be present in an accident occurring in a real plant it can 
be anticipated that a polygonal filter element not loaded or little loaded will 
not be damaged under accident conditions. 

The behavior of a loaded filter element will be studied in a later test se-
ries. 
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Abstract 

'----- -~ --- - -

The particle removal efficiency of the HEPA filter material used at the Savannah River 
Site was measured as a function of monodisperse particle diameter and two gas filtration 
velocities. The results indicate that the .material meets or exceeds the minimum specified 
efficiency of 99.97% for all particle diameters at both normal and minimum operating 
flow conditions encountered at the Savannah River site. 

The pressure drop across the HEPA filter material used at the Savannah River site was 
measured as a function of particle mass loading for various aerosol size distributions. The 
pressure drop was found to increase linearly with the particle mass loaded onto the 
filters, as long as the particles were completely dry. The slope of the curve was found to 
be dependent on the particle diameter and velocity of the aerosol. The linear behavior 
between the initial pressure drop (clean filter) and the final pressure drop (loaded filter) 
implies that the filtration mechanism is dominated by the particle cake that rapidly 
forms on the front surface of the HEPA filter. This behaviot: is consistent with the high 
filtration efficiency of the material. 

Introduction 

An Airborne Activity Confinement System (AACS) is used in each of the reactors at the 
Savannah River site to provide for the capture and confinement of accidentally released 
radioisotopes. Figure 1 presents a schematic description of the AACS.1 The purpose of the 
moisture separator (first filter) is to remove the water droplets and any other large 
aerosol particles before they can be deposited in the High Efficiency Particulate Air 
(HEPA) filter. The HEPA filter is designed to remove all particles from the gas stream 
with efficiencies of at least 99.97%.2 The final component of the filter compartment is a 
carbon bed. The purpose of the carbon bed is to remove more than 99.9% of the 
elemental iodine vapors from the exhaust gas. 3 

The purpose of this research was to characterize the HEP A filter media material. This 
work consisted of three major tasks. The first task was to determine the filtration 
efficiency spectrum for solid particles as a function of particle diameter. The second task 
was to measure the pressure drop characteristics of the HEPA filter material as a function 
of the aerosol mass loading. Particle size effects were studied by using different particle 
size filtration efficiency spectrum for solid particles as a function of particle diameter. 
The third task was to provide a theoretical foundation that will allow the experiment 
results from the mass loading tests to be generalized. An experimental apparatus was set 
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up based on filter characterization work discussed in the literature.5,6 Sodium chloride 
was chosen as the challenge aerosol based on a number of considerations. Sodium 
chloride is highly soluble in water, it is non-toxic, and it allows a precise means of 
analysis by conductivity. Sodium chloride particles produced by atomization are non
spherically shaped. In comparison to spherical particles, they may simulate more closely 
the shape of particles likely to be produced· in the Savannah River Reactor. The filter 
media was chosen to be identical with the Savannah River filter material. However, the 
filter size was chosen to be 47 mm in diameter in order to facilitate laboratory handling 
and analysis and to minimize the total mass of particles that are needed to be aerosolized. 
To account for the difference in filtration area, the gas flow rate was scaled such that the 
velocity through the filter medium was the same for both plant filters and laboratory 
filters. The gas viscosity is expected to be similar to that encountered at Savannah River 
by using air at 25°C. The particle size is an experimental variable since there is 
uncertainty in the particle size distribution that may be released into the AACS. 

Experimental Set-up for Efficjency Tests 

Figure 2 illustrates the experimental apparatus used for the efficiency tests. The 
experimental set-up consists of two main systems, aerosol generation and aerosol 
sampling. The aerosol generation system consists of .an aerosol nebulizer, a dryer to dry 
the wet aerosol and a neutralizer to reduce the electrical charge on the aerosol to a 
Boltzmann equilibrium. The aerosol sampling system cousists of a mixing chamber and 
the aerosol sampling devices. 

Clean 
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Air 

Exh au st 
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.... 
~ 
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Typically, filter efficiency spectra are obtained using monodisperse challeng~ 
aerosols. In addition, the characterization of the filter efficiency using monodisperse 
particles would be more useful for later code input for calculating probable scenario 
dependent releases, A proven method of generating monodisperse aerosols is to use an 
electrostatic classifier. 7 • 8 The classifier used in this work is the Model 3071, 
manufactured by TSI Inc. of St. Paul, Minnesota, capable of producing monodisperse 
particles ranging from 0.01 µm to 1 µm in diameter. 

Data was acquired during the efficiency test, by simultaneously using condensation 
nucleus counters (CNC's) to measure the filtered and unfiltered particle concentrations 
from the sampling chamber. The CNC used to measure the unfiltered particle 
concentration (TSI Model 3020) has an internal mass flow controller, factory set to 
sample the aerosol at a rate of 0.30 liters/min. The instrument has two particle counting 
modes, providing a dynamic measurement range of 10-2 to 107 particles/cm3. The CNC 
used to measure the filtered particle concentration (TSI Model 3760) operates in only the 
single-particle mode. Aerosol flow through this CNC is controlled by a critical orifice and 
an external vacuum pump, providing a constant gas flow rate of 1.415 liters/min. The 
range of particle concentrations measurable by the Model 3760 extends from 10-3 to 103 
particles/cm3. For particle concentrations below 103 particles/cm3, the two CNC's 
simultaneously measured the same aerosol concentration to within 15%. 

Efficiency Test Results 

Flowrates and voltages on the Electrostatic Classifier were adjusted to provide at least 
eight different monodisperse particle diameters, ranging from 0.05 µm to 0.5 µm, as· 
challenge aerosol for th·e filters. . The penetration of particles through the filter was 
measured for each minute by dividing the downstream particle concentration by the 
upstream particle concentrati<;m. The removal efficiency for a given particle size was 
found by averaging the penetratioµ values over at least 15 minutes and subtracting the 
average penetration from one. The penetration as a function of time over the 15 minute 
measurement was observed to be fairly constant, decreasing by only 10% to 20%. This 
slow decrease in penetration is typically· observed as the particle cake forms on the 
filter's surface. 

The filtration efficiency was measured at two different gas velocities. Th~ velocity of 
2.98 cm/s through the filter media is typical of normal operating flow rates of the AACS. 
The velocity of 0.89 emfs was tested in order to determine the efficiency for the minimum 
operating flow rate conditions of the AACS. 

Figures 3a and 3b show the average number penetration as a function of particle size 
for the two filtration velocities. Figure 3a shows that for a filtration velocity of 0.89 cm/s 
the maximum penetration occurs near 0.3 µm. This maximum penetration corresponds to 
a minimum filtration efficiency of 99.99886%. As expected from filtration theory, the 
efficiency is seen to increase fot both larger and smaller particle sizes. This is because 
the mechanism of filtration for smaller particles is diffusion, which varies inversely 
with particle size. For particles larger than that producing minimum efficiency, 
impaction and interception with the fibers increase directly as function of particle size. 

For the higher filtration velocity of 2.98 cm/s, the overall penetration increased 
approximately by a fa~tor of ten and shifted toward smaller particle diameters. In this 
case, the maximum penetration occurred at approximately 0.15 µm, corresponding to a 
filtration efficiency of 99.9727%. Two additional points are included on this graph. 
When the efficiency for 0.12 µm particles was first measured, it was noticed that this 
point did not fall ·on a smooth curve joining the other points. The efficiency 
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measurement was repeated for this particle size and this time the point did fall very close 
to the curve defined by the other data points. To investigate repeatability, another test 
was rerun at 0.199 µm. This time the second measurement was consistent with the first 
and with the majority of the other data points. Since no procedural error was evident, 
the error in the first measurement at 0.12 µm was attributed to filter variation. Out of 10 
total filters tested at 2.98 emfs, only this one produced results inconsistent with the 
others. No inconsistencies were observed at 0.89 emfs. 
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Due to the high collection efficiency · of the filter material, it is postulated that there 
will be a rapid formation of a particle cake ·on the surface of the filter. Therefore, it is 
expected that the pressure drop behavior of this filter material as it is loaded with a mass 
of particles, will follow that predicted by particle cake theory. 

Theory 

A general model describing the increase in pressure drop as a function of mass 
loading can be found in a variety of sources9 • i O. For high levels of particle mass 
loadings on filters, it is generally accep~ed that the total pressure drop across the filter 
can be written as the sum of the pressure drop across the clean filter plus the pressure 
drop across the filter cake due to particle loading. 

(1) 

For the range of press·ure drops under consideration in these tests, the gas flow through 
the filter, is laminar, allowing equation (1) to be rewritten in terms of the gas velocity. 

AP= Ki V + K2 V MIA (2) 

where 

V = gas velocity through the media 

MIA = particle mass loading per unit area. 

The constant Ki depends on the filter structural properties such as the porosity and 
thickness of the filter. K2 is a constant for a given set of particle and cake parameters 
such as the particle size and cake porosity. This simple model assumes that the particles 
are solid. Liquid droplets are more difficult to model due to factors such as the wetability 
of the filter media and the surface tension and viscosity of the liquid. Obviously there is 
no cake formation with liquid droplets. 

The value of K 1 for the filter material tested in this work can be found by measuring 
the clean filter pressure drop as a function of gas velocity. Figure 4 plots the data and 
fits a straight line through the data for velocities up to 5 emfs. The slope of this line is 
Ki. The value of Ki is given as 7.97 x 102 g/cm2 s. The value of K2 can be determined 
both theoretically and experimentally. The theoretical analysis first assumes that the 
layer of particles forming the cake is comprised of isolated spheres far enough apart so 
the flow around one sphere does not interfere with the flow around a neighboring 
sphere (i.e., the porosity of the cake, e, approaches one) and that the Reynold's number, 
is less than one, then Stoke's Law can be applied to determine K2. 

K2Stokes = (18 µ)/(CD2 Pp) (3) 

where 

µ = gas viscosity 

pp = particle density 

D = particle diameter 
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C is the Cunningham slip correction factor given as: 

C = 1 +'MD [2.514 + 0.80 exp (-0.55 DA)] (4) 

where A. is the mean free path of the gas. For air molecules at standard conditions the 
mean free path, A., is 0.066 µm . 
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In real situations the spheres touch causing the flow around each sphere to be affected 
by its neighboring spheres, hence the porosity no longer approaches 1. In order to 
account for the effect that porosity has on pressure difference, a resistance factor, R, is 
defined which allows for a real solution of K1: 

K1 = RK2stokes (5) 

At least two different researchers have developed methods of defining resistance factor 
R 11. The work of Kozeny and Carman led to a semi-empirical equation that determines 
the resistance factor to be: 

R = 2 Kck (1 - e)/e3 (6) 

where e is defined as the porosity of the filter cake and the empirical constant Kck is 
equal to 4.8 for spheres and 5.0 for irregular shapes. Leith and Allen 10 state that 
Equation (6) should not be used if e > 0.7. 

Alternatively, Rudnick and First 12 developed an equation for R derived from theory and 
thus does not have an empirical constant as in Equation (6). This equation is given as: 

R = [3 + 2(1 - e)5/3] I [3 - 4.5 (1 - e)l/3 + 4.5 (1 - e)5/3 - 3(1 - e)2] (7) 

Both methods of determining R require a knowledge of the porosity of the particle cake. 
However, the porosity can only be determined with experimental measurements of the 
thickness of the deposited cake and the total mass of particles in the cake. R can also be 
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. 
calculated directly from the experimental data without a thickness . measurement by 
combining Equations (1),(2),(3) and (5) to give: 

R = ACppD2 (AP-AP0 )/18 µVM (8) 

Both theoretical and experimental values for the resistance factor R will be discussed in 
the section describing · the results of the filter mass loading tests. 

Experimental Set-up for the Mass Loadjne Tests 

The sampling chamber allowed for three 47mm filters, a cascade impactor and a 
Tapered-Element Oscillating Microbalance (TEOM) to simultaneously sample the aerosol 
stream. SimultaneouS' measurements of the aerosol particle mass collected by each port, 
as determined by the average between a gravimetric analysis and conductivity analysis, 
indicate that the maximum difference between any two ports is 1.1 % while the average 
difference is 0.5%. 

To investigate the role particle . diameter plays in the mass loading vs. pressure drop on 
the HEPA filters, a series of tests were designed to load the filters to given values of 
pressure difference with particle size distribution.s. of different mass median diameters. 
The different particle size distributions were obtained by using two different nebulizers, 
changing the solution concentration of NaCl solute and varying the gas velocity through 
the nebulizer. The polydisperse aerosols used in the .mass· loading tests were sized before 
and after each test with a seven-stage inertial ·cascade. impactor. 

The basic concept of the experiment remained the same as in the efficiency work. 
Clean, dry air was supplied .to ·an aerosol nebulizer producing a distribution of droplets. 
The droplets · were then dried and . neutralized and the · solid aerosol particles were 
collected for analysis. There were a number of improvements. in the experimental set-up 
relative to the efficiency apparatus. A scliematic diagram of the equipment used for 
these tests is given in Figure 5. Connecting transport tubing was shortened and as many 
components as possible were mounted. vertically to minimize particle losses due to 
settling. An impinger was added after the Retec nebulizers to remove large droplets that 
w.ere the major factor in forming occasional plugs in . the transport tubing. Another 
impinger/mixing chamber was added just before the sampling chamber for all tests. This 
impinger removed any Ia.me resuspended agglomerates, allowing better control over the 
sampled particle size during the course of the experimenl.s.. The chamber also provided a 
number of additional ·ports where dilution air could be added and the pressure and 
humidity measured. 

Mass Loadine i;est Result's 

The first series of tests duplicated the aerosol generation and filter collection 
parameters for two mass loading tests in order to show that the experiments were 
reproducible . and to quantify the . amount of · error inherent in the experiments. 
Measurements were made by collecting aerosols on a 47mm filter until a desired pressure 
drop was observed across the filter. The mass on each filter was determined by an 
analytic balance and by measuring the ·conductivity of the solution used to wash the 
filter. Measurements were typically taken at pressure differences of 500, 1000, 1500 and 
2000 Pascal (2, 4, 6, ·and 8 inches of" water) above the initial· pressure drop through the 
clean filter. Supplementary .. measuremen.ts. were o.btained . with. a Tapered Element 
Oscillating Microbalanc~ (TEOM), a real _ time m.ass collection device. Problems with the 
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reliability and reproducibility of the TEOM in the larger size ranges, limited its 
usefulness in these experiments. 
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Pressure 
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Mixing 
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Experimental Configuration for Pressure 
Difference Versus Mass Loading Tests 

Imping er 

Charge 
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However, as Figure 6 indicates the TEOM. was able to confirm the essentially linear 
behavior of the mass loading as a function of pressure drop. This justifies fitting the 
47mm filter data with a linear least squ~res fitting routine. Four sets of 47mm filter data 
were collected for the TSI generator using a 10% NaCl solution concentration. These tests 
are overlaid with data taken from Novick and Higginsl 3 and shown in Figure 7. The 
particle sizes measured for these four tests are shown 20% larger than those measured 
for the Novick and Higgins test for the same generation and sampling conditions. This 
difference is most probably due to the improved transport properties of the redesigned 
experimental system. Note that the reproducibility in particle size, determined by the 
average between cascade impactor measurements just before and after each mass loading 
test, between the four tests is excellent. The spread in the data for this particular 
generator, solution concentration and flow rate (TSI, 10% NaCl and 2.45 emfs) is 
approximately + 7% from the average of all of the data points. 

Figure 8 presents the data from four sets of 47mm filter tests compared with the Novick 
and Higgins results for the Retec generator with a 10% NaCl solution concentration at a 
filter media velocity of 2.45 cm/s. Again the particle size distribution transported by the 
new system is larger than that measured in the Novick and Higgins test. The spread in 
the data for this set of conditions is approximately + 12%. Both of these measures of the 
scatter in experimental data is consistent with the error expected from an analysis of the 
uncertainty in each of the measuring devices. Some of the error may be attributed to 
particle size differences between tests. 
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Figures 9 through 12 present examples of the data obtained for each test using a 
different particle size distribution. In all, nine different particle size distributions were 
measured. As stated earlier, the TEOM confirms the essentially linear behavior of the 
mass loading as a function of pressure drop. Therefore, each data set was fit with a linear 
function using the standard least squares routine contained in the Cricket Graph 
software. The particle size tests were limited at the low end by the time required to obtain 
a pressure drop of 2000 Pascal (8 inches of water) across the filter. For the smallest size 
tested, MMD = 0.66 µm, a continuous collection time of 14 hours was required. The large 
particle size limit was determined by the transport efficiency through the experimental 
system. Increasing the solution concentration beyond 10% with the Retec generator 
resulted in no increase in particle size distribution.· 
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Clearly, Figures 9 through 12 show that varying amounts of aerosol material can be 
collected on the filter for a given increase in pressure difference. As discussed 
previously, it is common practice to define the specific resistance of a filter as the 
increase in pressure difference for a given amount of mass per unit filter area at a given 
velocity, so that comparisons between filters can be made. In this work, the measured 
specific resistance ranges from 3.9 x 105 s-1 to 1.4 x 106 s· 1 for particle mass median 
diameters ranging from 1.7 µm to 0.7 µm. Comparisons between the specific resistance 
for particles in this size range, can be made with other researchers. 

Rudnick and Firstl 2 tested Arizona road dust on four woven fabric filters and 
measured specific resistances between 5.5 x 105 s·l and 1.0 x 106 s·l. Apparently, the 
particle size distribution was only measured once from a portion of the dust batch and not 
for each experiment. The particle size is given as an area median of 0.5 µm with an 
approximate standard deviation of 1.73. This would mean that the nominal mass median 
particle diameter for the Arizona road dust experiments was 0.68 µm, which is within the 
range of particle size tested in this work using NaCl. Note that the measured specific 
resistance of the road dust is also within the range measured for the NaCl. 

Durham and Harrington 14 also measured the specific resistance for three types of 
glass fiber filters using fly ash. Specific resistances ranging between 4.3 x 104 s· 1 to 7 x 
1 Q4 s· 1 at a relative humidity of 30%. The particle size in these experiments was also only 
measured once from the fly ash batch by dispersing a small quantity in a liquid and 
using a Coulter counter. The resulting measured mass mean diameter was 4 µm. Optical 
measurements of the particle size were made for every test, but the authors only reported 
that the range of particle size remained between 1 µm and 25 µm throughout the tests. 

Specific resistances can also be calculated from the data given by McCormacklS. These 
mass loading tests were conducted with a variety of HEPA filters, of which the type 
designated 1 appears to be the same as the .Savannah HEPA filter. The test aerosol was 
generated by burning sodium in air with steam added in some tests, to increase the 
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relative humidity from aerosol 40% to near 60%. The calculated values of the specific 
resistance ranged from 8. 7 · x 1 o4 s· 1 to 6.4 x 105 s· 1. In general, the larger values 
occurred at higher humidities and lower flowrates. The particle size measured in these 
tests ranged from 6.8 µm to 1.4 µm, averaging 3 µm for the mass median aerodynamic 
diameter. However, the particle size was not measured for every test. Clearly, the larger 
fly ash and sodium hydroxide particles have lower values for the specific resistance 
compared to the smaller NaCl or Arizona road dust. 

Examination of Figures 9 through 12 show a similar relationship between the slope of 
the line which is the specific r~sistance, K1, and the mass median particle diameter 
representative of the aerosol distribution. Figure 13 presents a graphic presentation of 
all the mass loading data from tests denoting the relationship between the mass loading 
per unit area per unit pressure difference (i.e., the inverse slope) and the mass median 
particle diameter. Clearly, the specific resistance decreases as the particle diameter is 
increased. 
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Figure 13. Mass Loading Per Unit Area Per Unit Pressure 
Difference Versus Particle Size for All Data 
with V = 3 cm/s . 

In order to compare experimental results with theoretical predictions, thickness 
measurements were taken of the particle cake for a number of tests. The porosity of the 
cake can be calculated from the thickness and cross sectional area of the cake and 
knowledge of the density of the solid particles. 

For all data, where thickness was measured, the porosity averaged 0. 7 with a standard 
deviation of almost 50%. The calculated resistance factor based on the the porosity of 
each test, R, however, has a standard deviation on the order of 200%, from an average of 
21, clearly indicating that either a better method for determining R is required or that R 
has a functional dependence on some experimental parameter. On the other hand, using 
Equation (8) for the same data set, the average value of· Rexp is 6.8 with a standard 
deviation of 35%. 
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Another method of determining R, that is instructive, is t~ take the slope, K2 of each of 
the pressure drop vs. mass loading curves. This slope is essenti_ally an average of the 
(ll.P-ll.P 0 )/(M/A) measurements for that particular velocity and particle size. Dividing the 
slope by the velocity and plotting the results as a function of the inverse of the particle 
diameter squared, is a convenient method of combining all of the data on one graph. The 
slope of this line should simply equal R times some constants as indicated from Equation 
(8). However, Figure 14 shows that the data clearly has a y-intercept, indicating that R is 
also a function of the particle size. The slope from Ffgure 14 defines R to be 

R = 3.06 + 7.56 x 101pp cD2 (9) 

The density and particle size are in cgs units. This method of determining R has a 
standard deviation of only 20% which is much closer to that expected from the analysis of 
errors in the experiment. 
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Figure 14. SlopeN as Determined by the ll.P/V(M/A) 
From the Mass Loading Versus Dp Curves, 
as a Function of Particle Size 

Conclusions 

The HEPA filter media is at least 99.99886% efficient for all dry particles sizes traveling 
with a gas whose velocity is 0.89 cm/s. The media is at least 99.9727% efficient for 
particle dusts at a velocity of 2.98 cm/s. These measured efficiencies meet or exceed 
current specifications. Efficiency spectra were determined for both flow rates allowing 
the release to the environment to be calculated for a given particle size distribution. 

The resistance factor, R, was shown to be dependent on the mass median particle 
diameter for polydisperse aerosol distributions. This contradicts the assumption that the 
resistance factor, itself, is independent of particle size. However, as particle diameter 
decreases, the resistance factor does indeed become a constant according to Equation (9). 
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Combining Equation (9) and Equation (8) allows the mass loading per unit area to be 
predicted for a given increase in pressure differences ac·ross the filter, ·a given velocity 
and known or estimated mass median particle diameter. 

(10) 

Equation (10) also uses cgs units for all terms. This equation accounts for vanauons in 
particle diameter1 particle density, gas viscosity and gas velocity. Therefore, it can be 
generalized to a wide variety of ·filtration scenarios within certain limitations. 

One limitation is that the model described by Equation (10) is only good for dry, solid 
particles. Wet soluble particles appear to produce an exponential increase in pressure 
drop as the aerosol mass is increased in the filter. This effect was ·also seen by 
McCormacklS using sodium hydroxide-aerosols. It is probable that insoluble particles 
with a liquid coating also exhibit non-linear behavior. HoY1ever, Durham and 
HarringtonlS Ariman and Helfritch16 showed that for some combination of aerosol and 
filter materials, the specific resistance of a filter cake decreased as the relative humidity 
was increased from 20% to 60% and from 20% to 80% respectively. This effect has not 
been quantified or incorporated into the model. 

Another limitation is the extension of Equation (10) to other materials and shapes. 
Based on the agreement between Rudnick's data for Arizona road dust and this work with 
NaCl, in measuring the porosity of the particle cake, Equation (10) should be applicable to 
a wide variety of materials that are relatively non-sticky. In addition, based on the 
observation by Kozeny and Carmen of a 4% difference between spherical and irregularly 
shaped particles, Equation (10) should be applicable to most particles with aspect ratios 
near unity. Flakes and needles would probably have significantly different porosities 
and hence different values for the resistance factor. Finally, there may be limitations on 
the applicable particle size range of equation (10). Very small particles with high 
adhesive coefficients may cause variations in the cake porosity in a manner similar to 
the 'sticky' particles mentioned earlier. Also, particles with a size corresponding to the 
minimum efficiency of the filter material inay cause an initial non-linear increase in 
pressure differential as a function of mass loading. 

In general, the highly efficient collection capabilities of this filter media, cause a 
particle cake to be formed very rapidly on the surface of the filter. Measurements 
indicate that this cake forms in the first few minutes of aerosol collection. This 
phenomena allows the use of Equ~tion (10) for predicting mass loadings on the Savannah 
River HEPA filter material. .. 
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Abstract 

Attemps made to modelize changes in HEPA filter pressure drop 
as a function of such parameters as the amount of aerosol collec
ted, which also take account of filtering medium characteristics, 
those of the filtered aerosol and the filtration velocity, have 
always been limited by a lack of knowledge of the distribution of 
particles ,within the medium. 

For the last few years, a method, developed over 25 years ago 
to study the. distribution of Radon daughters within filt'er media · '· 
made of cellulose fibers, has been reused and applied.to· radio
active and fluorescent.aerosols penetration studies. This method 
enables determination of aerosol distribution on the surf ace and 
inside the filter medium by peeling away successive layers using 
an adhesive tape and measuring the specific amounts removed each 
time. 

Knowledge of aerosol penetration within the filter has revea- . 
led that, for a given aerosol, particle distribution inside the 
filter rapidly decreased exponentially· and that fixation on the 
filter's front surface rapidly superseded penetration inside the 
medium. · · · " 

The deposit profiles thus measured have made it possible to 
propose a model for determining the rate of filter pressure drop 
increase - based on the model proposed by Bergman - that closely 
agrees with experimental results. 

I. Introduction 

Work has been underway for several years in our laboratory in 
order to modelize the removal efficiency and presure drop of HEPA 
filter media, as a function of·such parameters as: aerosol par
ticle size distribution and concentration, filtration velocity, 
rate of clogging, ••• 

This paper concerns the work conducted to modelize filter 
pressure drop change during clogging. 

. 
The first part of this paper will be concerned with the test 

installation and the characteristics of the test aerosol (uranine) 
and those of the filtering media (D. 306 Bernard-Dumas). 

The second part will deal with experimental results. The 
latter involves the following: 
- measurements of the change in pressure drop as a function of the 

surface mass of the filtered aerosol at various filtration 
velocities, 
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aerosol distribution within and on the surface of the filter 
medium. 

The last part of the document will deal with modelling, and 
in particular, the incorporation of the penetration profij.es in 
the pressure drop calculation model developed by Bergman<>. 

II. The test facility 

II.1. Description 

The test facility is shown in simplified form in figure 1. 

1 Uranine aerosol generator 
2 Cartridge filters 
3 Exhaust HEPA filter 
4 Aerosol injection 
5 Main duct 
6 Filter holder 
7 Pressure drop controller 
8 Venturi flowmeter 
9 Downstream filter holder 

10 By-pass 
11 Sampling probe 
12 Upstream filter holder 
13 Pneumatic gas meters 
14 Air ejectors 

®" 

® 

Figure 1 Schematic diagram of the test facility 
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The aerosol produced by the uranine generator (n° 1 in draw
ing) is partly or totally injected in the main duct (n° 5) used to 
convey the air flow corresponding to the filtration velocity 
selected. samples taken upstream (n° 12) and downstream (n° 9) 
from the filter tested (n° 6) are used to evaluate the volume con
centration upstream and the removal efficiency of the filter 
tested. 

Filter pressure drop is continuously monitored (n° 7} and the 
filtered air flow is ·kept constant during the test via a venturi 
system (n° 8). 

II.2. Test aerosol 

Tests were made using uranine aerosol (soda fluorescein) 
produced by a standardised NF X 44011 generator. The characteris
tics of the fluorescent aerosol thus produced are as follows: 

type: fluorescein (sodium salt) 
shape: spherical 
density: 1,500 kg/m3 

number median diameter: 0.08 µm 
mass median diameter: 0.15 µm' 
geometric standard deviation: 1.6 
aerosol generator output: 25 to 30 mg/h 

II.3. Filtering media 

The filter media used are HEPA type media made of glass 
fiber. Their characteristics are as follows: 

Supplier: Bernard-Dumas (France) 
Product n°: D 306 
Thickness: 475 µm 
GSM: 87.4 g/m2 

Proportion occupied by fibers: 7.38 10-2 (in volume) 

Shape: plane filter disks of actual filtration diameter of 10.8 cm 

These characteristics are averages determined on the basis of 
14 samples. 

III. Experimental results 

III.1. Initial filter pressure drop 

Figure 2 shows the change in filter pressure drop (AP) as a 
function of filtrat_ion velocity (Um). 
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Delta P {kPa) 
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2.5 

2 D 306 clean filter medium 

1.5 

1 

0.5 AP(Pa) = 6.89 103 Um(m/s) 

0 

0 5 10 15 20 25 30 

Filtration velocity (cm/s) 

Figure 2 Change in pressure drop of clean D 306 medium 
versus filtration velocity 

The average result obtained from 13 filters led to the fol
lowing formula: 

- 3 bP - 6.89 10 Um (1} 

where AP is expressed in Pa and Um in m.s-1 

III.2. Change in filter pressure drop during clogging 

The graphs of D 306 filter pressure drop variation as a 
function of the amount of aerosol filtered per effective unit of 
filter surface are shown in figure 3. The filtration velocities 
selected are respectively: 3, 5, 10, 20 and 30 cm/sec. 
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Figure 3 Changes in pressure drop of loaded D 306 media versus 
surface mass of filtered aerosol for different filtration velocities 

III.3. Profiles of aerosol particle penetration inside filtering 
media 

III.3.1. Peeling method 

The method consists in using an adhesive tape sample of known 
surface area to collect.a fraction of the filter's thickness, and 
to repeat this operation until no filter medium remains. 

If operation is performed very repititively, the operator 
succeeds in obtaining a constant number o~ samples. Fourteen 
peelings were consistently made in this study, of a me~n thick
ness of 34 µ.m. 
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III.3.2. Penetration within the filter medium 

The results obtained allow the general penetration rate to be 
determined. The first peeling was ignored due to its considerable 
dependence on the total amount collected (filter surface accumu
lation). 

It was revealed that the penetration profile is uniform at 
low velocities and has two distinct slopes as filtration veloci
ties increase, and that the second part of the graph significant
ly depends on the filtration velocity. This is shown in figure 4. 
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Figure 4 Distribution profiles versus deposition depth 
for different filtration velocities (D 306 media) 
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In this figure, the amount of fluorescent material removed on 
peels 2 to 14 is-expressed as a percentage of the total amount 
collected on these peels. 

III.3.3. Aerosol deposit on the filter's front surface 

Penetration profiles are only slightly affected by the amount 
of aerosol filtered, as may be seen in figure 5. However, the 
amounts deposited on the upstream filter surface, and collected by 
the first peeling, depend greatly on this- value·; as shown in · 
figure 6, in which the percentage.of fluorescent material ·collec
ted by the first peeling as compared to the total surface mass of 
deposited aerosol was plotted at various filtration velocities. 
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Figure 5 Surface mass of d~posited aerosol versus deposition 
depth for different filtered masses 

(Um = 5 cm/s) 
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Figure 6 Changes in surface deposition versus surface mass 
of filtered aerosol for different filtration velocities 

This figure shows that the amount of aerosol penetrating 
inside the filter medium decreases rapidly and becomes almost 
insignificant when the total surfa~e mass of filtered aerosol is 
greater than approximately 2.5 g/m • Beyond this value, filtration 
by the aerosols deposited on the upstream surface of the filter 
becomes the dominating mechanism. 
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IV. Modelling 

IV.1. Pressure drop characteristics of a new filter 

The formula d~veloped by Davies< 1>: 
3~2 

aF 
AP = 16 µ Um Z R* 2 {2) 

adequately describes the change in pressure drop {AP) of a filte
ring~ medium as a function of filtration velocity (Um). In this 
formula: 

µ is the dynamic viscosity of the gas 
aF is the fraction of the filter volume occupied by the fibers 
R* is an equivalent fiber radius 
z is the thickness of the medium. 

Using the characteristics measured for the D 306 medium (see 
II.3), we were able to determine an equivalent fiber radius of 
0.63 µm. 

IV.2. Pressure drop modelling of a clogged filter 

In order to account for the change in pressure drop of the 
filter medium, Bergman<2 > proposed extending Davies model by 
assuming that the deposit of particles of radius r inside the 
medium was equivalent to adding a new group of fibers. Formula 2 
is modified as follows: 

aF a l/2 a a 
AP = 16 µ Um Z (R* 2 + r¥> (R! + ~) (3) 

in which aP is the fraction of the filter volume corresponding to 
the particJ.es. 

Although determining aF poses no major difficulty, since the 
structure of a filter medium may be assumed to be homogeneous to a 
large degree, the same is not true for ap. 

Attemps to apply this formula for HEPA filters< 3 > have reveal
ed considerable differences between the model and experimental 
results. 

Since one of the main reasons of these aifferences was attri
buted to the assumption that aerosol particles were uniformly 
distributed within the filter medium, the method of using repre
sentative profiles to calculate exp was applied. 

If the filter medium is considered to be a series of disks of 
thickness dx, its total pressure drop may be expressed as follows: 

'· '' ~ 
' . .:.' 
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z aF aE(x) 1/2 
aF aE{x) 

L!.P = f 16 µ, Um {R*2 + r2 ) (R* + r ) dx (4) 
0 

In this formula, ap is a function of the thickness. 

Since aerosol distribution inside the filter medium decreases 
exponentially, it can easily be shown that ap can be expressed as 
follows: 

m k e-kx 
= - • -kZ 

s p(l - e ) 

in which: 
m/s is the surface mass of the aerosol collected 
p is the density of the particles 
k is the mean penetration factor in the filter medium. 

(5) 

in: 
Using formula (4) with ap determined by formula (5}, results 

3/2 
[(l + B) 3/ 2 - (1 + Be-kZ) ) L!.P = _1_6_~_*_u..,..:_a_F_1_1_2 {£ :; 'r 

a r 1/2 
+ R!~ ((1 + B)l/2 - (1 + Be-kZ) ) ~ 

+log l [(1 + B)l/2 - l]((l + Be-kz)l/2 + 11]] }~6) 
1/2 -kZ l/ 2 

[ ( 1 + B) + 1] [ ( 1 + Be ) -

with B = k R*2 ! 
p aF r 2 • s 

An average value of factor k (k = 2.69 104 m-1) obtained from 
figure 5, which shows that for the first part of the graph - that 
for which deposits (and therefore their effect on pressure drop) 
are the greatest - k is almost independent of filtration velocity. 

Results are indicated in figure 7 and s, in which the change 
in pressure drop noted at filtration velocity (L!.P/Um) is expressed 
as a function of the surface mass of filtered aerosol. 

It can be seen in this figure that the experimental points 
corresponding to the various filtration velocities agree closely 
with the graph derived from formula (6). 

The improved model satisfactorily describes the behaviour of 
the filter pressure drop during clogging with uranine aerorol even 
for surface mass of filtered aerosol of more than 2.5 g.m- - i.e 
for a total amount of aerosol deposited on the filter surface of 
more than 90%. 
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mechanism from fibers to cake filtration seems to have no conse
quence on the pressure drop modelling. 

Delta P /Um (kPa.s/m) 
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Figure 7 Changes in pressure drop with clogging : comparisoy 
of the improved model with experimental results (m/s < 3 g.m- ) 
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Delta P/Um {kPa.s/m) 
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Figure 8 Changes in pressure drop with clogging : 
comparison of the improved model wi~h experimental results 

(m/s < 10 g.m- ) 
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V. Conclusions 

Determining the change in pressure drop for HEPA filters as a 
function of the amount of aerosol collected has been the subject 
of many studies but none have resulted in a satisfactory model 
since the distribution of the aerosol particles inside the filter 
medium was not accounted for. Using an adhesive tape peeling 
method provided the data required to describe particle penetration 
in the filter medium and enabled it to be shown that particles 
deposited on the filter surface rapidly become the most important 
factor. 

The use of actual profiles of penetration within the filter 
medium makes it possible to adequately describe the change in 
filter pressure drop, regardless of filtration velocity. 

Moreover, the description of the evolution of the filter 
pressure drop during clogging seems not to be affected by the 
change from fibers to cake filtration. 
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CLOSING COMMENTS OF SESSION co~CHAIRMAN DORMAN 

Dr. Bergman: Improved metal filters by fabrication of metal fibers into filter medium. Test data 
indicate HEPA efficiency but with somewhat higher pressure drop. 

Dr. Watson: Long interested in magnetic separation, describes a new approach by constructing a 
ferro-magnetic matrix. The filters described have important features such as requiring no external 
magnet or power, are smaller and portable, and can be cleaned without demagnetizing. 

Dr. Jannakos: Tests at Kernfornschungszentrum Karlsruhe of a polygonal filter designed to 
withstand water droplets expected from an accident involving coolant, show effective resistance to 
damage. This finding parallels U.S. data where filters show similar resistance to water damage. 

Dr. Novick: Pressure drop across HEPA filter material has been measured as a function of loading 
for various particle size distributions. Results show that for dry particles 1) there is a linear increase 
of pressure drop with mass, 2) small particles cause more rapid rise of resistance than those of larger 
distributions. The authors consider that the linear increase of pressure drop with mass loading is caused 
by the particle cake which forms on the filter surface. Maximum penetration through the filter material 
was found in the 0.15 to 0.3 µ region, depending on filtration velocity. 

Dr. Mulcey: Tests made using hetero-dispersed aerosols of 0.15 µmass median and the HEPA 
filter material showed a rapid exponential decrease of particle concentration inside the filter. The 
authors state that deposition on the front surface of the filter quickly supersedes penetration in depth. 
Their model of a clogged filter describes the change in pressure drop with loading by the aerosol even 
when surface loading accounts for more than 90%. 

That concludes this afternoon's session. We thank the authors for their interesting presentations 
and you, the audience, for participating. 
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OPENING COMMENTS OF SESSION CO-CHAIRMAN WICHMANN 

Five papers devoted to safety will be presented in this session. Fire is one of the events which 
may have severe consequences in a nuclear plant. In such an accident, it is important to understand the 
behavior of the ventilation network because it is one of the containment barrier for the plant. The first 
paper will present the impact of filter clogging on the behavior of the ventilation network in the event 
of a fire. In nuclear reprocessing plants, high activity wastes are stored waiting vitrification. Due to the 
high heating power of the fission projects, they must be cooled. The second paper will present original 
observations concerning the behavior of ruthenium in case of a hypothetical shutdown of the cooling 
system for a high activity waste storage facility. The third paper, like the first one, is related to a fire 
accident and will present the effects on a large scale ventilation system. The fourth and fifth papers will 
deal with monitoring systems for aerosols. The fourth paper discusses a continuous air monitor for 
alpha-emitting aerosol particles. The fifth paper describes a measurement system for alpha and beta 
aerosols with a wide dynamic range and krypton-85 masking. I think these are very significant 
presentations at the Nuclear Air Cleaning Conference because much of our interest is concerned with 
how to maintain and improved safety at nuclear plants. 
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IMPACTS OF THE FILTER CLOGGING ON THE BEHAVIOUR 
OF A VENTILATION NETWORK IN THE EVENT OF FIRE 
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J. Teissier*** 
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Abstract 

One of the main roles of ventilation in a nuclear plant is to 
maintain dynamic containment during normal or accidental operating 
conditions. Among the incidents likely to affect a nuclear instal
lation, fire is one of those which, coming from the safety stand
point, requires the greatest attention because it is one of the 
most probable risks. The consequences of a fire have to be analy
sed not only in the room where it breaks out, but also for the 
entire ventilation network. To evaluate these consequences and 
develop strategies against fire, the Commissariat a l'Energie 
Atomique (CEA) uses several test rigs and calculation codes by 
which the impact of a fire upon the sensitive points of a network 
can be determined. 

Research and development studies currently under way give 
priority to the clogging of High Efficiency Par~iculate Air (HEPA) 
filters. Beginning with polymer fires in a 85 m ventilated room, 
the influence of filter clogging on the characteristic parameters 
of the associated ventilated network (pressure in room, extraction 
flow, ••• ) is highlighted. The resultant modelling study following 
these experiments reveals that coupling of a ventilation code with 
a fire code cannot be disassociated from the development of a 
filter clogging model. This paper also gives the first experimen
tal results relative to the determination of the variation, accor
ding to time and mass of deposited aerosols, of the air flow 
resistance of a filter clogged by aerosols derived from combus
tion of standard polymers used in the nuclear industry (methyl 
acrylate polymer, po31vinyl chloride). A methodology to extend the 
results obtained on..olirrclogging test rig to any ventilation 
network is then described. 

I. Introduction 

Fire in a nuclear plant is an accident event which must be 
taken into consideration during the building design phase since it 
is one of the most probable risks. studying fires and their conse
quences is complicated due to the diversity of the causes and 
parameters related to fire spreading. As a consequence, it can 
easily be conceived that thermal challenges will, in almost cases, 
be associated with other challenges such as the release of gases 
and aerosols, pressure stresses and vapour condensation. 
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The effect of these phenomena on the behaviour of ventilation 
systems and associated air cleaning components must be studied in 
order to evaluate if containment is maintained during the fire. 

The Commissariat a l'Energie Atomique initiated a research 
and development programme several years ago in view of specifying 
fire prevention and fighting strategies. This programme involves 
the implementation of experiments and calculation codes designed 
to control the fire and its consequences from the source term 
until release to the environment. 

one of the critical factors with respect to the fire safety 
strategy is the presence of aerosols, which is generally diffi
cult to take into consideration. However, the behaviour of High 
Efficiency Particulate Air filters (HEPA filters} is closely 
dependent on the accumulation of aerosols which can rapidly clog 
these filters and decrease the capacities of the ventilation 
system. 

This paper demonstrates, on the basis of polymer fires crea
ted in a ventilated room and the modelling of the associated 
ventilation system behaviour, the importance of the risk of HEPA 
filter clogging. Some results concerning clogging according to the 
aerosols formed during fires are also given. 

II. Description of experimental and calculation means 

In order to study, under full scale conditions, the spread of 
fires in confined areas and their consequences on the behaviour of 
ventilation systems, two experimental facilities (BEATRICE and 
MELANIE) and a ventilation code (SIMEVENT) are currently used. 

II.1. BEATRICE test rig (figure 1) 

Exhaust fan 

I 
1st filtration 
level 

2nd filtration level 

Figure 1 BEATRICE test rig 
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Initially designed to determine the characteristics of fire 
of dust deposits in ventilation duFts and their effect on the 
behaviour of air cleaning systemsC >, the BEATRICE test facility 
was modified in order to create fires involving various materials 
in a small ventilated enclosure. 

This test facility consists of a 2 m3 volume made of stain
less steel where the combustible materials.are located, and an 
exhaust circuit consisting of 2 m long rectangular straight sec
tions (450 x 300 mm2). It comprises two HEPA filter stages which 
simulate the two filtration levels (before and after air dilution) 
usually recommended in nuclear plants. 

A fan, _located d~wnstream from the circuit, provides the air 
exhaust flow {3,400 m /h under rated conditions). 

Sampling and measuring points are located along the exhaust 
circuit in order to determine the following parameters: 

- temperature of air and of duct wall, 
- air flow rate, 
- HEPA filter pressure drop, 
- size distribution and concentration of the aerosols formed. 

II.2. MELANIE test facility (figure 2) 

Air t outlet 

Scrubber 

Instrumentati9;} 
·room 

c:~ 

• .. 

Air 
inlet 

I 
I I 
I I 
I I 
I I 

• • I I 
• I I 

Experime~tal ~ ! . ! 
"fire : f 1 

M,r-. ! 1 ·!1 : ®1: · ··< .. · ·... r!....\r 
.. ·~-:"':.l ... 

Test cell 
(84 m3·) 

Figure 2 MELANIE test facility 
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Test enclosure 

The test enclosuie is a room with concrete walls of an appro
ximate volume of 85 m • Another adjoining room is coupled to the 
test enclosure and serves as the control and instrumentation room. 
Between these two rooms, a rectangular window made of tempered 
glass enables the test to be filmed and observed. 

The combustible materials are located in the centre of the 
test enclosure in a stainless steel tray (90 x 70 x 10 cm3 ) on a 
metal frame (43 cm high) associated to a weighing system. 

Associated ventilation network 

It consists of the following: 
• An air supply system, which includes: 
- an air intake duct which can be thermally insulated, 
- a fan, 
- an air flow control damper, 
- low or high position air intake, through 0.4 x 0.6 m2 grids • 

• An exhaust system, which includes: 
- an exhaust duct located in the room, equipped with high or low 

0.4 x 0.8 m intake grids, 
- a fire damper, 
- a filter housing equipped with HEPA filter, 
- a scrubber, 
- a fan, 
- an exhaust stack. 

Instrumentation 

The test facility is equipped with instrumentation connected 
to a data acquisition system which provides the following infor
mations: 
- air temperature at various points in the room and in the exhaust 

duct, 
- thermal flux, 
- air intake and exhaust flow rates, 
- pressure at various points of the system, 
- gaseous effluents composition (gases and aerosols), 
- combustible weight loss, 
- contamination transfer coefficients from the source term to the 

exhaust HEPA filter. 

II.2. The SIMEVENT ventilation code<2> 

The SIMEVENT ventilation code is used to evaluate the beha
viour of a complex ventilation network submitted to various dis
turbances of mechanical and/or thermal origin. The code is based 
on the di vision o·f the system in nodes linked by branches. A node 
represents a point of the system whose temperature and pressure 
can be considered as uniform. A branch is a part of the system 
limited by two nodes and fully defined by the relation AP = f (Q) 
which expresses the pressure difference (AP) as a function of the 
flow rate (Q) in the branch. 
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For a given accident situation, the code makes it possible to 
calculate the new values of pressure and temperature at the nodes 
and the flow rates in the branches. It can then be seen whether 
the simulated incident causes undesirable effects with respect to 
safety (reversal of air flow, room overpressure, etc). 

To evaluate the consequences of a fire in a room, a fire 
~escription code must be used to be coupled with SIMEVENT. Two 
complementary methods were used to achieve this coupling: 
- the use of SIMEVENT with a fire software programme based on 

a simplified model of the change in temperature of a room sub
jected to fire, 

- the use of SIMEVENT with the FLAMME code<3 >, which makes it 
possible to precisely describe the fire in the room using a zone 
model. 

Using SIMEVENT with the simplified model is a fast prelimi
nary approach to solving the problem, which may then be more 
precisely analysed, if necessary, with SIMEVENT and FLAMME toge
ther. 

A semi-empirical correlation which calculates the gas tempe
rature in the upper layer of a room as a function of the fire heat 
release rate, the ventilation flow rate, the ambient temperature, 
and the room's physical and size characteristics was developed by 
Alvares4 Foote and Pagni at the Lawrence Livermore National Labo
ratory< >. 

Given the following: 

Qc fire heat release rate (kW) 

Cpa gas specific heat capacity (kJ.kg-1 .K-1 ) 

Ta ambient temperature (k) 

T upper layer temperature (K) 

ma : mass ventilation flow rate (kg.s-1
) 

A room surface area (m2 ) 

h effective heat transfer coefficient (kW.m-2 .k-1 ) 

h 
= ./ kmpmCpm 'Y t if t ~ tp 

km 
h = - if t > t e P 

km wall specific heat conductivity (kW.m-1 .K-1 ) 

cpm wall specific heat capacity (kJ.kg-1 .K-1 ) 

Pm wall density (kg.m-3 ) 

e wall thickness (m) 
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wall thermal penetration time (s) 

time (s) 

The upper layer temperature rise above ambient is calculated 
as follows: 

hA 
<m c ) 

a Pa 

- 0.36 

This formula constitutes the simplified model used with 
SIMEVENT. 

III. Experimental evaluation of the effects of polymer fires 

III.1. Test conditions 

The characteristics of the two polymer fires are ipdicated in 
table 1. 

Table 1 

Methyl Acrylate PMMA + Polyvinyl 
Polymer (PMMA) Chloride (PVC) + 

Combustible Type + 250 ml Of 250 ml of ethyl 
Material ethyl alcohol alcohol 

Weight (kg) 10.200 10.530 of PMMA 
+ 1 of PVC 

Air ~upply upper part upper part 
(m /h) 2,480 1,800 

Ventilation Exhaust lower part lower part 
Parameters (m3 /h) 3,930 3,950 

l!.P room - 12.5 - 12 
(daPa) 

Note: 

- the room is initially set at a negative pressure. 
- the difference between the air supply and exhaust flow rates is 
due to leakage from the outside, 
- the 250 ml of alcohol are used to ignite the combustible mate

rial. 

III.2. Typical results 

We are mainly interested in the effects of the presence of 
aerosols whose characteristics are indicated in table 2< 5 >. 
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Table 2 

10.200 kg PMMA 11.530 kg PMMA 
.fire . +PVC fire 

Aerodynamic mass median diameter l..03 l..3 
(µm) 

Geometric standard deviation 3.5 2.8 

Mean concentration (mg/m3
) 108' 138 

Weight of aerosols deposited in 20 25 
the room (g) 

Weight of residue (ashes) (g) 0 215 

Weight collected.on the exhaust 150 190 
HEPA filter (g) 

As shown in figure 3, these aerosols involve the HEPA filter 
clogging which results in p. signif.icant increase of the pressure 
drop and a decrease in th~_exha~st flow rate. This phenomenon 
occurs even though the weight of the aerosols deposited on the 
filter is low (200 grams approximately) and only represents 2% of 
the initial combustible material weight. 

Filter.clogging causes the room pressure drop to increase 
(see figure 39). It must therefore be considered one of the most 
important factors to be ta~en into consideration, since an over
pressure in the room may result in the spreading of contamination 
to the outside. 

The duration of fire neyer,exceeds 1 h, the most imp~rtant 
change in paramaters occurs during the first 30 min. 
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Figure 3 Evolution of characteristics values during the fires 
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IV. Modelling the effects of polymer fires<6 > 

The SIMEVENT modelling diagram of the MELANIE test facilty is 
shown in figure 4. 

~ 
I 
I 
I 

I 
I 
I 

Q room 

@ : fan 

~ filter resistance 

-VVV- duct resistance 

-~ -------------1 
- . .-\/t,i__ leak resistance . ... v·. 

~-.. --. thermal resistance 

I\... _1 
- - ---- • ...I './ '.F - . ~ . 

Figure 4 MELANIE modelling diagram 

The code was initially used to describe the fire on the basis 
of the simplified model, i.e. by only considering the fire in 
terms of temperature evolution. 

We note a rather bad fitting between the results provided by 
the code and those derived from the experiment, in particular with 
respect to exhaust flow rate (see figures 5a and 5b}, room pres
sure and pressure upstream from the HEPA filter (see figures 5c 
and Sd). The differences are attributed to the filter clogging 
which is not taken into account in the code. 

The filter clogging was therefore included in SIMEVENT, using 
the experimental data collected on MELANIE, in the form of "filter 
resistance" calculated as follows: 

This formula is expressed in SIMEVENT using the "GAINE" model 

GAINE {Nl, N2) = Rp., 0 

AP filter pressure drop {Pa) between Nl and N2 
dynamic viscosity of air under experimental and standard 
conditions respectively (Poiseuille} 
volumetric flow rate at the filter (m3/s) 

filter resistance (kg/m4s) 
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Calculations can now be seen to better correlate with experi
ments (figure 6). 

It results from this comparison that to evaluate the conse
quences of a fire on a ventilation network, the "Ventilation Fire" 
code used must include a module accounting for filter clogging. 
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V. Air flow resistance of a clogged filter 

Generally speaking, there are very few models or basic expe
rimental data concerning HEPA filter clogging. Furthermore, these 
data are provided by experiments using test aerosols (atmospheric 
particulates, ASHRAE particulates, etc) which are not representa
tive of the aerosols actually formed during fires. 

A study was therefore carried out using the BEATRICE test 
facility in order to acquire data concerning the clogging of 
filters with respect to aerosols formed during fires involving 
typical materials used in the nuclear industry. These materials 
are polymers {PMMA and PVC) used essentially to manufacture glove 
boxes. 

Table 3 indicates some tests conditions and includes the 
weights of the aerosols deposited on the HEPA filters whose degree 
of clogging is to be evaluated. 

Table 3 

Weight of 
aerosols 

Amount Amount deposited 
of of of the 

unburnt burnt HEPA 
material material filters M/Q 

Test no Material (kg) Q (kg) M (g) (%) 

1 2 kg PMMA 2 24.5 1.2 

2 4 kg PMMA 4 54.0 1.3 

3 6 kg PMMA 6 89.8 1.5 

4* 2 kg transparent 1.320 1.680 78.3 4.7 
PVC + 1 kg PMMA 

5* 2 kg opaque PVC 1.450 1.550 73.9 4.8 
+ 1 kg PMMA 

6* 4 kg transparent 3.430 2.570 98.5 3.8 
PVC + 2 kg PMMA 

7* 4 kg opaque PVC 2.470 3.530 214.7 6.1 
+ 2 kg PMMA 

* It is assumed in tests n° 4, 5, 6 and 7 that the PMMA initially 
introduced was completely consumed and that unburnt material 
entirely resulted from the PVC. 

The following values were measured continuously during these 
tests: 
- air temperature and flow rate } 
- mass concentration of aerosols at HEPA filter 
- pressure drop 

The air resistance of the clogged filter (~) specified in 
section IV may be found using these values. 
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The graphs in figure 7 represent the variation of ~ as a 
function of time and aerosol mass deposited on the HEPA filter. 
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We can see that the resistance of the clogged filter varies 
linearly with the weight of the aerosol~ deposited on the HEPA 
filter, over the range from o to 10 g/m tests. 

A relatively small amount of aerosol causes large increases 
in air flow resistance considering the nature of these aerosols 
(i.e. solid and/or liquid particulates depending on condensation 
phenomena). Fires resulting from PMM'.A +PVC mixtures clog filters 
more rapidly than fires from pure PMM'.A. 

since the type of material is an important factor, other 
tests are currently being made involving other materials in view 
of elaborating a data bank of their respective clogging potential. 

The following method is proposed to apply the results provi
ded by BEATRICE to evaluating the behaviour, during a fire, of a 
given ventilation network modelled using SIMEVENT coupled with a 
fire code. 

Basic data 

a) Fire source term 

It is characterized by the size distribution and the mass 
flow rate (Qa) of the aerosols deposited on the HEPA filter. Inte
grating the Qa = f(t) graph provides the weight (Md) of the aero
sols deposited on the HEPA filter. 

_____ > 
INTEGRATION 

t t 

b) Resistance of a clogged filter 

The results provided by the tests on BEATRICE will lead to 
typical graphs indicating the clogged filter resistance evolution 
~ = f(Md) for various materials. 

828 

~' ·- . :. . . ' . ,_" . 



21st DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

c) Modelling the system using the SIMEVENT code and a fire 
'code 

GAINE (Nl, N2) = Rp, 0 

Instruction describing the air flow resistance of the 
filter. 

Methodology 

* at t = o 

* at t 1 = Lit 

. Rp = Rpo 

Given the basic data: 

1-+ Md (t1) = Mdl. 

2 -+ RF(t1) = Rp1 

3 -+ new system state (flow rate, pressure, etc) 

* at t 2 = A2 t 

1 -+ Md (t2) = Md2 

2 -+ RF (t2) = Rp2 

3-+ new system state (flow rate, pressure, etc) and so on ••• 

The above methodology would be easier to implement numeri
cally if an analytical model describing the variation in the air 
resistance of a clogged filter was available. A basic study is 
currently underway to develop such a model on the basic of labora
tory experiments involving test aeroso1s<1 >. 

VI. Conclusion 

This study shows that among the many phenomena involved in a 
fire, the risk of HEPA filter clogging is one of the factors that 
should be carefully evaluated. 

Considering the complexity of the clogging mechanisms, many 
experiments must be conducted to acquire the basic data that could 
be incorporated in the codes describing the effects of a fire on 
the behaviour of ventilation networks. 

The two main phenomena associated with filter clogging are 
the decrease in the air exhaust flow rate which may result in room 
overpressure, and the damage of the HEPA filter. 
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Abstract 

The consequences of the failure of the cooling system of fission product storage tanks over a variable 
period were investigated as part of the safety analysis of the La Hague spent fuel reprocessing plant. 
Due to the considerable heat release, induced by the fission products, an prolonged shutdown of the tank 
cooling system could cause the progressive evaporation of the solutions to dryness, and culminate in the 
formation of volatile species of ruthenium and their release in the tank venting circuit. 

To determine the fraction of ruthenium likely to be transferred from the storage tanks in volatile or 
aerosol form during the failure, evaporation tests were conducted by evaporating samples of actual nitric 
acid solutions of fission products, obtained on the laboratory scale after the reprocessing of several 
kilograms of MOX fuels irradiated to 30,000 MWdayet-1. A distillation apparatus was designed to 
operate with small-volume solution samples, reproducing the heating conditions existing in the 
reprocessing plant within a storage tank for fission products. 

The main conclusions drawn from these experiments are as follows: 

• ruthenium is only volatilized in the final phase of evaporation, just before desiccation, 

• for a final temperature limited to 160 °C, the total fraction of volatilized ruthenium reaches 12%, 

• in the presence of H20, HN~, NOx and 02, the volatilized ruthenium recombines mainly in the 
form of ruthenium aj.trosyl nitrates, or decomposes into ruthenium oxide (probably Ru02) on the 
walls of the apparatus. 

Assuming a heating power density of 10 W/liter of concentrate, and a perfectly adiabatic storage system, 
the minimum time required to reach dryness can be estimated at 90 h, allowing substantial time to take 
action to restore a cooling source. It is probable that, in an industrial storage tank, the heat losses from 
the tank and the offgas discharge ducts will cause recondensation and internal reflux, which will 
commensurately delay dryness and the release of the ruthenium from the solution. 

1 Introduction 

The problems raised by ruthenium in the radioactive off gases of a spent fuel reprocessing plant derive 
mainly from its complex chemistry an~ its high specific activity (essentially due to 106Ru), since this 
fission product can in fact volatilize significantly during the evaporation or solidification of high-level 
liquid wastes. 
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Most of the ruthenium solubilized in dissolution is found in the raffinates of the first extraction cycles, 
which are then concentrated to a volume of 300 liters/t of uranium reprocessed, and then stored for at 
least one year before vitrification. These concentrates exhibit very high radioactivity and, due to a 
considerable heat release (about 10 W•literl for a PWR fuel irradiated to 33,000 MWday-r-1 and cooled 
for three years before reprocessing), the tanks in which they are stored have to be cooled permanently. 

The cooling systems are designed and maintained to perform their function with a very high level of 
reliability, so that a tank cooling system failure is extremely improbable. The analysis of the 
consequences of such an occurrence was nevertheless conducted as part of the safety analysis of the La 
Hague reprocessing plant, especially in order to determine the time interval after which a substantial 
release of radioactive materials could take place, and to evaluate the effectiveness of the emergency 
measures taken in such a situation. Due to the high activities present in the tanks, self-heating of the 
fission product concentrates, following a prolonged cooling system shutdown, could in fact culminate in 
their progressive evaporation up to desiccation, with these phases likely to cause the formation of volatile 
species of ruthenium liable to be released in the tank venting circuit. The evaluation of the activity 
transfer to the off gas system hence demands the knowledge of the fraction of ruthenium likely to escape 
from the storage tanks in volatile or aerosol form during the cooling shutdown. To do this, tests 
designed to simulate the progressive evaporation of a fission product solution in representative conditions 
were conducted on the laboratory scale with real concentrates, complying in particular with the heating 
power induced by the fission products. 

2 Parameters affecting the volatilization 
of ruthenium in a cooling accident 

The bibliography concerning ruthenium is ·extremely rich, but the tests conducted are sometimes not very 
systematic, and usually performed with synthetic solutions [l]. Among the factors governing the 
volatilization of ruthenium during effluent concentration operations, the following are generally 
distinguished. 

• Solution concentrations in nitric acid and nitrates: while the effect of nitrates is less well 
understood, the volatility of ruthenium in nitric acid medium generally becomes high between 8 and 
13 M, with volatile Ru04 being formed by oxidation of the ruthenium nitrosyl complexes in 
solution. · 

• The presence of reducing agents: these products inhibit or delay the formation of Ru04. They 
may be formed by radiolysis of the medium (HN02, H202), or introduced in the different steps of 
the process (TBP entrained in raffinates, denitration with formol). 

• Solution storage time: the equilibrium of the different chemical species of ruthenium present in the 
concentrates is often slow to be established, and depends on the age of the solution. Storage also 
influences radiolysis in solution (production yield of certain species, degradation rate_of organic 
compounds). 

• Temperature: during evaporation, the oxidation kinetics of the ruthenium complexes depends 
directly on the temperature buildup profile. At higher temperatures, thermal decomposition of the 
ruthenium/nitrosyl complexes may also cause the formation of volatile Ru04. 

The large number of parameters involved precludes any precise and reliable pr~ction of the behavior of 
ruthenium during an FP tank cooling system shutdown. This nevertheless shows that the simulation 
tests are only significant if conducted with real solutions containing all the chemical elements likely to 
alter the behavior of the ruthenium, and in thermal conditions as close as possible to reality, especially the 
heating power released by the FP. This parameter will be preponderant, because it conditions the 
temperature buildup profile, the change in acidity of the solution, and the time required to reach dryness. 
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3 Experimental 

The tests were conducted in a hot cell in order to: 

• determine the liquid/vapor equilibriuµi curves of a real FP solution, to associate the change in 
temperature with that of the acidity of the concentrate in the subsequent tests, 

• simulate the progressive vaporization of an FP concentrate to dryness, without taking any sample 
from the apparatus, to avoid disturbing the behavior of the different FP and to be able to compile 
their balance at the end of the operation. 

Source of concentrates 

The fission product concentrates used for these tests were obtained from the laboratory reprocessing of 
"~X MOX fuel rods containing 5% plutonium, irradiated to 30,000 MWday•rl. The raffinates of the 
first extraction cycle were concentrated to 300 l•t-1 with continuous denitration by the addition of 
formaldehyde. 

The concentrate was then stored ·for six months for ageing before conducting the ruthenium volatilization 
tests. The composition of the FP concentrate is shown in Table 1. The activities are updated to the date 
of the tests, or after a cooling time of 1550 days (4·2 years). · 

Table 1 

Composition of fission product concentrate 

volume 315 l•t-1 
chemical composition: 
• [HN~]M 1·8 
• [N~-]M 8·1 
• [Mo] g•I-1 2·4 
• [Zr] g•I-1 6·6 . 
• [Fe] g•I-1 13·8 
• [P043-] g•I-1 0·24 
• [Ru]M =0·04 
Bly activity: TBq•m-3 Ciel-1 
• 144Ce + 144pr 5,032 136·0 
• 12ssb 118 3·2 
• 106Ru + 106Rh 4,603 124·4 
• 134Cs 3,718 100·5 
• 137Cs 11,255 304·2 
• 154Eu 725 19·6 
total Bir ·25,452 687·9 
total ex activity 3,800 102·7 
calculated residual power (W•l-~): 
• ex 3.57 
• Bir 3·04 
• total 6·61 
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Apparatus and procedure 

The experimental rigs employed are shown in Figures 1 and 2. These systems were designed to operate 
with small volumes of concentrate ( 400 cm3) and reproduce the actual heating conditions existing in a 
storage tank with a capacity of several tens of cubic meters. 

Oil ... ,. ___ 

Vacuum sampling in boRer ~ 

Metallized glass -~P+f>'::tt--+:ltH>He 
vacuum stopper 

Metallized glass-_....~IH 
vacuum flask 

Stainless steel --'i.&:.1-1~_..,1-+-1_.._ 
boiler 
th=0.7 •=140 

Heat Insulator 

PF cancl!1ltrate 
(400cm3> 

..a----Condenser 

~IHM-"4.J~-4..:U~-++--- Condensate 
recycle 

u,..i._....u-i::i~~:::i..~i1---Temperature 
probe 

Condensate 
sampling 

Figure 1 Apparatus used to determine liquid/vapor equilibrium curves 
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To peristaltic pump 
venting and 

negative pr1ssure tap 

J C Seal flask 3M caustic 
L.::::, scrubber 

Condensate 
collector 

Figure 2 Apparatus used for the test of evaporation to dryness 

.. 

Given the low heating power densities involved, the apparatus was fully insulated by a double wall of 
silver-plated glass under vacuum. The boiler tank was of stainless steel Its cylindrical shape helped to 
keep the boiling surface area constant and to limit the variation in the heating surf ace area during 
evaporation. Heating was provided by oil circulation avoiding local overheating at the boiler wall. The 
heating power was adjusted in accordance with the heat balance. The heat really absorbed by the 
solution at any time was equal to the difference between the amount of heat supplied to the system and 
that lost to the exterior and absorbed by the apparatus. The determination of the mass of water and of 
the coefficient of thermal conductivity of the system as a function of temperature thus helps to calculate 
the total energy to be supplied to the system at any time to obtain the desired effective heating power. 

During the tests, the heating power used was about 8 ±1 ·6 W (or a power density of 20 ±4 W /l of initial 
concentrate), and the heat losses reached up to nearly 80% of the total quantity of heat supplied at the end 
of evaporation. 

The system used to determine the liquid/vapor equilibrium curves and shown in Figure 1 is 
distinguished by the beating of the neck to prevent partial liquid reflux in this zone. The method 
employed was direct distillation with recycle. Return of the condensate to the boiler ensured a fixed 
composition and equilibrium temperature in the fraction of solution remaining in the boiler. When 
equilibrium was reached, the distillate and concentrate were simultaneously sampled, and a larger fraction 
of the condensate withdrawn. The acidity and temperature of the concentrate then rose progressively 
until a new equilibrium was reached. 
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In the second system employed for the progressive vaporization of the concentrate and shown in Figure 
2, the heating of the neck was eliminated, but the neck remained insulated by a double wall of silvered 
glass under vacuum. Only the condensate samples were taken periodically during the test. To avoid 
overpressures and vapor losses to the exterior, and also to take account of the air circulation in the 
storage tanks, the apparatus was placed under a slight air blanket (l l•h-1). The ruthenium volatilized in 
the test was trapped by a caustic scrubber. 

4 Experimental results and discussion 

4 .1 Variation in acidity and temperature 
during vaporization of FP concentrates 

The rough liquid/vapor equilibrium curves obtained with these FP concentrates are shown in Figure 3. 
These curves are compared with those of a water/nitric acid system. 
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HN03 (M) 

Figure 3 Liquid/vapor equilibrium curves of FP concentrate 

As may have been expected, these two systems are quite different. For the same aqueous phase acidity, 
the boiling point is much higher for a solution containing saline nitrates than for an aqueous nitric acid 
solution. This is explained by the decrease in the partial pressure of the water due to the salts, causing a 
rise in the boiling point of the solution. 

Above an acidity of 5 M (temperature 116 °C), the nitrate concentration is such that it is impossible to 
take any samples, because they crystallize at ambient temperature. From 130 °C, NOx is also formed, 
indicating incipient decomposition of the nitrates. The acid balances that can be determined from the 
distillates are hence in excess, and no longer serve to estimate the real acidity of the boiler, and the 
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evaluation of the real volume of the liquid phase is also increasingly difficult due to the growing 
formation of precipitates. However, concentration was continued to dryness. The final acidity of the 
condensate was 11 ·5 M for a boiler temperature of over 150 ~C, a much higher temperature than that 
corresponding to the azeotrope of the water/nitric acid mixture (120 °C). 

The first data finally provided by this test can be summarized as follows. 

• Variation in the acidity/temperature pair during vaporization ·is only significan~ for nitric acid 
concentrations of 5 Mor less. · 

• The final temperature during the precipitate dryness phase is about 150 °C. 

• Incipient decomposition of the nitrates is observed, and the concomitant appearance of NOx from 
130 °C. 

4. 2 Behavior of ruthenium during vaporization 
in the desiccation of FP concentrates 

The experiment was conducted this time in a single step, without any samples taken from the boiler. 
Dryness was reached in 70 h (t = 0 corresponding to the equilibrium temperature of the FP tanks, or 60 
°C). This interval was increased by the existence of an internal reflux estimated at 30% of the total flow 
rate of the vapors leaving the solution. After dryness, the residues were kept at 160 °C (experimental 
limitation) for nearly 20 h. 

The cumulative volume of distillate collected and the change in the concentration of the solution are 
shown as a function of time in Figure 4. Dryness was reached at a concentration equivalent to 22 l•t-1. 
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Figure 4 Cumulative volume of condensate and concentration as a function of time 
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The temperature buildup profiles of the solution and the heating bath are shown as a function of time in 
Figure 5. During the first 50 h, the solution temperature stabilized at around 102 to 103 °C. It then 
increased rapidly up to 150 °C before reaching desiccation. 

Figure 6 shows the change in activity of the condensate, and in the total percentage of acid distilled as a 
function of time. As above, it can be observed that: 

• the acidity of the condensate rises suddenly after the distillation of about 75% of the volume of 
initial solution, to reach a plateau at. around 11·5 M, 

• the amount of acid recovered in the condensate is more than 20% higher than the number of initial 
moles (partial recombination of NOx produced by destruction of the nitrates). 
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Figure 5 Temperature rise as a function of time 

Figure 7 compares the variation in time of the 106Ru fraction recovered in the distillates with those of 
l37Cs and of the a emitters considered as non-volatile (fractions expressed with respect to the initial 
activities in the concentrates). Note that the behavior of the other FP measured (134Cs and 144Ce) is 
identical to that of 137Cs throughout evaporation. 
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These curves finally show that ruthenium is volatilized after 60 h (brown coloration of the condensates), 
together with a sudden increase in acidity of the condensate pointed out above. This volatilization is 
effective from: 

• a concentration of 85 l•tl, 

• a solution temperature of 119 °C, 

• acidity of about 6 M in the boiler. 

The ruthenium thus leaves in the final evaporation phase corresponding to the formation and the 
desiccation of the residues, thus confirming the results of previous studies conducted on simulated FP 
solutions [2,3]. 

Table 2 shows the final balance of ruthenium and of the main radioisotopes transferred from the tank 
during vaporization. The fractions of activity recovered in the condensate, the caustic trap and the 
evaporator rinse solution (neck and condenser) are expressed with respect to the initial activities of the 
concentrate. 

Table2 

Balance of main radioisotopes transferred from the tank 

initial 
activity recovered (% of initial activity) 

in solution in the in the in 
radioisotope activity in the caustic apparatus precipitate total 

GBq (Ci) condensate trap rinse form distilled 
solution 

106Ru 921 (24·9) 7·09 2·4•104 3.33 1·68 12·1 
1 Cs 4503 (121 ·7) 1·12• 10- 7·10- 2·6•10 1·45•10-3 
a emitters 1520 (41·08) 9·1•10-4 - 2·2•10-4 1·13·10-3 

Most of the volatilized ruthenium is found in the condensate (7% of total Ru) and not in the caustic trap 
( = 104 % ). The share due to droplet entrainment is very small, representing a maximum of O·O 1 % of the 
total amount volatilized. 

Visible/UV spectrophotometry (Figure 8)was used to confirm that the species solubilized in the 
condensate and the rinse solution were mainly in the form of complexes of ruthenium nitrosyl nitrates 
[5]. It can therefore be assumed that Ru04, or possibly other volatile species of the RuNO type, such as 
those reponed by Klein et al [4] are instantaneously recombined in the condenser in the presence ofH20, 
HN~. NOx and 02 to form the foregoing complexes. These observations are confirmed by the sudden 
drop in the nitrous acid content in the condensates, observed from the onset of ruthenium volatilization 
(Figure 9). 

The apparent volatilization rate constant, determined assuming a first-order kinetics, is 5 .3• l 04 min-
1between140 and 160°C. This figure is higher than the constant determined in 9 to 13 M boiling nitric 
acid medium for similar Ru concentrations [6,7]. The very clear influence of the nitrates and of the 
temperature on the ruthenium volatilization process is hence confirmed in these ranges close to dryness. 

At the end of the experiment, the walls of the tank and the neck appear to be covered by a black deposit, 
insoluble in nitric acid. These fine panicles, averaging 7 µm in size (measured by sedimentation), 
represent about 15% of the total quantity of ruthenium volatilized. This implies that pan of the 
volatilized Ru04 is thermally decomposed by the reaction: 

Ru04 -> Ru02 J. + 02 
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or could have reacted with the NOx present in the apparatus according to reactions of the following type 
[8]: 

Ru04 + 2NO <=> Ru02 .!. + 2N02 
Ru04 + 4N02 <=> RuOi .!. + 2N20s 

However, ruthenium dioxide was not formally identified. 

These experiments finally serve to distinguish three phases in the ruthenium release process. 

• The boiling phase in which ruthenium transfer from the tank is slight and only occurs through the 
formation of aerosols entrained by the vapor with the other fission products. 

• The phase approaching dryness, when the ruthenium begins to oxidize or to decompose locally, 
and when the transfer of radioactivity by volatilization of this element predominates over transfer in 
the form of aerosol,s with the other fission products. 

• The final drying and calcination phase, in which the volatilized Ru04 is decomposed on the tank 
walls or reacts with the NOx probably to form solid Ru02. These fine particles, given the 
extremely small gas flow rate, tend to redeposit on the apparatus walls. 

5 Industrial scaling up 

These tests finally demonstrated that the risk of ruthenium volatilization, in the case of the prolonged 
shutdown of the FP tank cooling system, would only exist in the ultimate phase of evaporation 
approaching dryness. During this final phase, the quantities of ruthenium likely to be transferred to the 
stack of the plant will depend on local conditions (temperature, NOx, scavenging air, wall surface area) 
and especially on the holdup of the lines and the rate of aerosol entrainment 

Consequently, the time required to vaporize the concentrates completely will determine the maximum 
time allowed to the reprocessing plant operators to take remedial action. Based on the distillation rates 
measured experimentally, and assuming a heating power density of 10 W•l-1, this period could be about 
90 h (including 5 h of rise to boiling point). In these conditions, volatilization of the ruthenium would 
only become effective after the 75th hour, leaving substantial time to restore a cooling source. 

It is also probable that, in an industrial storage unit, the heat losses in the ducts of the offgas discharge 
system will cause local condensation and hence internal reflux in the storage tanks, which will 
commensurately delay the release of the ruthenium from the solution. 

It is in fact very unlikely that complete evaporation of the stored solutions could occur, rather leaving the 
possibility of an equilibrium established between the power released by the FP and the heat losses of the 
tank and its vents. 

It is nonetheless the operator's duty to minimize the scavenging air flow rate in the tanks, because this 
could shift the liquid/vapor equilibrium and accordingly accelerate the evaporation rate of the solution. 

6 Conclusions 

The experiments described in this document were conducted in order to analyze a prolonged accidental 
shutdown of storage tanks for fission product solutions in a spent fuel reprocessing plant. These tests, 
performed on a real FP solution, demonstrated very clearly that the volatile species of ruthenium are only 
formed in the ultimate phase of evapo~tion, close to dryness. During this phase, the transfer of activity 
by the volatilization of this element will prevail over simple contamination by aerosols. These volatile 
species nevertheless prove to be highly unstable, and could recombine mainly in the form of soluble 
complexes of ruthenium nitrosyl nitrates, or decompose, probably to Ru02, depending on local 
conditions. These experiments also demonstrated that, on the industrial scale, the minimum time 
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available before the release of the ruthenium from the solution would be more than three days, leaving the 
plant operators substantial time to restore a cooling source. 
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Abstract 

A series of pool fire experiments was carried out in the Large Scale Flow Facility of the 
Mechanical Engineering Department at New Mexico State University. The various experiments 
burned alcohol, hydraulic cutting oil, kerosene, and a mixture of kerosene and tributylphos
phate. Gas temperature and wall temperature measurements as a function of time were made 
throughout the 23.3m3 burn compartment and the ducts of the ventilation system. The mass 
of the smoke particulate deposited upon the ventilation system 0.61m X 0.61m H:~PA filter for 
the hydraulic oil, kerosene, and kerosene-tributylphosphate mixture fires was measured using an 
in situ null balance. Significant increases in filter resistance were observed for all three fuels for 
burning time periods ranging from 10 to 30 minutes. This was found to be highly dependent 
upon initial ventilation system flow rate, fuel type, and flow configuration. 

The experimental results were compared to simulated results predicted by the Los Alamos 
National Laboratory FIRAC computer code. In general, the experimental and the computer 
results were in reasonable agreement, despite the fact that the fire compartment for the exper
iments was an insulated steel tank with 0.32cm walls, while the compartment model FIRJN of 
FIRAC assumes 0.31m thick concrete walls. This difference in configuration apparently caused 
FIRAC to consistently underpredict the measured temperatures in the fire compartment. The 
predicted deposition of soot proved to be insensitive to ventilation system flow rate, but the 
measured values showed flow rate dependence. However, predicted soot deposition was of the 
same order of magnitude as measured soot deposition. 

Introduction 

In this paper we describe the results of a series of pool fire experiments carried out in 
the Large Scale Flow Facility (LSFF) at New Mexico State University (NMSU), a full scale 
ventilation system similar to those found in nuclear facilities. The fuels used were methyl alco
hol, kerosene, a "non-flammable" cutting oil, and a mixture of kerosene and tributylphosphate 
(TBP). The purpose of these pool fire experiments was to study the transport of the heat and 
smoke generated through the ventilation system to further verify the FIRAC(l) computer code 
developed by Los Alamos National Laboratory (LANL) through the use of realistic fuels and 
ventilation system configurations. In particular this series of experiments was intended to test 
the FIRIN compartment fire module of the FIRAC computer code. 

The FIRIN module was developed by Pacific Northwest Laboratories (PNL) and was inte
grated into the FIRAC code to describe the combustion process<1) in a single compartm~nt. The 
FIRJN module uses a zonal model that couples the hot and cold layers within the compartment. 
The module provides the capability of simulating pool or crib fires and predicts temperatures 
within the compartment and heat transfer through the compartment walls. Although FIRIN 
has other capabilities, such as prediction of oxygen concentration, changes in mass flow rates, 
etc., only temperature predictions were emphasized in this series of tests. 
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A secondary purpose of the experiments was to evaluate the prediction of soot produced 
and mass accumulated on the exhaust High Efficiency Particulate Air (HEPA) filter. The Exper
iments test both FIRIN's soot predictive capabilities and FIRAC's transport and filter plugging 
predictions. 

Description of the Experiments 

The LSFF is a laboratory of the Mechanical Engineering Department of NMSU located in 
Las Cruces, New Mexico. Figure 1 is a schema.tic of the full scale model ventilation system which 
consists of two room sized volumes connected by steel ducting. The model ventilation system is 
housed within a large prestressed concrete building which provides environmental control. The 
system is designed to accomodate thermal, pressure and aerosol inputs. Thermal input can be 
from a natural gas fired duct heater rated at 92000 kcal/h or by burning pool or crib fires in one 
of the simulated rooms. Pressure pulses a.re limited to a 140 kPa. overpressure. 
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The arrangement of ducts and rooms of the ventilation system is shown in Figure 1. Sched
ule 20 pipe, 30.5cm in diameter, is used for a by-pass loop a.round the two rooms. The remainder 
of the ducting was fabricated from 0.64cm steel plate and has a flow cross-section which is 0.6m 
by 0.6m square. For a detailed description of the ventilation system see reference 2. ·The pool fire 
experiments reported in this paper used various configurations of the system, depending upon 
the fuel burned; these configurations will be described as each experiment is described. 

Temperature measurements throughout the ventilation system were made with type J ther
mocouples. Wall temperatures were made using thermocouples peened into the steel walls. Gas 
temperatures at the centerlines of ducts and .rooms were measured with shielded thermocou-
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pies. Flow rate through the ventilation system, generated by a centrifugal blower (capable of a 
maximum flow rate of 5000cfm) located at the outlet of the ventilation system, was measured 
30 duct diameters downstream of the fan outlet with a pitot tube connected to two Validyne 
DP103 pressure transducers (±0.0lpsid range). Pressure drop across the exhaust HEPA filter lo
cated upstream of the blower was measured using a Validyne DP7 pressure transducer (±1.0psid 
range). Temperatures, flow rate, and pressure drop across the HEPA filter were recorded at set 
time intervals using an HP 9845B data acquisition system. Burn times were measured with a 
stop watch. 

The mass gained by the exhaust HEPA filter during the burn experiments was measured 
by a null balance system connected directly to the filter. This system had a least count of about 
4g. See reference 2 for details. 

All the pool fires were burned in a pan 0.615m above the bottom of the cylindrical tank 
shown in Figure 1. The pan has dimensions 0.33m wide, lm long and 0.152m deep. The 
cylindrical tank is 2.74m in diameter and has a volume of 24.3m3 with a nominal height of 4.lm. 
The walls of the tank are 0.635mm in thickness. The tank has openings at the top and bottom 
centerline and on the side 1.27m from the bottom. All these openings are 0.307m in diameter. 

Table 1 lists the heights of the cylindrical tank centerline thermocouples above the bottom 
of the tank. Notice that thermocouple CT4 is actually located in the 0.307m pipe extending 
upward from the top opening of the tank. 

Table 1 Location of Cylindrical Tank Centerline Thermocouples 

Kerosene Pool Fires 

Thermocouple No. 
. CTl 

CT2 
CT3 
CT4 

Height, m 
0.85 
2.41 
3.95 
4.54 

Two flow configurations were used for the kerosene tests. The first configuration is shown 
in Figure 1. The flow enters the bottom of the cylindrical tank and follows the path through 
the ventilation system shown by the arrows. The second configuration is pictured in Figure 2. 
In this configuration, the bottom opening of the cylindrical tank is closed and the flow enters 
the tank from the top opening and flows out the side opening and along the path through the 
ventilation system, as indicated by the arrows. The total length of each flow path is about 70m. 

Five experiments were run, each burning 5 liters of kerosene: two in configuration 1 (Figure 
1) at 500cfm and lOOOcfm flow rate; and three in configuration 2 (Figure 2) at lOOOcfm, 1200cfm 
and l 700cfm flow rate. These experiments are summarized in Table 2 as tests KER03 through 
KER07. 

Table 2 Kerosene Burn Tests 

Test Config- Nominal Burn Filter D..P Filter 
No. uration Flow Rate, cfm Time, min. Increase cm H2 0 Mass Gain, g 

KER03 1 500 12.80 4.57 137 
KER04 1 1000 13.79 3.31 156 
KER05 2 1000 5.30 3.56 61* 
KER06 2 1700 6.93 4.32 106 
KER07 2 1200 10.45 2.04 82 

* Fire went out with about 1 liter of kerosene left in pan. 
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The configuration of the ventilation system for the methyl alcohol burn tests (called con
figuration 3) is shown in Figure 3. The air enters the bottom of the cylindrical tank, exits the 
top and flows through the system as shown by the arrows. The total length of the flow path is 
about 20m. Four tests were run: two without insulation on the cylindrical burn tank, and two 
with a nominal 7.62cm blanket of fiberglass insulation over the entire surface of the tank. The 
conduction coefficient of the insulation was 0.04 W/m2 - K. Table 3 summarizes the methyl 
alcohol burn tests, tests FUEL05 through FUEL08. 

Table 3 Methyl Alcohol Burn Tests 

Test Insula- Amnt.of Nom. Flow Meas. Flow Burn Fl tr.Mass 
No. ti on Fuel, l Rate, cfm Rate, cfm Time, min. Gain, g 

FUEL05 No 15 600 542 29.05 19.0* 
FUEL06 No 15 1000 1008 31.14 -37.6** 
FUEL07 Yes 15 1000 992 31.39 -23.9** 
FUEL08 Yes 15 600 599 30.51 21.3* 

*A large amount of condensation took place, so weight gain was probably water. 

**Weight loss apparently due to drying of the filter during test. 
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Notice that all the alcohol burn tests used 15 liters of methyl alcohol and that two nominal 
flow rates were used: 600cfm and lOOOcfm. 
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Figure 3 Ventilation System Configuration 3 

Cutting Oil Bum Tests 

Two burn tests were run with Rectorseal Dark Thread Cutting Oil. Configuration 3 (Figure 
3) was used for both tests, one at a noi;ninal flow rate of 600 cfm and one at 1000 cfm. The 
cylindrical burn tank was insulated, as described above, for both tests. Table 4 summarizes these 
as tests FUEL09 and FUELlO. 

Table 4 Cutting Oil Burn Tests 

Test Insula- Anmt.of Nom.Flow Meas.Flow Burn Fltr.A.P Fltr.Mass 
No. ti on Fu.el, i Rate, cfm Rate, cfm Time, min. Incr.,cm H20 Gain, g 

FUEL09 Yes 4 1000 1032 30.27 9.02 333.3 
FUEL10 Yes 5 600 613 27.30 8.51 328.6 

Kerosene-TEP Burn Tests 

A mixture of 70.6% (by volume) kerosene and 29.4% TBP (3.0 liters of kerosene and 1.25 
liters of TBP) was burned using configuration 3 (Figure 3) of the ventilation system. Three 
nominal flow rates were used: 600 cfm, 800 cfm, and 1000 cfm. The eylinderical burn tank was 
insulated, as described above, for all three tests. Table 5 summarizes the tests as tests FUELll 
through FUEL13. 
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Table 5 Kerosene-TBP Burn Tests 

Test Insul- Amnt.of Nom.Flow Meas.Flow Burn Fltr . .6.P Fltr.Mass 
No. ti on F'uel, i Rate, cfm Rate, cfm Time, min. Incr.,cm H20 Gain, g 

FUELll Yes 4.25 1000 1018 13.49 8.84 424.8 
FUEL12 Yes 4.25 600 605 15.19 1.78 314.3 
FUEL13 Yes 4.25 800 848 15.32 1.52 338.6 

-----· 4 

·---·-· 1 

2---- -· 
1------· 

Figure 4 Burn Tank-Configuration 1 Figure 5 Burn Tank Configuration 2 

Results and Discussion 

In the following sections we discuss the experimental results and compare them to the 
results of the FIRAC computer simulations in the case of kerosene and kerosene plus TBP. 
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Kerosene Burn Tests Compared to FIRAC Simulation 

The FIRAC node locations are shown in Figures 4 and 5. Figure 4 shows (for configuration 
1) that nodes 1, 2, and 3 represent the characteristics of the incoming air flow, while nodes 4 
and 5 model the exhaust flow from the burn tank for tests KER03 and 04. Figure 5 shows 
(for configuration 2) nodes 1, 2, and 3 characterizing the incoming air flow and nodes 4 and 5 
modeling the exhaust flow from the burn tank for tests KER06 and 07. Downstream nodes for 
both configurations are shown in Figures 1 and 2. 

Four plots are presented from FIRAC output for tests KER03, KER04, KER06, and 
KER07. KER05 was neglected because the fire terminated before all the fuel was consumed. 
Each plot presents the hot layer temperature predicted by FIRAC compared with tank CT mea
sured temperatures. Other information such as hot layer height, 02, C02, CO, and smoke 
concentration, fuel burning rate, pressures at branches, volumetric flow rates at branches, etc. 
can be found in reference 3. 

Figures 6 through 9 give the comparisions of the FIRAC predicted hot layer temperature 
and the temperatures measured in the experiments at the four tank centerline locations. KER03 
(Figure 6) has a flow rate of 500cfm entering the bottom of the tank. This low flow rate causes . 
the hot layer to extend down to the floor. The measured tank temperatures peak at about 475°F 
(246 °C) while the FIRAC temperatures peak at about 375°F (190.6°C). 

FIRAC predictions for KER04 are shown in Figure 7. The flow rate for KER04 was 
lOOOcfm. The effect of this higher flow rate was manifested by a hot layer extending to approx
imately 2.5m above the floor, i.e. the higher flow rate pushed the hot layer up. The FIRAC 
temperature predictions decreased from those predicted in KER03 (135°C compared to 190.6°C). 
However, the experimental temperatures increased (274°C compared to 246°C for KER03). The 
underprediction of temperatures was also true for nodes throughout the remainder of the venti
lation system<3>. 

Tests KER06 and 07 were performed with configuration 2. Configuration 2 has the fresh 
air entering the top of the burn tank and exiting the side of the tank about 2.4m above the tank 
bottom. This configuration did not allow use of the flow rates of 500cfm and lOOOcfm. Instead, 
KER06 had a flow rate of 1700cfm and KER07, 1200cfm. Below these flow rates the burning 
caused instabilities that blew out the pool fire. 

Figure 8 gives the tank temperature results for KER06. The hot layer in this case extended 
to the floor of the burn tank and the temperature of the hot layer exhibited an initial spike up 
to approximately 340°F (171°C) but then dropped back to a range of 225-250°F (107-121°C). 
Only CT4, at the top of the tank, compared favorably with the FIRAC prediction. However, 
the hottest temperatures experimentally were in the lower part of the tank, e.g. 770°F ( 410°C) 
measured compared to 340°F ( 171° C) predicted. As a result of these underpredictions in the burn 
tank, FIRAC also underpredicted the temperatures downstream in the rest of the ventilation 
system<3>. · 

The FIRAC comparison to the experimental results for KER07 is shown in Figure 9. The 
results are very similar to those for KER06, except the peak temperatures are slightly lower. 

A comparison of the predicted mass gain on the HEf A filter and that measured during the 
experiments is shown in Table 6. Table 6 indicates that the predicted deposition was of the same 
order of magnitude as the measured deposition. However, the predicted results are not sensitive 
to the two flow configurations or two flow rates used for the experiments. 

849 



21st DOE/NRC NUCLEAR AIR CLEANING CO,NFERENCE 

620 

570 

520 

......._ 470 r:r... 
ciJ 420 Q) 

"O ........... 370 
Q) 
1-4 
;j 320 ....., 

/,~~'N 
I '"' r"' II ,\ 

1/1 ~~ /,//' 1\, 

1
:::-r ~\, ,... ,, 
_. \\ 

y 
f 

-- CT1 
--- CT2 
------ CT 3 
--- CT4 
-- FIRIN Hot Layer 

ro 
1-4 Z70 
Q) 

I 

0.. 
220 s 

Q) 

~ 170 

120 

70 ..____ __ __,,_ _ _..._. ________ _ 
20 

0 400 800 . 1200 1600 2000 2400 

Time (sec.) 

Figure 6 Kerosene Burn Test KER03 Tank Centerline Temperatures, Q=500cfm, Config.1 

......._ 
r:r... 
ciJ 
Q) 

"O .......... 
Q) 
1-4 
;j ....., 
ro 
1-4 
Q) 

0.. s 
Q) 

~ 

620-.--~-------~~~-~-~---------, 

570 

520 

470 

420 

370 

320 

270 

220 

170 

120 

70 

20 
0 400 

-- CT1 
--- CT2 

I ------ CT 3 
\ --- CT4 
\ -- FIRIN Hot Layer 

\ 
\ "-\ ... ...... 

~
,', ........... 

-,~ .............. 
....... ---" -. ..._......_ 

800 1200 1600 
Time (sec.) 

2000 2400 

Figure 7 Kerosene Burn Test KER04 Tank Centerline Temperatures, Q=lOOOcfm, Config.1 

850 

...... ~-, - . - "" 



Figure 8 

-Ii. 
ti'.o 
Q) 

"O ........... 
Q) 
J... 
~ 
~ 
d1 
J... 
Q) 

i:l.. 
E! 
~ 

21st DOEJNRc· NUCLEAR AIR CliEANING·CONFERENCE 

820 

710 

720 
670 

620 

570 

520 
470 
420 
370 

320 
270 
220 

170 
120 
70 

0 400 

1 
I 
I 
I 
I 
I 
I 

' \ I I 
I 
I 
I 
I 
I 

--CT1 
--- CT2 
------ CT 3 
--- CT4 
-- FIRIN Hot Layer 

800 1200 1600 2000 2400 

Time (sec.) 

Kerosene Burn Test KER06 Tank Centerline·Temperatures, Q=l 700cfm, Config~2 
820----------------------------------------------, 
710 
720 

-- CT1 
670 - 620 Ii. 

biJ 570 Q) 

--- CT2 
------ CT 3 
--- CT4 
-- FIRIN Hot Layer 

"O 520 ......... 
Q) 

470 M 
~ 
~ 420 ro 
J... 370 Q) 

i:l.. 
320 El 

Q) 270 E-4 

220 

170 
120 
70 

0 400 800 11200 1600 2000 2400 
· Time (sec.) 

Figure 9 Kerosene Burn Test KER07 -Tank Centerline Teinperatures, Q=1200cfm, Config.2 

.,: . 861 

,.·, 



21st DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

Table 6 Soot Deposition on HEPA Filter for Kerosene Burn Tests 

Test No. 
KER03 
KER04 
KER06 
KER07 

Measured Mass Gain, g 
137 
156 
106 
82· 

* Unconverged solution from FIRAC analysis. 

Methyl Alcohol Burn Tests 

Predicted Mass Gain, g 
102.2 

* "" 100 
"" 100 

One possible explanation for FIRAC's underprediction of the temperatures in the burn 
tank was that the FIRIN module assumed a 0.31m thick concrete wall, while the experiments 
were carried out in a tank with a 0.32cm thick steel wall. To quickly check this difference 
experiment~ly it was decided to run a series of experiments (using Configuration 3, Figure 3) 
with and without insulation on the steel burn tank. Mythl alcohol was chosen as the fuel to 
eliminate soot production. The resulting burn tank centerline temperatures for the four tests are 
shown in Figures 10 through 13. Complete results for these experiments are available in reference 
4. Notice that the tests FUEL05 and FUEL08 are identical except for the wall insulation in the 
latter case. Both had fl.ow rates of 600cfm and burned 15£ of alcohol. In Figures 10 and 13 we 
see that the burn tank centerline temperatures are nearly identical for these two experiments. 
However, the maximum interior wall temperature for FUEL05 (uninsulated case) was about 
40°C lower than the maximum interior wall temperature for FUEL08 (insulated case)<4>. Similar 
results were obtained for tests FUEL06 and FUEL07 (Figures 11and12), the lOOOcfm flow rate 
case. Thus, it appears experimentally that the bulk gas temperature within the burn tank is not 
overly sensitive to the wall insulation characteristics. Unfortunately, we were not able to easily 
change the thermal mass characteristics of the wall. 

Cutting Oil Burn Tests 

Figures 14 and 15 give the burn tank centerline temperatures measured for tests FUEL09 
and FUELlO, respectively. Notice that the maximum temperatures attained were essentially 
the same (225°C) in both experiments as were the amounts of mass gained by the HEPA filter 
(see Table 4), although FUEL09 had a flow rate of lOOOcfm while FUELlO had a flow rate of 
600cfm. It may be that· FUEL09 had not yet reached its maximum temperature by the time its 
fuel was expended (note the increasing temperature just before burn out). For more extensive 
results see reference 4. No comparison to FIRAC predictions were possible since cutting oil was 
not included amoung the available FIRIN fuels. 

Kerosene-TEP Burn Tests 

Figures 16, 17, and 18 give the burn tank centerline temperatures for the kerosene-TEP 
mixture burn tests. The flow rates were lOOOcfm, 600cfm, and 800cfm, respectively. Notice in all 
three cases the hot layer temperature predicted by FIRAC is lower than the measured maximum 
temperature by about 100°C, but that FIRAC predicted a longer burn time (i.e. the amount 
of energy release was comparable between simulation and experiment). Table 7 compares the 
measured and predicted mass gain of the HEPA filter. FIRAC predicts an essentially constant 
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Figure 10 Alcohol Burn Test FUEL05 Tank Centerline Temperatures, Q=600cfm, Conf.3 
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Figure 11 Alcohol Burn Test FUEL06 Tank Centerline Temperatures, Q=lOOOcfm, Conf.3 
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mass gain with flow rate (about 300g), while the measured values increase with flow rate. It 
. appears that the predicted soot generation rate is insensitive to flow rate. 

Table 7 Soot Deposition on HEPA Filter, Kerosene-TBP Burn Tests 

Test No. Flow Rate, cfm Measured Mass Gain, g Predicted Mass Gain, g 
FUEL12 600 314.3 303.4 
FUEL13 800 338.6 303.1 
FUELll 1000 424.8 297 .3 
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Figure 18 Kero-TBP Burn Test FUEL13 Tank Centerline Temperattires, Q=800cfm, Config.3 

Filter Loading and Filter Resistance 

The measured values of the mass of soot deposited upon the exhaust HEPA filter are given 
in Tables 2, 4, and 5 for Kerosene, cutting oil, and kerosene-TBP, respectively. Notice from 
Table 2 and 5 that the amount of soot deposition goes up directly as the flow rate. In Table 4, 
the lOOOcfm case and 600cfm case seem to have the same mass gain, but notice that the amount 
of fuel burned in the lOOOcfm case was 4e, while in the 600cfm case the amount of fuel burned 
was 5i. Hence, in general we can say that the amount of soot mass gain increases directly with 
flow rate. 

Notice that the maximum gain at lOOOcfm for Kerosene-TBP was 424.Sg, for cutting oil, 
333.3g and for kerosene, 156g. Even allowing for a 20% increase (i.e. to 399g) in the cutting oil 
soot since this bum had le less fuel than ~he kerosene and kerosene-TBP burns, it is apparent 
that the Kerosene-TBP produced more soot. We can not compare the kerosene case, because its 
flow path (configuration 1) was about three times longer than the other two cases (configuration 
3) and duct wall deposition probably greatly reduced the soot load of the air stream before it 
reached the HEPA filter. 
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Examination of Tables 2, 4, and 5 show that in all cases but one (KER04, Table 2), the 
resistance of the HEPA filter (indicated by an increase in the filter pressure drop) increased as 
the mass loading (i.e. the higher the mass loading the larger the increase in pressure drop). 

Conclusions and Recommendations 

FIRAC predicts the proper trends for the burn compartment temperature, but significantly 
underpredicts the maximum temperature. This may be due to the FIRIN module's use of a 
0.61m thick concrete wall, while the experimental burn room had a 0.32cm thick steel wall. 
Further investigation of the effects of thermal upon the combustion process appears to be in 
order. Additionally, it is apparent that a zonal fire model has difficulty simulating a reverse flow 
situation (configuration 2) due to the large flow instabilities that occur for design flow rates. 

Firac predicts the right order of magnitude for the mass of soot deposited upon the HEPA 
filter, but it does not show a dependence upon mass flow rate that is present in the experimental 
results. The cause for this should be investigated. 

There appears to a direct dependence of HEPA filter resistance increase with mass loading 
upon the filter. 

Mass loading upon the filter depends upon the fuel burned, the burning rate, and the 
distance of the fire from the filter. 
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Abstract 

A new alpha CAM sampler is being developed for use in detecting 
the presence of alpha-emitting aerosol particles. The effort 
involves design, fabrication and evaluation of systems for the 
collection of aerosol and for the processing of data to speciate and 
quantify the alpha emitters of interest. At the present time we 
have a prototype of the aerosol sampling syste~ and we have 
performed wind tunnel tes~s to cha~acterize the performance of the 
device for different particle sizes, win:d speeds, flow rates and 
internal design parameters. The results presented herein deal with 
the aerosol sampling aspects of the new CAM sampler. Work on the 
data processing, display and alarm functions is being done in 
parallel with the particle sampling work and will be reported 
separately at a later date. 

Wind tunnel tests show that ~50% of 10 µm aerodynamic 
equivalent diameter (AED) particles penetrate the flow system from 
the ambient air to the collection filter when the flow rate is 57 
L/min (2 cfm) and the wind speed is 1 m/s. The coefficient of 
variation of deposits of 10 µm AED aerosol particles on the 
collection filter is 7%. An inlet fractionator for removilr.ig high 
mobility background aerosol particles has been designed and 
successfully tested. The results show that it is possible to strip 
95% of freshly formed radon daughters and 33% of partially aged 
radon daughters from the aerosol sample. This approach offers the 
opportunity to improve the signal-to-noise.ratio in th~ alpha energy 
spectrum region of interest thereby enhancing the performance of 
background compensation algorithms • 

.L.. Background 

Alpha continuous air monitors (CAMs) are used in the nuclear 
industry to detect the presence of transuranic (TRU) alpha-emitting 
aerosol particles. In principal, a steady flow of air is drawn into 
the CAM sampler and the aerosol particles are deposited on a 
collection substrate where the radioactivity energy spectrum is 
continuously monitored. Generally the particles are separated from 
air by filtration, although inertial impaction has also been used 
for collection (Tait, 1956; Alexander, 1966). In the case of a 
filter collector, the detector is placed parallel to the filter at 
a distance of approximately 5 mm from the filter face. Typically, 
with an inertial impactor sample deposition takes place on a 
substrate located over the detector. 

Ideally, each radioisotope has a unique alpha energy signature 
wh'ich should render the speciation and quantification process 

,, straightforward. However, there are several practical limitations 
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which manifest themselves in obscuring the true results. First, in 
the case of filter detectors, the air gap causes a distortion of the 
low-energy tails of the alpha peaks leading to severe overlap, which 
suggests that CAM samplers should incorporate designs which reduce 
the gap to as small a value as practical. There is a limitation 
which must be taken into acco~nt since, if the gap is reduced below 
a certain level, there will be inadvertent losses of aerosol 
particles on the internal sampler walls in the filter/detector 
region. In a unique device for dealing with this problem, Kaifer et 
al. (1986) separated the sampling and readout functions of a CAM and 
collected the aerosol at ambient pressure and performed the analysis 
under vacuum in order to improve the resolution of the energy 
spectra. Due to the additional complexity and high cost of 
implementation, a vacuum readout approach was not considered in the 
present design. 

Second, in the case of inertial impactors, the mechanics of 
operation preclude the collection of particles with sizes ~ 0.5 µm 
which, for certain types of aerosol release mechanisms, can cause a 
failure to detect over half of the alpha-emitting aerosol particles 
present since, in some sampling situations, the mass median aerosol 
size is <0.5 µm AED (Kirchner, 1966; Elder et al., 1974). Also, 
inertial impactors have an inherent tendency to cause large 
particles to rebound from the collection surf ace and be carried away 
with the exhaust air stream. Greasing the collection surface will 
reduce the problem, however, the grease layer will cause additional 
distortion of the energy spectrum. 

Third, the presence of alpha emitting background radionuclides 
(radon and thoron progeny) can cause difficulty in recognition of 
TRUs at concentrations far above regulatory alarm levels. For 
example, Pu-239 emits alpha radiation with an energy of 5.15 MeV and 
RaA/ThC emits at 6.0 MeV. Thus, the Pu region of interest in the 
alpha energy spectrum lies in the low energy tails of the natural 
background peaks. At the alarm level concentration for Pu-239 given 
in U. s. DOE Order 5480. 11, the typical CAM sampler will register 
about 15 cpm from the TRU and may detect an order or two of 
magnitude greater count rate in the same region of interest after 8 
hours of sampling due to the tailing of the ·energy spectra of the 
radon/thoron progeny. The most common approach to dealing with this 
problem is to employ a numerical algorithm to subtract an estimation 
of the background counts from the TRU energy channels. But, 
background compensation has definite limits in high background 
conditions. An alternative approach is to try to eliminate some of 
the background radionuclides from the sample. If the radon/thoron 
progeny are relatively free from attachment to other aerosol 
particles, some separation of the background radioactivity can be 
accomplished prior to collection of the aerosol. For ex.ample, in a 
fractionating CAM sampler head design based on inertial impaction 
alone, the mobile background aerosol particles are separated and 
carried away from the collection substrate along with the fine 
(usually submicrometer) fraction of the aerosol. For a filter 
collector design, the fractionation must be performed upstream of 
the filter, since an aerosol sampling filter will have a efficiency 
that approaches 100% for all particle sizes including those of 
freshly-formed radon/thoron progeny. In the development of our CAM 
sampler, we have incorporated fractionation stages upstream of the 
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filter to strip freshly-formed, highly mobile radon/thorori' progeny 
from the size distribution. Preliminary experiments have been 
conducted to demonstrate the feasibility of the concept._ 

A fourth problem of many contemporary CAM samplers is that an 
unbiased sample of aerosol does not reach the collection substrate. 
Losses on the internal walls of the sampler can substantially reduce 
the concentration of large particles detected by the CAM. In a 
previous study, we conducted wind tunnel tests with CAM samplers 
supplied by three vendors in which we examined the penetration of 5, 
10, and 15 µm AED aerosol particles from the free stream to the 
sampling filters (McFarland et al., 1990). For one of the units, 
essentially no particles with sizes larger than 6 µm AED were able 
to penetrate through the flow system to the filter. One goal of the 
present development is that the CAM should permit penetration of at 
least 50% of aerosol particles of 10 µm AED. This ·size was selected 
by the u.s. EPA (1987) as representing the division between aerosol 
which could penetrate to the thoracic region of the human lung (s 10 
µm AED) and that which would be deposited in the extra-thoracic 
regions. 

A fifth factor, which will cause problems in determining the 
concentration of RDUs is that of non-uniformity of filter deposits. 
If aerosol particles are predominantly deposited near the edge of a 
filter, the counting efficiency will be reduced and the CAM will 
underestimate the concentration (Rodgers and McFarland, 1989). 
Should the deposit be primarily in the center of the filter, there 
would be an overestimation of concentration. Biermann and Valen 
(1983) tested a commercially available CAM sampler and observed 
substantial non-uniformities. In the study of three commercially 
available CAM samplers, McFarland et al. (1990) examined the areal 
deposition of 10 µm AED particles by analyzing subsamples cut from 
sampling filters. The coefficients of variation of areal deposition 
were 18% and 39% for the two units which did transmit significant 
concentrations of 10 µm AED aerosol particles. 

In the present CAM sampler development, we have designed and 
fabricated a prototype which has been wind tunnel tested to 
determine the aerosol transport characteristics. Tests have been 
conducted to determine filter uniformity. Also, bench-type studies 
have been performed with freshly-formed radon daughters to ascertain 
the feasibility of using fractionators to separate the highly mobile 
background fraction from the distribution. 

II. Prototype CAM 

The prototype CAM sampler is shown schematically in Figure 1. 
Wind tunnel testing of the unit has been performed without the 
electronics assemblies, since the design and placement of those 
components does not interact with the aerosol flow path in the CAM. 
With reference to Figure 1, aerosol at a design flow rate of 57 
L/min is drawn into the CAM though a diffusion screen system which 
is intended to serve two functions; namely, to collect highly mobile 
unattached background alpha-emitters and to uniformize the aerosol 
velocity profile. Further inside the unit, the air is directed 
through an electrical field in a condenser. The condenser is 
intended to provide essentially quantitative collection of charged 
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Figure 1. Schematic diagram of prototype CAM. 

--

and unattached background radon/thoron· progeny. After passing 
through the condenser, the aerosol flows into the gap between the 
filter and detector. In the current configuration, the detector can 
be as large as 49 mm diameter and the diameter of the open area of 
the filter can be as large as 42 mm. The filter is mounted in a 
special holder which, in turn, is inserted into the sampler in a 
drawer. During sampling, the filter is sealed in place with a 
mechanical cam arrangement. Airflow through the CAM is controlled 
with a critical flow venturi (Wright, 1954) and monitored with a 
mass flow meter (Sierra Instruments, Inc., Carmel Valley, CA). 

III. Methodology and Test Apparatus 

The wind tunnel used in the testing, Figure 2, has a basic 
cross section of 610 mm x 610 mm which is expanded to 1000 mm x 1000 
mm at the test section. The expansion is designed to reduce 
blockage effects in the test section. Aerosol was generated with a 
vibrating. jet atomizer (Berglund and Liu, 1973) from a mixture of 
nonvolatile oleic acid in ethanol. A fluorescent analytical tracer, 
sodium fluorescein, was added to the oleic acid in a ratio of 10% 
(m/V) • During testing, samples of the oleic acid aerosol were 
collected on oilphobic glass slides and examined under a light 
microscope to determine the size. The resulting observed sizes were 
converted to AED by using the flattening factor of Olan-Figueroa et 
al. (1982) and the calculated density of the oleic acid/sodium 
fluorescein mixture. 
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Figure 2. Wind tunnel used to characterize aerosol sampling 
attributes of the prototype CAM sampler. 

Freshly formed aerosol was introduced into the wind tunnel 
through a mixing barrier and a grid plate. The purpose of these 
elements is to obtain a uniform aerosol concentration profile over 
the center 2/3 of the wind tunnel. In the test section, the aerosol 
was simultaneously sampled with the CAM prototype and an isokinetic 
probe fitted with a filter collector. At the completion of a test, 
the filters were removed from the CAM and isokinetic probe and 
brought to an analysis laboratory where the sodium fluorescein was 
eluted and subsequently quantified. Aerosol penetration, P, 
through the CAM was calculated from: 

P= (1) 

where: m and m 
1 

are the masses of fluorescein collected by the 
£',c £', so 

CAM and isokinetic filters, respectively; and, Q and Q are the 
c iso 

flow rates through the two samplers. At least triplicate tests were 
run at each condition in order to provide a measure of the 
reproducibility of the experiments. 

The tests which involved determination of filter uniformity 
consisted of operating the CAM sampler in the wind tunnel for a 
period of time sufficient to collect an easily analyzable quantity 
of fluorescein, cutting the filter into 20 subsamples and then 
quantifying the fluorecein on each of the subsamples. Triplicate 
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experiments were conducted at each test condition. 

The concept of using fractionators to remove high mobility 
background alpha-emitters from the aerosol size distribution was 
tested with the apparatus shown in Figure 3. High grade uranium ore 
was placed in a 200 L vessel as a means of generating radon 
daughters. Filtered room air was admitted into the vessel and then 
drawn into two commercially available CAM samplers. One of the CAM 
samplers had no fractionator and the other was fitted with an inlet 
which contained a screen and/or an electrostatic precipitator. The 
resulting energy spectra were analyzed for radon daughters in 
selected regions of interest. We also conducted experiments with 
partially aged radon daughters, where the radon daughters were given 
the opportunity to attach themselves to aerosol particles in room 
air. For these latter tests, the air exposed to t~e high grade 
uranium ore was discharged directly into a (200 m) laboratory 
environment. The two CAM samplers were positioned about 5 m from 
the radon daughter source. Again, comparisons were made between the 
counts accumulated with the fractionating CAM those detected with 
the unmodifieq CAM. 

IV. Results 

since one of the key parameters in the design of a CAM sampler 
is the spacing between filter and detector, a set of tests was 
conducted to determine its effect of spacing upon aerosol 
penetration. Here, the sampler was operated at a flow rate of 57 

EXHAUST TO 
ATMOSPHERE 

FLOWMETER' 

CAM •A CAM• B 

FLOW 

t 

Uz311 OR£ 

FRACTIONATOR 
INLET 

200 L 
VESSEL 

Figure 3. Test apparatus used to characterize the transmission 
of radon daughters through a fractionating inlet. 
CAM A had no special inlet and was used to provide a 
comparative reference with the fractionating inlet 
on CAM B. 
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L/min (2 cfm) in a wind speed of 1 m/s and challenged with 10 µm AED 
aerosol particles. The gap between filter and detector was set at 
various levels from 3. 3 to 7 .1. mm. It should be noted, however, 
that the actual minimum gap through which the aerosol flows is 2.03 
mm smaller than the filter/detector gap due to the presence of the 
filter holder and the detector clamping ring. The results of these 
experiments, Table l, show the penetration to be unaffected by 
filter/detector gap over the rang~ of values tested. For all 
experiments we noted the penetration of 10 µm AED particles was 
between 85 and 87%. However, there was visual evidence of non
uniform deposits on filters for the 3.3 and 3.9 mm gaps, so a gap of 
4.6 mm was selected for use in the CAM design. 

The effect of wind speed on sampler performance is qi ven in 
Table 2. The flow rate was 57 L/min, the particle size was 10 µm 
AED, and the wind speed was set at 0.3, l, and 2 m/s. The values of 
penetration corresponding to these three wind speeds are 83, 87 and 
88% with a standard deviation of about 3%, which indicates there is 
no substantial speed dependency over the range of speeds tested. No 
screen-type inlet fractionator was used during these tests. 

Table 1. Penetration of aerosol through the prototype CAM 
sampler as a function of gap between filter and detector. 
Wind speed = l.O m/s, particle diameter = 10 µm AED, flow 
rate = 57 L/ min. No inlet screen. Minimum gap between 
filter holder and detector holder is 2.03 mm less than 
the filter/detector gap. 

Filter/ 
Detector Penetration Std. Dev. 
Gap (mm) (percent) (percent) 

3.3 87.1 0.9 

3.9 85.9 1.7 

4.6 87.1 2.7 

5.8 86.3 1.7 

7.1 86.7 1.7 

Table 2. Penetration of aerosol as a function of wind speed. 
Flow rate = 57 L/ min, particle diameter = 10 µm AED. No 
inlet screen. 

Wind 
Speed, Penetration Std. Dev. 
m/s (percent) (percent) 

0.3 83.2 4.0 

1.0 87.1 2.7 

2.0 88.l 3.1 
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The variation of aerosol penetration with flow rate at a wind 
speed of 1 m/s is shown in Figure 4. Essentially 100% of 5.4 µm AED 
aerosol particles penetrate from the free stream to the sampling 
filter. At a size of 10 µm AED, the penetration values are 92%, 87% 
and 79% corresponding to flow rates of 28, 57, and 85 L/min, 
respectively. The outpoint particle size (AED for which the 
penetration is 50%) is 17 µm for a flow rate of 57 L/min. No inlet 
screen was used during these tests. 

The effect of including a fine mesh inlet screen with 0.11 mm 
diameter wires is shown in Figure 5. For those tests, the CAM was 
operated at a flow rate of 57 L/min in a wind speed of 1 m/s. It 
may be noted that the presence of the screen reduces the penetration 
of 10 µm AED particles from 87 to 71%. The outpoint particle size 
is approximately 13 µm AED when the screen is used. Research is 
continuing on the design and placement of the screen elements. 

Filter uniformity data for 10 µm AED aerosol particles are 
summarized in Table 3. The sampler was operated a flow rate of 57 
L/min in a wind speed of 0~3 m/s for these tests. The locations on 
a filter from which each of the 20 subsamples were cut are 
identified in the drawing shown in Table 3. Test results have been 
normalized to a mean areal deposition of unity for each test. The 
coefficient of variation of areal deposition values is 7% for tests 
conducted either with or without a fine mesh screen over the inlet. 
Other tests which were conducted at flow rates of 28 and 85 L/min 
showed coefficients of variation of 4% and 8%, respectively. 

0 21S L/tnln 

100 

20 

AERODYNAMIC PARTICLE DIAMETER, Da, um 

Figure 4. Effect of flow rate upon aerosol penetration. Wind 
speed = l m/s. 
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1::.. NO SCREEN 

"V 100 MESH SCREEN 
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Figure 5. Effect of a 100 mesh inlet screen upon aerosol 
penetration. Flow rate = 57 L/min, Wind speed = 1 
m/s. 

Tests conducted to characterize the removal of freshly formed 
radon daughters showed the combination of a fine mesh screen and an 
electrostatic condenser eliminated 95% of the background 
radionuclides in the region of interest. Correspondingly, the 
removal of partially aged radon daughters was 33%. 

v. Discussion 

The CAM sampler prototype which is reported herein has a 
outpoint which is greater than 10 µm AED when operated at a flow 
rate of 57 L/min with or without an inlet screen. We believe that a 
outpoint of at· least 10 µm should be used as a performance criteria 
for CAM samplers since this size can penetrate to the thoracic 
region of the human lung tree (ACGIH, 1985) and since particles of 
this size, or larger, can easily be generated under certain accident 
or release scenarios (Elder et al., 1974; Perrin, 1987; Ballinger et 
al., 1988). From the standpoint of alarm considerations, it is also 
important that larger particles be effectiv~ly collected. The 
current standard for Pu-239 corresponds to the amount of alpha 
radiation which is emitted by a single particle of approximately 10 
µm AED over an 8-hour period. Inadequate collection of larger 
particles could affect the ability of an instrument to correctly 
signal an alarm. 

The performance of the prototype CAM in the collection of 10 µm 
AED particles at a flow rate of 57 L/min is relatively unaf·fected by 
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Table 3. Filter uniformity areal deposition. Values are 
normalized to a mean of unity. Wind speed = O. 3 
m/s, particle diameter = 10 µm AED and flow rate = 
57 L/min. Three replicates at each condition. The 
± values are standard deviations. 

Coefficient of 
Variation, % 

Sub
sample 

A 
B 
c 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 
0 
p 

Q 
R 
s 
T 

Without an 
Inlet Screen 

0.96 
0.93 
1.00 
1.04 
0.95 
0.94 
1.0l 
1.06 
0.95 
0.93 
1.03 
1.02 
1.13 
1.09 
1.12 
1.07 
0.90 
o.94 
1.01 
0~91 

0.07 

±0.05 
±0.01 
±0.03 
±0.08 
±0.05 
±0.03 
±0.01 
±0.07 
±0.01 
±0.02 
±0.02 
±0.04 
±0.03 
±0.08 
±0.02 
±0.05 
±0.03 
±0.02 
±0.03 
±0.02 

With a Fine 
Mesh Screen 
on Inlet 

0.94 
0.88 
0.89 
1.00 
0.96 
1.02 
1.04 
1.05 
1.00 
1.10 
1.08 
1.08 
0.97 
1.08 
1.04 
1.04 
0.94 
0.98 
1.03 
0.89 

0.07 

±0.03 
±0.06 
±0.05 
±0.05 
±0.02 
±0.02 
±0.03 
±0.05 
±0.02 
±0.05 
±0.06 
±0.02 
±0.02 
±0.06 
±0.03 
±0.02 
±0.04 
±0.03 
±0.03 
±0.03 

wind speed over the range of 0.3 to 2 mjs, showing penetration 
values of approximately 85% for these conditions. In clean room 
laboratory environments, the recommended mean air speed is 
approximately 0.5 m/s (ASHRAE, 1987), a value which is encompassed 
by the range of test conditions. It is anticipated that sampling 
biases would be primarily associated with high wind speeds (Durham 
and Lundgren, 1980) so it is expected the prototype CAM should 
perform well as an area sampler in a laboratory where the air 
velocity is within the tested range. Also, flow rate over the range 
of values of 28 to 85 L/min does not have a substantial effect on 
the sampling performance: thus, if a sampler is operated at a flow 
rate which deviates from the design condition of 57 L/min, the 
characteristics of the sample will not be greatly affected. 

The uniformity of deposits of 10 µm AED ·aerosol particles on 
sampling filters is 7%, as represented by the coefficient of 
variation of 20 subsamples cut from each test filter. This is a 
lower values than noted in earlier tests with two commercially 
available CAM samplers which were able to transmit significant 
fractions of 10 µm AED aerosol particles (McFarland et al., 1990). 
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Preliminary experiments with a prototype inlet which 
fractionates high mobility background alpha-emit~ers show 95% of 
freshly formed radon daughters can be removed from the size 
distribution prior to collection of the aerosol by the sampling 
filter. When the radon daughters were allowed to become partially 
attached to ambient aerosol particles, the removal dropped to 33%. 
For certain sampling situations, the use of inlet fractionators 
could provide a relative enrichment of the TRU fraction of the 
aerosol and thereby improve the quality of alarm signals. 
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DISCUSSION 

MERCIER: Is this a prototype or have you made many installations of this kind? How do 
you see this in the future? 

McFARLAND: The unit we showed is a prototype. The Los Alamos National Laboratory is 
currently encouraging evaluations by instrument manufacturers who have shown an interest in 
commercializing the device. I believe they call this a technology transfer program. 

LAICHTER: Do you have any calculations regarding the minimum detectable activity of your 
instrument for alpha emitters? 

McFARLAND: The part we have shown deals only with the physical arrangements. The 
electronic apparatus combined with the physical apparatus will be tested in Los Alamos facilities this 
fall. I can tell you what our criterion is. We wish to detect on the order of a couple of counts per 
minute in the plutonium channels, but that remains to be seen. We hope the field experiments will be 
completed by the time the next DOE/NRC Conference takes place. 

MULCEY: You made some comments on eliminating non-attached radon daughters. Have 
yop. done anything on eliminating the attached fraction of radon daughters, they are important, too? 

McFARLAND: The experiments we conducted were related to the unattached fraction. We 
did some rather preliminary experiments in looking at room ak with the attached fraction and we also 
made some calculations. As a design goal, we are trying to strip particles with equivalent aerodynamic 
size of less than about 0.03 µm. The particles are, roughly, 10 times the size of the unattached radon 
daughters. With our screen approach, we are attempting to push it up into this higher size range. 

SCHOLTEN: You said that plutonium particles of greater than 10 µmare not inhalable. 
That is true. But I don't think that it is permissible to inject into the environment particles bigger than 
10 µm, despite that they are not inhalable. You have to measure them, also. 
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Measurement system for alpha and beta aerosols with wide dynamic 
range and krypton 85 masking 

Hanns-Peter Wichmann, Yiederaufarbeitungsanlage Karlsruhe Betriebsge
sellschaft mbH. Eggenstein-Leopoldshafen, Federal Republic of Germany 

Heinrich Tiggemann, Deutsche Gesellschaft zur Yiederaufarbeitung von 
Kernbrennstoffen mbH, Hannover, Federal Republic of Germany 

Hans-JUrgen Kreiner, FAG Kugelfischer KGaA, Erlangen, Federal Republic 
of Germany 

Abstract 

In manufacture and reprocessing of fuel elements, wa~te gases as well as the 
ambient vent air have to be monitored.for alpha and beta emitting aerosols 
which are discharged via the stacks of the buildings. A monitor is described 
which can measure the lbw activity concentrations to be expected in normal 
operation as well as activity concentrations which exceed the limit values by 
several orders of magnitude. Simultaneously, the interference effects of high 
noble gas activity concentrations (krypton 85) are suppressed to maximum ex
tent. Yith a measuring range of 50. to 1012 Bq/m3 for beta emitting aerosols, 
the monitor is also su~table for emission monitoring during depressurization 
of the containment in nuclear power stations. 

1 Problem definition 

Yhen reprocessing fuel elements, it is necessary to monitor the vessel and 
ambient vent air for beta emitting aerosols. 

Emission of radioactive substances via the vent air is inherent in the 
process. Gaseous radionuclides, essentially the noble gas 85Kr, are liberated 
during dissolution of the fuel in the dissolver and are discharged with the 
dissolver waste gas. Emission with the stack vent air thus involves radioac
tive gaseous substances and aerosols. 

The aerosols occurring directly or as·a result of noble gas decay pass into 
the waste gas or ambient vent air systems. Here, they are passed through 
numerous waste gas cleaning systems and filter sections. 
Downstream of the aerosol filters, the air is discharged via the stack into 
the environment. 

As low activity concentrations are to be expected in normal operation~ 
measurements .must be extremely sensitive. The waste gas rates must also be 
monitored in limit value operation. This is rendered more difficult by the 
fact that, during dissolution of a fuel element, an additional 85Kr cloud of 
high activity concentration occurs for several hours. 

2 Principle of operation of the monitor FHT 59 ST 

A bypass flow of 1.4 m3/h is taken from the sampling system (see Fig.l). 
This air flow is heated by a pipe heater to prevent the temperature falling 
below the dew point.. The wide dynamic measuring range measurement system 
(Fig.2) consists of a monitor with 2 measuring points operating on the step-
ping filter principle. · 
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McFARLAND: Your point is well taken that the size range of the particles does exceed 10 µm. 
In some experiments that have been conducted to look at plutonium size distributions, there was as 
much as 20% of the material associated with sizes larger than 10 µm, depending upon the source. Our 
desire is not to fractionate at 10 µm but to draw in as large a sample of the larger particles as possible. 
We are not purposely segregating the 10 µm particles; we are saying we want to have a cut point of at 
least 10 µm. 

SCHOLTEN: Would it be possible to measure the radon daughter polonium-210 separately? 
In our laboratory we are working with polonium-210. Is it possible to distinguish between radon 
daughters? 

McFARLAND: What we have mostly looked at are the gross counts over the entire range of 
radon daughters. We have attempted to look individually at Radon A and Radon C, but we have not 
gone farther than that. 

KURZ: First of all, I am glad to see you are trying some front end fractionators to 
eliminate interfering radon daughters. I think that is a great idea. Do you have on the spectrum of the 
remaining radon daughters that we could look at? What is the resolution of the detector system? Did 
you consider using a virtual impactor as they have at Argonne Labs? Why did you decide to use a 
diffusion battery rather than a virtual impactor? 

McFARLAND: We have looked at several options. The experimental data that we showed 
here were based strictly on the use of the screened inlet. We have probably run a couple of hundred 
tests and the sort of spectrum that you see here is fairly typical of the spectra that we have determined. 
The spectra come off the instrument channel by channel; and, we have smoothed out the curve. I think 
you can get a general idea of what the characteristics of the spectra look like. 

KURZ: How big is the detector? 

McFARlLAND: We used both 1 in. and 2 in. detectors. The data we showed were associated 
with a flow rate of 1 cfm and a 1 in. detector. 
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With Measuring Point 1, directly above the dust collection point, in the 
event of the beta limit value being exceeded and for the eventuality of the 
beta limit value possibly being exceeded by several orders of magnitude, the 
high activity concentrations are determined by means of gamma measurements 
for the beta aerosols, employing the known beta/gamma ratio. With Measuring 
Point 2, in normal operation, the activity concentrations up to the point 
where the limit value is reached are recorded by means of alpha and beta 
measurement. At the same time, this measuring point is used to record the 
activity concentrations where the alpha limit value is exceeded for alpha 
aerosols up to the point where the alpha limit value is exceeded by several 
orders of magnitude, and for beta activity concentrations up to several times 
the bottom measuring range limit of Measuring Point 1. 

At Measuring Point 2, there is a purging system which ensures that any 85Kr 
present in aerosols and accumulated on the filter material is purged from the 
filter. , 

In normal operation, the filter is allowed to collect dust for one hour and 
is then advanced to Measuring Point 2. At this measuring point, the filter is 
first purged before measurement to ensure that the beta measurement is not 
disturbed by the effect of 85Kr (maximum beta energy ca. 0,67 MeV). 

At Measuring Point 2, a ZnS-coated plastic scintillation counter is used 
which combines simultaneous alpha/beta measurement with good alpha/beta 
selectivity and is distinguished by a high counting rate stability. The 
preamplifier takes the form of special electronic circuitry with a linearity 
range covering 6 decades. · 

During dissolution of fuel rods and, for example, for radioactivity emis
sion of 10% of the alpha or beta limit value, the cycle time is changed to 6 
minutes of dust collection and measurement time. This has the effect of im
proved time-related resolution on the one hand and extension of the measuring 
range up to approx. 50 MBq/m3 at Measuring Point 2 on the other hand. 

For Mesuring Point 1, a ZnS-coated plastic scintillation counter is used as 
well; this is however shielded from the dust collection area with a graphite 
plate and a lead plate. Here the aerosol radioactivity measurement is typi
cally carried out by means of gamma measurement. 

The graphite plate fitted directly above the dust collection point has been 
dimensioned so that high energy beta radiation, such as the radiation from 
106 Rh with a maximum energy of 3.5 MeV, is also totally absorbed with mini
mum bremsstrahlung. The lead plate between graphite layer and detector re-
duces the intensity of the gamma radiation. , 

With a beta activity concentration in excess of 0.5 MBq/m3, the detection 
limit of Measuring Point 1 is exceeded, so that the measuring ranges of 
Measuring Points 1 and 2 overlap by two decades. 

The two measuring points together completely cover a range of beta activity 
concentrations of 50 to 1012 Bq/m3. . 
The measuring range for the alpha aerosols between the bottom measuring 

range limit and an activity concentration of 3.7 x 106 Bq/m3 is completely 
covered by Measuring Point 2. 

3 Interference effect of high filter radioactivity on the measuring points 

As high levels of activity can accumulate on the filter strip, the reel 
onto which the strip is wound can become the "source". Here, only the 
nuclides emitting gamma radiation are relevant, as alpha and beta radiation 
is absorbed by the coiled filter strip or the fitted shield. 
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If one assumes an emission of 10 times the beta limit value (6.7 x 1011 Bq) 
during dust collection on a filter strip, according to the flow rate ratio· of 
sampling and vent air (1.4 to 600 m3/h), a beta activity of 1.6 x 109 Bq will 
accumulate on the filter. Taking into account the fraction 0.5 if gamma 
emitting nuclides, this would result in a relevant activity of 8 x 108 Bq. 

Measuring Point 1. Here, the radioactivity on the coiled filter strip is 
locatedat a distance of 25 to 38 cm from the detector. For 137cs this will 
result, in the case of a point source at a minimum distance of 25 cm, without 
taking account of shield materials, in a dose rate of approximately 1 mSv/h. 

In addition, at least 8 cm of lead shield has to be taken into account, 
which leads to a dose rate of approx. 0.15 µSv/h (Ppb = 1.1 cm -1) at the 
location of Detector 1. This corresponds to an increase in the background 
rate of 1 s-1 in the gamma channel. In contrast to this, due to the external 
assumed radiation field of 10 µSv/h with all-round shielding of 3 cm, a dose 
rate of approx. 10 µSv/h • e-3.3 H 0.37 µSv/h is to be expected in the event 
of stray radiation. Altogether, this would result in an increase in the 
background rate of 3.5 s-1. . 

Taking into account the considerable uncertainties in the estimate quoted; 
in spite of the conservative assumptions used as a basis, a background rate 
of 10 s-1 will be applied below. This will result in a bottom measuring range 
limit ofr the gamma channel of 5 x 105 Bq/m3. 

Measuring Point 2. A similar estimation of the dose rate increase due to 
the dust-coated filter strip (minimum distance 12 cm, minimum lead layer 6 
cm) results in a dose rate of approx. 6. µSv/h. This corresponds to the 
background rate in the beta channel of 40 s-1. The increase in the alpha 
channel is less than 1 x 10-2s-1. If, for reasons of conservativeness, a 
background rate in the beta channel of 100 s-1, and o~ 1 x 10-2s-1 in the 
alpha channel are taken as a basis, the following bottom measuring range 
limits will be abtained for a measuring time of 6 min: 125 Bq/m3 in the beta 
channel, and 1.6 Bq/m3 in the alpha channel in the case of stray radiation. 

4 Interferenc~·effect of !trYJ>ton 85 on Measuring Point 1 

For a 85Kr activity concentration of 1.7 x 109 Bq/m3 and an effective gas 
volume of approx. 100 cm3 at the dust collection point of Measuring Point 1, 
an effective B5Kr activity of 170 kBq will result. 

As the gamma emission probability for 85Kr is only 4 x 10-3, as opposed, 
e.g., to 0,85 for 137cs, with a response capability of approx. 3 x 10-S 
s-1/Bq, a counting rate of approx. 0.024 s-1 will be obtained for 137cs. This 
rate is negligible in comparison with the background rate of about 3 s-1 
caused by an external homogeneous radiation field of 10 µSv/h. 

During the official test it could be demonstrated that, with the present 
state of the art of science and technology, a dynamic measuring range exten
ding over almost 12 decades can be successfully achieved. Fig. 3 gives a view 
of the monitor. 
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CONTAINMENT VENTING 

SLIDING PRESSURE VENTING PROCESS FOR PWR AND BWR PLANTS 

PROCESS DESIGN AND TEST RESULTS 

B. Eckardt 

Federal Republic of Germany 

KWU Group of Siemens AG 

Abstract 

In order to reduce the residual risk associated with hypothetical severe nuclear 

accidents, nuclear power plants in Germany as well as in certain other European 

countries have been or will be backfitted with a system for filtered containment 

venting. 

During venting system process design, particular importance is attached to the 

requirements regarding 1 for example, high aerosol loading capability, provision 

for decay heat removal from ·the scrubber unit, the aerosol spectrum to be 

retained and entirely passive functioning of the scrubber unit. The aerosol 

spectrum relevant for process design and testing varies depending on aerosol 

concentrations, the time at which venting is commenced and whether there is an 

upstream wetwell, etc. Because of this the Reactor Safety Commission in 

Germany has specified that Sn02 with a mass mean diameter of approximately 

0.5 pm should be used as an enveloping test aerosol. 

To meet the above-mentioned requirements, a combined venturi scrubber system 

was developed which comprises a venturi section and a filter demister section and 

is operated in the sliding pressure mode. This scrubber system was tested using a 

full-scale model and has now been installed in 14 PWR and BWR plants in 

Germany and Finland. 

Depending on the specific requirements of each project, units have been installed 

for mass flows of between 3 and 14 kg/s, decay heat removal of up to 480 kW 

from the scrubber unit and an aerosol loading capaeity of several hundred 

kilograms. The scrubber unit is between 2 and 4 min diameter, depending on the 

design mass flow, and around 8 m high. 

In th_e course of the experimental program to test scrubber operation, it was 
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necessary to perform hydraulic functional tests and removal efficiency tests at 

pressures from 1 to 10 bar and temperatures between SO and 190 °c using air, 

steam and mixtures of the two. 

To perform these tests, the JAVA scrubber test facility was erected enabling a 

section of the system to be tested on a scale of 1 : 1. 

Tests were conducted to determine the removal efficiencies for BaS04, uranine . , 

and Sn02 aerosols as well as elemental iodine under various pressure and 

temperature conditions. To prevent coagulation effects of a significant 

magnitude, low aeroso·I concentrations of around 0.1 to 1 g/m3 were employed. 

To achieve high removal efficiencies in boiling scrubber fluid and during 

operation above atmospheric pressure, it was necessary to modify the venturi 

section and the filter demister section. Following completion of these 

optimization measures, medium-energy venturi operation was sufficient to 

achieve BaS04 removal efficiencies of around 99· % in the venturi section. 

Retention of the micro-aerosol Sn02 in the water pool was also demonstrated to 

be around 99 % during high-energy venturi operation. 

The removal efficiencies of the entire combined scrubber unit were found to be 

greater than 99.95 % for all the aerosols employed in the tests. These removal 

efficiencies are also in . good agreement with the decontamination factors I 
determined for this scrubber unit during the ACE Phase A tests, namely: 

for mixed aerosol (Mn, Cs and I; MMD 1-1.5 p.m) > 10s 

for DOP (MMD 0.7 pm) > 5 . 103 

The iodine retention capability was demonstrated using iodine with a radioactive 

tracer. Discriminating iodine sampling filters designed for 12 and CH3~ retention 

were employed to determinethe removal efficiency. 

The removal efficiencies established for iodine were > 99 % over the entire 
operating pressure and temperature range and at various venturi flow velocities. 

Owin.g to the use of discriminating iodine sampling filters, it was also possible to 

determine that the removal efficiency for organic iodide is in the range of 

85-95 %. 
Iodine revolatization experiments were performed with scrubbing water 

conditioned with NaOH and Na2S203. Using an air/steam mixture having an air 

content of around 10 % by volume, it was possible to demonstrate that iodine 

revolatization within the entire scrubber unit is < 0.2 % over a period of 24 

hours. · 

In order to meet special requirements for high organic iodide retention""" 
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{> 99 %), a completely passive sliding pressure version using an integrated 

sorption bed which does not need active heating equipment was developed 

which achieves an organic iodide retention efficiency of more than 99 % . 

1 Introduction 

The general requirements to be met by venting system designs are that such as 

system must have as high a retention and loading capability as possible but 

should be of simple design, without active components. 

After a number of basic studies using venturi scrubbers and filter demisters had 

been completed, a two-stage filter system was selected. 

2 Requirements 

Because of their significant influence on the process design and verification 

program, some of the most important requirements are described below: 
Particle size distribution 

Because of its considerable influence on the retention capability of the system, 

the aerosol distribution was calculated in the course of parametric studies 

based on experiments. Analysis of these parameters revealed that aerosol 

mass mean diameters of less than 1 p.m down to 0.65 µm could be expected, 

primarily on account of the long-term effects of concrete-melt interaction. 

Aerosol spectra still having a relevant submicron content are also encountered 

when venting is performed via an upstream suppression pool since these pools 

primarily retain larger aerosols. 

Therefore, in view of the ongoing investigations, it has been specified that the 

design of aerosol filtration equipment be based on aerosol fractions having a 

large submicron content for the sake of conservatism. Because of this, the 

German Reactor Safety Commission specified that tin dioxide {Sn02) having a 

mass mean diameter of approximately 0.5 pm generated by a plasma torch 

should be used as an enveloping test aerosol. 

Passive removal of decay heat from the filter 

PWR BWR 

>7kW > 200 kW 
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- Filter loading capacity 

Demonstration with Sn02 for the following venting system flows: 

PWR 

> 60kg 

- Filter efficiency 

BWR 

>30kg 

Aerosols > 99.9 % 

Iodine (elem.) > 90 % 

- Flow rate 

Depending on the reactor type and the point in _time at which venting is 

initiated the resulting flow rates were: 

3 kg/s - 14 kg/s 

Other general requirements applied to the filter design included the 
following: 

The filter should be able to operate in a passive and fully autonomous 

manner. 

- The system must have no adverse effect on the existing standard of safety. 

- Any associated dynamic loads - arising, for example, during steam 

condensation - must also be determined. 

- All verification tests have to be performed under representative test 

conditions and w~re to cover both steady-state ~nd transient a_s well as full

load and part-load operating conditions. 

Special requirements from other European countries, e.g. the TVO venting 

systems in Finland for which 480 kW of decay heat needs to be removed 

from the filter or the Soviet reactors which have an aerosol size 

distribution with an MMD of 0.5 µm, also required consideration. 
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3 Retention Process 

The filtered venting system consists of a wet scrubber with venturi nozzles 

followed by a combined droplet s_eparator and stainless-steel-fiber filter demister 

housed in a pressure vessel. 

To activate the system, the isolation valves are opened by remote control from 

the control room (see Fig. 1 for example of German PWRs) 

A separate battery power supply as well as provisions for remote valve actuation 

guarantee reliable valve operation. 

Another solution used for the BWRs in Finland, TVO 1 and TVO 2, is also shown in 

Figure 1. Activation of this system is effected using rupture discs which open 

passively. 

The venturi scrubber (Fig. 2). 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 small number of submerged, short venturi nozzles.The ratio of the 

diameter ofthe aerosols and the venturi throat precludes any clogging. 

As the vent gas passes through the throat of the venturi nozzle, the incoming gas 

flow develops a suction which causes scrubbing water to be entrained with it and, 

on account of the large difference between the velocity of the scrubbing water 

partides and that of the incoming vent flow, a large proportion of the aerosols 

are removed. 

At the same time, the particles of the entrained scrubbing water provide IC)rge 

mass transfer surfaces inside the throat of the nozzle, which permit effe~ive 

sorption of iodine. Optimum retention of iodine in the pool of water inside the 

scrubber is attained by conditioning 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 the nozzles acts as the primary droplet separation 

section and also serves as a secondary stage for retention of aerosols and iodine. 

The gas exiting ·from the pool of water still contains small amounts of hard-to

retain aerosols as well as scrubbing water droplets. In order to ensure high 

retention efficiencies even over prolonged periods oftime -for example, 24 hours 

- a high-efficiency droplet separator and micro-aerosol filter demister is provided 

as a second retention stage. 
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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. 

A second·scrubber version is based on operation close to atmospheric pressures 

for venting containments with lower design pressures, e.g. 2 bar absolute. 

This vers.ion is likewise designed to retain most of the aerosols in the scrubber 

section. Even under extremely low flow conditions the reduced venturi retention 

efficiency is fully compensated for by the filter demister. 

During the qualification tests of this version, the same level of retention 

efficiency was achieved as with the sliding pressure version. 

Both venturi scrubber versions provide a retention efficiency for aerosols of 

99.95 % and more. This retention capability also applies to micro-aerosols of less 

than 0.5 pm so that, for example, variations in the particle size distribution of the 

aerosols can~ot diminish the removal efficiency. The retention efficiency for 

elemental iodine under all operating conditions including overpressure 

conditions is above 99 % . The retention efficiency of organic iodide was found to 

be betterthan 85 to 95 %. 
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. 

The decay heat removal requirements of> 7 kW forthe German PWRs and up to 

480 kW for the TVO BWR plants can be handled in the pool without water 

makeup for 24 hours. 

Because of high organic iodide retention requirements in special cases of> 99 %, 

an additional venturi scrubber version was developed. 

This version has an integrated sorption bed with provisions for continuous passive 

heati.ng based on the principles of throttling and self-heating, and also operates 

under sliding pressure conditions. 

The retention rates are: 

for organic iodide > 99 % 

for elemental iodine > 99.9 % 

This version was developed in 1989 in response to special requirements and is not 

presented in detail in this paper. 
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4 Verification Program 

The pretests performed for the purpose of process selection were conducted un

der atmospheric pressure and room temperature conditions on individual sec

tions of the process such as the venturi and the metal-fiber filter de.mister. After 

final selection of the process, it was then necessary to perform functional tests 

un~er representative conditions. These tests covered aerosol removal efficiency 

tests as well as tests for iodine retention at a full-scale test facility, especial!~ at 

pressures above atmospheric. 

A full-scale test facility was erected specifically for the purpose of conducting the 

tests of this verification program. 

5 JAVA Test Facility at Karlstein 

Figure 3 shows the flow diagram and the test parameters of the JAVA test facility. 

The scrubber test vessel houses full-scale retention elements. In the various test 

series performed, both short and long venturis were installed. 

The facility can be operated as a closed loop or as an open circuit connected to a 

steam boiler (22 MW} and a suppression tank. A summary of the main test 

parameters is also given in Figure 3. 

Equipment for aerosol and iodine injection as well as measurement was installed 

upstream and/or downstream of the scrubber and filter sections. 

Each test was monitored from a central control desk. This desk was equipped for 

continuous recording of all physical data measured atthe JAVA facility. 

6 Aerosol Generation 

Aerosol generation and injection had to be performed at different system 

operating pressures (up to a maximum of 10 bar}, depending on the test being 

conducted. Therefore, the methods usually employed for aerosol injection had to 

be modified. 

A separate upgrading program was conducted on the following equipment to 

qualify them for operation within system pressure ranges of 1 to 6 or 1 to 10 bar: 
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plasma torches {for Sn02 generation) 

rotating brush powder disperser and belt dosing unit (for BaS04 injection) 

- spray equipment (for uranine aeroso·I generation) 

- spray equipment (for iodine injection). 

A detailed description of the methods· selected for aerosol generation cannot be 

given in this summary. 

The aerosol concentrations of less than 0.1 g/m3 expected under containment 

venting conditions were unable to be continuously simulated during the Sn02 

test series. 
; 

As far as the generation of test aerosols was concerned it w·as, however, known 

that high aerosol concentrations could - even in the case of short residence times

result through coagulation in a significant increase in the size of the originally 

small test aerosols. 

In order to obtain sufficiently small-sized test aerosols, it was therefore decided 

to use short residence times (duration oetween aerosol generation and arrival at 

the scrubber) and in this way it was possible to adequately prevent coagulation 

effects which could also arise with te'st aerosol concentrations of around 0.5 g/m3. 

Figure 4 shows an SEM photomicrograph of the enveloping test aerosol Sn02. 

Figure 5 contains a comparison of the aerosol spectra that were generated 

against an aerosol spectrum that was derived from NAUA distribution 

calculations. This comparison reveals that particularly Sn02 can be regarded as a 

conservatively enveloping test aerosol on account of its high submicron content. 

6.1 Measuring Techniques 

As a departure from customary sampling techniques performed at atmospheric 

pressure, aerosol sampling was conducted under realistic operating conditions at 

a pressure above atmospheric and using thermal tracing to establish 

temperatures above the corresponding saturated steam temperatures in order 

primarily to avoid agglomeration affects and a~y significant deposits in the 

instrument lines. 

Samples of the main process gas flows were taken isokinetically at specified 

measuring locations, high-efficiency filters being used to remove the aerosols 

from the sample flows. 
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The material retained on the saniple filtering elements was then evaluated by the 

AES (atomic emission spectroscopy) and gravimetric techniques. The aerosol 

particle size distributions were measured by the light scattering method as well as 

using a scanning electron microscope. 

7 Iodine Removal 

From the literature it was known that chemically conditioned scrubbing water 

pools displayed good iodine retention properties. Likewise, removal equipment 

such as venturis as well as irrigated packed wire-mesh filters were known to have 

good sorption characteristics an account of their large mass transfer surfaces. 

Since the combined venturi ·scrubber presented herein constituted separating 

elements of this kind connected in series, high removal efficiencies were expected 

from the start. 

Theoretical investigations performed in advance of system design using a droplet 

model to study the iodine removal capability of the venturi showed furthermore 

the significant effect had by operating temperature and pressure on removal 

efficiency. 

Therefore it was necessary for a full-scale system mockup to be built for the 

purpose of verifying the iodine removal efficiency during short-term as well as 

long-term operation. 

7.1 Performance ofTestforlodine Removal 

This test was performed at the JAVA test facility using an aqueous 12 solution 

containing 1-123 as a tracer. The use of a tracer enabled a sufficient accuracy of 

measurement to be attained even at low iodine concentrations of between 10-3 

and 10-5 g/m3, which made it possible for decontamination factors in excess of 

100 to be verified. 

Figure 6 shows the equipment used for iodine injection. Jhe aqueous 12 solution 

having a pH of 3 and containing the 1-123 tracer was pumped out of a storage 

tank by a piston pump into a forced-circulation evaporator. Here the solution was 

evaporated and the resultant gas superheated to about 30 to 50 °C above the 

system operating temperature. The system temperature on the scrubber·inlet side 
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was selected such as to ensure that the temperature· of the liquid would be in a 

superheated condition of> 10 °c. 

7 .2 Iodine Sampling and Measurement 

Two iod,ine sampling systems were provided, one in the DN 150 inlet pipe 

immediately upstream of the venturi scrubber (contaminated gas side) and one in 

the DN 150 discharge line immediately downstrea~ of the metal-fiber filter 

demister (clean gas side). The two systems were of identical design and are. 

depicted in Figure 6. The samples were taken via a hook-shaped probe attached 

to a short, thermally-traced, flexible stainless-steel hose. A manifold connected 

the hose to three thermostatically-controlled heating chambers arranged in 

parallel and containing iodine adsorbers operated successively. Prior to entry into 

the iodine adsorbers the pressure of the gas sample was reduced to atmospheric 

inside an adjustable pressure-reducing valve. The temperature of the gas in the 

metal hose up to the reducing station was set at 200 °c and was brought down to 

140 °C inside the heating chambers in order to prevent condensation. 

The discriminating iodine adsorbers were installed vertically inside the heating 

ch~mbers and comprised the following equipment when viewed in the direction 

of flow: 

- aerosol filter 

- absorbent material impregnated with potassium iodide 

- absorbent material impregnated with silver nitrate 

- downstream condenser operating at a temperature of < 40 °C. 

The filters were additionally qualified in laboratory tests with respect to their 

discriminating l2/CHl3 removal efficiency under the relevant operating para

meters. 

8 Test Results 

In the following a few of the results obtained from the numerous tests performed 

will be p.resented. These results were obtained after a wide range of different 

design optimizations had been effected; for example: 
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modification of the venturi design in order to be suitable for operation in 

boiling liquid and particularly at elevated operating pressures and velocities. 

selection of the optimum venturi throat velocity range and air-to-water ratio. 

optimization of the filter demister design as well as operating flow velocities. 

The results have been subdivided according to medium- or high-energy venturi 

operation, and long or short venturis, as shown in Tables 1 and 2 .. 

Some of the iodine test results are presented in Table 3. These data incorporate 

correction factors based on pipe factors determined for the contaminated and 

clean gas sides. 

In addition to the measurements of removal efficiency at different temperatures 

and venturi throat velocities, particular mention should be made of the long-term 

iodine revolatization tests. 

8.1. Aerosol Retention 

Medium-energy venturi operation tests were performed using soluble uranine 

and nonsoluble BaS04 aerosols having mass mean diameters in the region of 

1 µm. 

Even under low flow conditions, almost all of the aerosols {between 97 and 99 %) 

were retained in the venturi section. 

As a result of the combination of venturis with a metal-fiber filter demister, even 

at system pressures of 1to10 bar retention efficiences of> 99.99 % were verified 

und~r full-flow conditions and also at reduced gas flows - due to the greater 

efficiency of the second section {see Fig. 2). 

In keeping with the requirements specified by the German Reactor Safety 

Commission, Sn02 was generated by means of plasma torches for use as a test 

aerosol in the final series of tests. In the course of these tests, aerosol mass mean 

diameters of 0.5 µm were attained. For these tests the venturi section was 

operated in the high-en'ergy mode, that is by using a reduced number of venturis 

operated with a higher pressure drop. Due to this mode of operation, again 

almost·all of the aerosols (95 to 99 %) were removed in the venturi section. 

The total removal capability of the entire scrubber unit tended to decrease at 

higher operating pressures as well as lower vent flow rates. 

However, in general the retention efficiency of the entire unit was nevertheless 

> 99.95. 
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8~2 Iodine Retention 

The total iodine removal efficiency of the entire unit was determined in short

term and long-term tests. 

The elemental iodine removal efficiencies provided by this two-stage filtration 

equipment were consistently > 99.4 %. These results have even been obtained 

under operating conditions that have an unfavorable effect on gas sorption, such 

as the following: 

- elevated system operating pressures, and 

- reduced venturi velocities under atmospheric conditions. 

Iodine revolatization tests yielded revolatization rates of < 0.2 % over an 

operating period of 24 hours and using an air content in the vent flow of 10 % by 

volume. 

Furthermore, as a result of the capability of the measuring techniques to 

discriminate between elemental iodine and organic iodide, it was possible to 

verify an average organic iodide removal efficiency of 85 to 95 % . 

9 Conclusions 

The venting process tested in detail in the course of the JAVA test series revealed 

that under all operating modes, including sliding pressure, especially as a 

consequence of the selected two-stage design of the process, extremely high 

removal efficiencies can be attained for both large-diameter aerosols and micro

aerosols, namely q > 99.95 % for aerosols and q > 99 % for elemental iodine. 

These results are also in goo<;t agreement with the removal efficiency determined 

in the ACE Series A tests for the micro-aerosol DOP of likewise q > 99.95 %. 
The specific design of the system for sliding pressure operation has resulted in 

compact overall dimensions which means that, despite the high mass flows of up 

to 14 kg/s, the system is capable of being backfitted in existing buildings. 

Siemens filtered containment venting systems have now been installed at the 

BWR units TVO 1 und TVO 2 in Finl_and as well as in all West German BWR plants 

(total of seven). 

Furthermore, systems for filtered containment venting have up to now already 

been installed in five West German PWR plants. 
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Test No. Test Venturi Pressure rf emp. 
Aerosol Operation [bar] [o C] 

091 UL Uranine Medium - 2.4 102 
Energy 

093 UL Uranine Medium - 6 123 
Energy 

0105 UL Uranine Medium - 3 113 
Energy 

039AD BaS04 Medium- 6 169 
Energy 

041 AL BaS04 Medium - 8 126 
Energy 

040AL BaS04 Medium- 10 129 
Energy 

413AL BaS04 Medium - 2 94 
Energy 

922AD Sn02 High-Energy 4.1 154 

921 AD Sn02 High-Energy 4.1 152 

927 AD Sn02 Medium - 1.8 163 
Ener gy 

Aerosol Removal Efficiency Tests 
Short Venturi with Metal-Fiber Filter Demister 
Table 1 

Gas Flow Medium Den~ity 
[m3/h) (kg/m I 

1000 Air/ 
Steam 

. 600 Air/ 
Steam 

1220 Air/ 
Steam 

1000 Steam/ 3.07 
Air 

1000 Air/ 6.678 
Steam 

1000 Air/ 8.394 
Steam 

600 Air 

1250 Steam/ 2.18 
Air 

1050 Steam/ 2.17 
Air 

650 Steam/ 0.90 
Air 

Contaminated T I R I , 
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SIEMENS 

Test No. Test Pressure Temp. Gas Flow 
Aerosol [bar] [° C] 

944AD BaS04 1.9 175 

818AL BaS04 2.0 106 

820AL BaS04 2.0 112 

819AL BaS04 2.0 114 

826AL BaS04 3.3 119 

929AD Sn02 2.2 188 

933AD Sn02 2.4 172 

930AD Sn02 1.8. 187 

932AD Sn02 1.5 161 

934AD Sn02 1.9 145 

Aerosol Removal Efficiency Tests 
Long Venturi with Metal -Fiber Filter Demister 
Table 2 

[m 1h] 

2000 

1200 

1000 

600 

1000 

2000 

2000 

1500 

600 

1500 

Medium Contaminated 
Gas Concentratio1 

[mg/m J 

Steam/ 107 
(Air) 

Air/ 132 
(steam} 

Air/ 152 
(steam} 

Air/ 128 
(Steam) 
Air/ 362 

(steam} 

Steam/ 352 
(Air) 

Steam/ 352 
(Air) 

Steam/ 400 
(Air) 

Steam/ 440 
(Air) 

Steam/ 343 
(Air) 

Total Removal 
Efficiency [%] 

> 99.999 

>99.999 

>99.999 

99.996 

99.998 

99.99 

99.99 

99.97 

99.97 

99.99 

Partial Removal 
Efficiency 

99.2 

98.9 

98.9 

97.7 

99.6 

Water level 
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min. 

min. 

max. 

[%] 
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DISCUSSION 

CEDERQVIST: You claim in your paper that you have about 85% to 95% efficiency for 
removal of methyl iodine. Can you substantiate it? Sometimes you can have you can have very high 
efficiency for removal of methyl iodine during transient operation, but not during long term operations. 
Do you think there is a risk that efficiency will go down? 

ECKARDT: It was demonstrated that the measuring technique consisted of discriminating 
iodine samplers. It was found during the test that about 1 % of the iodine was organic iodide. When 
we back calculated the organic iodide retention between inlet measurements and outlet measurements, 
we found consistent values between 85% and 95%. We tested over periods of many hours. 

KOVACH: How would you compare the hygroscopic properties of Sn02 and BaS04 to the 
mainly Cs salt aerosols generated in an accident? 

ECKARDT: During the JAVA test series it was found ~hat the Sn02 and BaS04 retention 
efficiencies are conservatively low in comparison to soluble aerosols like Uranin (pool-specific). In 
addition during the ACE tests with the Siemens Venturi scrubber it was confirmed that retention 
efficiencies for Cs-aerosols of >3 .HP could be obtained (approximately 10 times higher than SN02 
results during the JAVA tests). 
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INVESTIGATIONS INTO THE DESIGN OF A FILTER SYSTEM 

FOR PWR CONTAINMENT VENTING 

H.-G. Dillmann, J.G. Wilhelm 

Kernforschungszentrum Karlsruhe GmbH 
Laboratorium fur Aerosolphysik und Filtertechnik II 

Postfach 3640, D-7500 Karlsruhe 1 
Federal Republic of Germany 

Abstract 

The reactors of power stations in the Federal Republic of Germa
ny are being or have already been equipped with systems for contain
ment venting under severe accident conditions. Two different offgas 
cleaning systems are available. One system, realizing a complete pas
sive filtering concept, which will be discussed below, consists of a 
multistage metal fiber filter for coarse particulates and aerosol re
moval and an additional molecular sieve filter for gaseous iodine re
tention connected in series. 

The requirements made with respect to aerosol filtration 
includes among others the capability of retaining 60 kg of a recon
densing aerosol with a 0.5 pm mean geometric mass diameter. 

BaS04 and Sn02 were used as tracer aerosols in the experiments. 
In various test filters comprising several metal fiber stages loa
dings up to 13 kg/m2 Sn02 and up to - 20 kg/m2 BaS04 were measured. 
All the decontamination factors were > 1000. 

Vaporous iodine is removed on molecular sieve filters (zeolite 
filters) subsequent to airborne particulate filtration. As Ag
zeolites act as catalysts in the H2/02 reaction and thus might give 
rise to a violent exothermal reaction, the catalytic effect was sup
pressed by substituting mixed doping for doping solely .with silver. 
The removal efficiencies achieved with Ag-zeolites and zeolites with 
mixed doping in air-steam mixtures are indicated, and investigations 
of the catalytic behavior in air-steam-H2 mixtures are described. 

I. Introduction 

Continued evaluation of experimental and theoretical work on 
aerosol concentration and on the spectrum of particulate sizes in the 
containment atmosphere has led to the specification of additional 
stricter requirements with respect to the dust storage capability of 
the filter systems used for containment venting in German PWRs. 

By modifications of the design the dust storage capability was 
greatly enhanced; additional evidence was provided on the filter per
formance. As regards the removal efficiency to be achieved (require
ment 2:: 99.9%) no modifications had to be taken into account because 
also in the experiments with the least favorable spectra of particu
late sizes of the tracer aerosols values 2:: 99. 99% were attained in 
practically all cases. Despite the combustion of hydrogen in the con
tainment which had to be ensured by use of igniters, it is assumed in 
a conservative approach that a hydrogen residue is still present in 
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the offgas. Molecular sieves have been developed whose catalytic ac
tivity on the H2/02 reaction was suppressed by binary doping. 

II. The Loadability of the HEPA Filters 

According to the results of research work it must be expected 
that approximately 40 kg of mass have to be accommodated at the mo
ment of pressure relief in the containments of German PWRs. A 50% 
safety allowance has been made in addition to this mass. The µiean 
particulate diameter was fixed at the conservative value of O. 5 pm 
and a recondensing aerosol was specified. With that type of tracer 
aerosol and with other aerosols whose particulates differed in their 
properties loading experiments were performed. 

III. Tracer Aerosols Used 

BaS04, Ti02 and Sn02 have been used as tracer aerosols. BaS04 is 
a color pigment, which is supplied with different grain size distri
butions (Fig. 1). The flowability of all tracer aerosols has been en
sured by adding small amounts of Aerosil (::;; 2 vol.%, Aerosil is an 
extremely fine Si02 powder) so that plugging can be avoided in the 
dispersing equipment. The mean particulate diameter ranged from O. 8 
to 1.2 pm. 

A further tracer aerosol, Ti02, was evaporated in an arc gener
ated argon plasma in order to distribute the aerosols very finely. 
The recondensed primary particulates make up an agglomeration spec
trum and were fed into the test equipment (- o.os-0.2 pm). It was pos
sible to use Ti02 both alone and mixed with other tracer aerosols, 
e.g. to shift the spectrum. · 

Rather large amounts of Sn02 were used as tracer aerosol; they 
had likewise been produced by plasma evaporation, in this case as me
tallic tin powder, followed by oxidation. A mean particulate diameter 
of 0.4-0.5 pm is achieved in that evaporation. (Fig. 2) 

IV. Description of the Test Rigs 

The test rigs described in earlier publications were used for 
the loading tests /1, 2/. 

In addition, a test bench of Battelle, Frankfurt, was used for 
some large filter loading tests because of the infrastructure equip
ment available at that company ·(large plasma torch and large steam 
generator). The test bench is represented in Fig. 3. 

v. Description of the Filters Tested 

In some experiments the filters corresponded to the usual de-
sign, namely 

2.5 kg/m2 30 pm fibers in the pref ilter 
1.5 kg/m2 22 pm fibers in the pref ilter 
1.5 kg/m2 12 pm fibers in the prefilter 
1.5 kg/m2 8 pm fibers in the pref ilter 
4.5 kg/m2 2 pm fibers in the main filter. 
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In some experiments the fine filter stage comprised half the 
number (only three) of layers with 2 µm fibers because the hindmost 
layers in direction of flow serve solely to achieve extremely high 
removal efficiencies and do not contribute to attaining maximum load
abili ty. 

For the finalizing tests on maximum loading the prefilter was 
augmented by fiber cores of 40-65 µm fibers with different layer 
thicknesses. 

VI. Loading Experiments with BaS04 

Test filters were examined for their dust storage capability us
ing BaS04 aerosols. Fig. 4 shows the pressure loss curve in the 
course of loading. The tests had to be terminated at 105 mbar rise in 
pressure differential. A 5. 7 kg loading was measured at the filter 
with 0.3 m2 filter surface which corresponds to - 19 kg/m2. The aerosol 
masses removed in the pipework between the feed point and the filter 
was not taken into account. 

VII. Loading Tests with Mixed Aerosol 

In order to determine the loadability of metal fiber filters us
ing a tracer aerosol to which a much higher portion of fine sub
stances than in the pure BaS04 aerosol had been added, the BaS04 aero
sol (Blanche Fix) was mixed in the gas phase with the very fine aero
sol Ti02 (using the plasma evaporation method). Experience with this 
tracer aerosol had been accumulated both in the methods of prepara
tion and detection. Mixing with BaS04 at the ratio 1:1 gives a bimod
al mixed aerosol with 10% of the mass less than 0.2 µm in size and a 
median value of approx. 0;.7 µm. For comparison a fine fraction of 
s 1% at the time of venting can be determined with the NAUA code for 
< 0. 2 µm particulate qiameter. Titanium dioxide was fed approx. 3 m 
upstream of the test filter into the TAIFUN test section, BaS04 ap
prox. 2 m upstream of the filter, using the technique desciibed be
fore, in order to keep low the aerosol losses and to get a good mix
ture. With this tracer aerosol the loading plot shown in Figure 5 was 
recorded. 

The plot makes evident that the reserves for loading the metal 
fiber filters are sufficient also in cases where there is a very high 
fraction of very small particulates. After the filter had been dis
mantled at 105 mbar pressure differential it was weighed. The gain in 
weight was 1.95 kg for 0.3 m2 face area which is equivalent to 
6.5 kg/m2 loading at 80 mbar rise in pressure differential. 

I 

In order to comply with the specification above the maximum mass 
to be removed on the filter installed downstream of a throttle is 
2 kg/m2 with the envisaged face area (approx. 75 mbar pressure loss). 
Pressurized filters of smaller dimensions which are installed up
stream of a throttle are expected to remove 5 kg/m2 at the maximum 
(pressure loss approx. 90 mbar). 
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Loading Tests with Sn02 

As verification tests required by a advisory cornmi ttee loading 
tests with Sn02 tracer aerosol were performed on filters with 0.9 m2 
filter area. Two different filter elements and two different face ve
locities were investigated. 

The steam to air ratio was approx. 2:1. The system pressure was 
4 bar in two experiments and approx. 1.5 bar in one experiment per
formed at approx. 145 °C. This corresponds to the conditions expected 
to prevail during venting provided that the filters are installed up
stream and downstream, respectively, of the throttle. 

The loading tests are represented in Figure 6. Figures 7 and 8 
show typical SEM micrographs as well as the aerosol spectrum of the 
Sn02 particulates. In the first test the total loading attained was 
approx. 13 kg/m2 at 0.1 m/s face velocity and at 150 mbar pressure 
differential. The rated pressure differential in that experiment was 
1 bar which means that the reserves are remarkable. 

At twice the face velocity, i.e. 0.2 m/s, loading as determined 
by weighing was approx. 10 kg/m2 at approx. 600 mbar pressure differ
ential. 

When a filter of much simpler design was used downstream of the 
throttle the loading was approx. > 4 kg/m2 at about 0.22 m/s face ve
locity. The pressure differential attained was approx. 400 mbar. 

It appeared in all tests that interruptions in operation caused 
a reduction in the pressure differential which means that upon re
sumption of operation the pressure differential was lower with the 
same system pressure and under identical atmospheric conditions. In 
order to stay on the conservative side, this effect was not taken 
into account when the filter was designed. 

Startup Test 

VIII. Behavior of a Loaded Cold Filter 
Simulation of Resumption of Operation 

To clarify the behavior of a cold filter during startup while it 
is exposed to steam, one existing filter (loading 6.53 kg/m2) was 
subjected to a "cold startup test" in order to simulate the phase of 
condensation. 

Conditions of Testing 

Filter temperature: 25 °C carrier gas at the beginning of expo
sure: humid air at 80 °C, air-steam ratio about 1:1, additional trac
er feed, heating of the loaded test filter through condensation up to 
a value above the dew point. 

Figure 9 shows the temperature and pressure plots. The pressure 
drop is caused by condensation at the structures of the particulates 
removed. The agglomerates undergo shrinkage and become more compact 
bodies with reduced flow resistance /3/. 
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Fig. 7 

Fig. 8 
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IX. The Temperature Behavior 

The materials used in venting filters resist temperatures of up 
to 400 to 500 °C. During filter· operation the filters are cooled by 
the air-steam mixture; when disconnected, the filters should release 
the decay heat of the fission products without requiring active cool
ing measures, i.e. solely through convection and heat radiation. 
Since the relevant computations are very complex, true..:..scale filter 
modules with electric heaters integrated in the layers of the metal 
fiber filters and in the molecular si~ve layers were heated. At con
stant temperatures of approx. 400 °C in the layers establishment of 
the temperature equilibrium was awaited and the electric power feed 
was measured (Fig. 10 and 11). It appears that the decay heat to be 
expected can be removed in a passive mode without cooling. 

X. The Results of the Advanced Containment Experiments (ACE} 

Under an international program some venting systems were inter
compared in Richland, Washington, within the framework of the Ad
vanced Containment Experiment. 

Among others, several scrubbers and filter systems as well as 
combinations of both were investigated. On the KfK metal fiber fil
ters decontamination factors of several 106 were obtained for cesium 
and manganese aerosols. The decontamination factor for iodine was 
60, 000 when the tracer aerosol was Cs!. The relatively low DF sug
gests that some of the iodine had penetrated the particulate filter 
as a gas. The test filters had not been equipped with a sorption fil
ter stage for iodine removal. In the preliminary test involving DOP 
as the tracer aerosol DFs of .about 50, 000 were measured. This means 
that the KfK metal fiber filters attained the highest decontamination 
factors achieved so far in these comparisons. The increase in pres
sure differential of the filters was 60-80 mbar (Fig. 12); in the 
test AA 20 the pressure increased faster in the prefilter at the end 
of testing; however, it dropped quickly again at constant volume flow 
rate. The pressure drop at the fine filter remained constant. The ef
fect might be attributable to a typical feature of the - 60% CsOH 
aerosol fraction. 

XI. Molecular Sieves for Iodine Filtration 
during Depressurization 

The technique of filt~ring gaseous radioiodide from the offgas 
of the containment during depressurization should satisfy as far as 
possible the following requirements: 

passive simple removal method requiring no additional energy; 

high removal efficiency with respect to elemental and organic io
dine; 

• avqiding additional sources of risks, e.g. by radiolytic production 
of hydrogen, ignition of hydrogen-oxygen mixtures, and concentra
tion of hydrogen bearing mixtures due to steam condensation; 
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resistance of the removing medium to the constituents of the offgas 
including the reaction gases from the interaction of core melt with 
structural material (e.g. core melt/concrete) and elevated tempera
tures; 

resistance of the removal medium and of the iodine removed to high 
radiation doses; 

removal of the iodine such that no further measures are required 
during the period of decay. (The half-life of I-131 decides upon 
the decay time). 

Radioiodide can be removed at elevated temperatures most conve
niently and by passive means through filtration in a deep bed filter 
using silver containing molecular sieves as the sorbent material. 

Already at the 20th Air Cleaning Conference it was reported 
about the removal efficiency of silver doped molecular sieves under 
the conditions of temperature and humidity to be expected during de
pressurization of the containment 141. A multiplicity of further test 
results are meanwhile available on these materials Isl. Recent experi
mental activities have been focused on the development of the binary 
doped molecular sieves, on the measurement of their removal efficien
cy for elemental iodine, and on the study of the catalytic properties 
of these sorbent materials with respect to H2/02 reactions in steam
air mixtures. Molecular sieve doping has been optimized inasmuch as 
catalytic properties have been suppressed and the highest possible 
removal efficiencies achieved. In the present report data are indi
cated which have been obtained during the measurement of binary doped 
molecular sieves envisaged for installation in the filters which are 
operative during depressurization. 

XII. Behavior of Molecular Sieves in Steam-Air Mixtures 

In the course of depressurization of the containment of a German 
pressurized water reactor offgas temperatures between about 160 °C 
(opening) and about 120 °C (closure) may be expected. The molecular 
sieve filter is installed in all cases downstream of the throttle and 
operates at a pressure which is determined by the flow resistance of 
the filter and of the subsequent pipework. 

The relief of the pressurized steam-saturated containment offgas 
to a pressure close to atmospheric pressure involves drying of the 
offgas. The dew point in the filter can be underrated only during the 
startup phase while the filter still at ambient pressure is exposed 
to the offgas. It is assumed that preheating (an active energy con
suming measure) of the flow path and the filter is renounced. 

Molecular sieves absorb water while releasing much adsorption 
heat and are very much heated by that process. It has been shown in 
an experiment that while a test filter is exposed to initially satu
rated steam a temperature prevailed in the sorbent material which was 
well above the steam temperature and condensation in the sorbent ma
terial can be excluded for the entire startup phase. The temperature 
plot in a filter accommodating 22.2 kg molecular sieve and exposed to 
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an air-steam mixture is shown in Figure 13. The filter element was 
610 x 610 mm in overall size with 75 mm layer thickness of the sor
bent material. In the cold condition (36 °C) it was exposed to a 
steam-air mixture {dew point temperature 96 °C at the moment of en
trance of the cold test bench). The temperature measuring points were 
arranged in the inflowing air 20 cm upstream of the filter with 
1. 5 cm and 3. 7 cm, respectively, of the layer thickness of the sor
bent material. 

Figure 13 exhibits a very fast rise in temperature (> 100 °C) of 
the sorbent material within about 2 min as well as a temperature of 
the sorbent material which is permanently above the gas temperature. 
The maximum adsorption heat of the molecular sieve for H20 is 
3000 kJ/kg, 715 kcal/kg). 

Table 1: 

Sorbent material: 

Sweep gas: 

Test medium: 

Bed depth (cm) 
Residence time (s) 

Type A, 12 

Type A, 12 

Type A, CH3l 

Type A, CH3l 

Type 8, 12 

Type 8, CH3I 

Type C, 12 * 

Type C, CH3I 

Removal Efficiency of a Binary Doped Molecular 
Sieve for I-131 in a Steam-Air Mixture 

Molecular sieve, spherical shape, 
diam. 1 - 3.5 mm 

Steam-Air mixture 2.9:1; temperature 145 °C, 
pressure 1 bar, linear air velocity 31.2 cm/s 

1-127 + I-131 mixture as elemental iodine 
or organic iodine compound 

Removal efficiency in % 

2.5 5.0 7.5 
0.08 0.16 0.24 

99.74 99.973 99.981 

99.46 99.946 99.966 

84.7 96.8 99.21 

79.6 94.4 98.1 

99.930 99.973 99.983 

95.0 99.74 99.974 

98.7 99.19** 99.931 

83.8 97.0 99.33 

* Sorbens material conditioned for 15 h with steam air mixture 
+ 6% H2, before loading with I2 

** mechanical leak in 2nd test bed 
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The results of some investigations of the removal of elemental 
iodine and methyl iodide from an air-steam mixture are indicated in 
Tab. I. They show that high removal efficiencies (> 99.9%) can be at
tained. The molecular sieve specimens were conditioned with the air
steam mixture for 3-3.5 h prior to exposure and after loading with 
iodine (0.5-1 h) they were flushed with the air-steam mixture for 16-
17 h in order to make up for any desorption processes (Test rig: Fig. 
14). The experiment involving CH3I was performed within a flushing 
period of only 1 h duration. A multitude of experiments carried out 
at an earlier date did not reveal an influence exerted by the dura
tion of flushing. The sorbent material used in the experiment enumer
ated last in Tab. I was treated for 15 h at 145 °C with a steam-air 
mixture at the ratio 2.7:1, with 6% hydrogen added, before the remov
al efficiency was determined in order to detect any hydrogen induced 
changes of the material. In another two experiments 6% hydrogen was 
added to the steam-air mixture over the entire duration of the ex
periment (Tab. II). The equipment was not fully automated so that the 
duration of the experiment could only be extended to 6 h at the maxi
mum. 

Table 2: Removal Efficiency of a Binary Doped Molecular 
Sieve for Elemental Iodine in a Steam-Air 
Mixture with 6% H2 

Sorbent material: Molecular Sieve, type C, spherical shape, 
diam. 1 - 3.5 mm 

Sweep gas: 

Exp. I 

Exp. II 

. •, 

Experiment I: 47% steam, 47% air, 6% H2, 
Vtin 31. 2 cm/s 

Temperature: 145 °C, pressure 1 bar 

Experiment II: 65% steam, 29% air, 6% H2 1 

Vlin 50 cm/s 
Temperature: 145 °C, pressure 1 bar 

Bed depth (cm) 2.5 5.0 7.5 

Residence time (s) 0.08 0.16 0.24 

Removal efficiency (%) 97.9 99.42 99.86 

Bed depth (cm) 2.5 5.0 8.0 

Residence time (s) 0.05 0.1 0.16 

Removal efficiency (%) 90.4 96.6 99.34 
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XIII. Experiments on the Catalytic Activity 
of the Molecular Sieve 

The investigations were made with the equipment shown in 
Fig. 15. The majority of the tests were performed with a conservative 
steam-air mixture as regards the air fraction, namely at the ratio 
1:1. The hydrogen fraction in the total gas mixture was set at 5, 10 
and 15%. The linear gas velocity around the sorbent material was 
fixed at 10, 20 and 30 cm/s. To record also the heat effect due to 
adsorption of the steam during the startup phase the dry molecular 
sieve was challenged abruptly by switching the gas flow from the by
pass section to the test section. The pipe section ending shortly in 
front of the molecular sieve bed was heated · before switching; the 
pipe section with the sorbent material was heated to the temperature 
of the inflowing steam beginning with startup in order to compensate 
for the heat losses of the molecular sieve bed (2.5 cm in diameter). 
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The catalytic reaction of the exclusively silver doted molecular 
sieve produced the maximum heat effect with 10% hydrogen fraction and 
10 cm/s linear gas velocity. Figure 16 shows the typical temperature 
plot in the inflowing gas mixture and in the molecular sieve bed in 
one of these experiments. After a temperature maximum occurring at 
the beginning around the molecular sieve bed and caused by the amount 
of heat released by HiO adsorption and H2/02 reaction a constant over
all temperature difference of about 230 °C established between the 
inflowing gas mixture and the sorbent material due to the catalytic 
reaction of hydrogen with the oxygen present in the air. 

Figure 17 shows the temperature plot when a binary doped molecu
lar sieve is used. During startup of the initially low temperature 
molecular sieve a temperature develops very quickly around the layer 
of the molecular sieve which lies above the temperature of the in
flowing gas mixture. This higher temperature decreases within a time 
interval determined essentially by the gas velocity and hence by the 
amount of water supplied per unit of time and attains again a level 
near the gas temperature. This is also shown in Fig. 18 under differ
ent conditions. 

In a great number of further experiments the suppression of the 
catalytic properties of the molecular sieve due to binary doping 
could be demonstrated for the individual molecular sieve batches. 
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DISCUSSION 

KOVACH: I would like to say that I am very glad you have decided to switch to some 
material other than silver adsorbents. As we discussed at the last Air Cleaning Conference, their use 
could create more of a hazard than assistance in some units. Maybe it is a help that we have had a lot 
of success in this country with silver-lead combination absorbents to prevent this type of application. 

MULCEY: Did you perform specific investigations on the hygroscopic nature of the 
aerosol to be filtered with regard to the .pressure drop increase? 

DILLMANN: Not directly, but the ACE Experiments with approximately 60% of CsOH have 
been finished successfully. In a real accident the content of CsOH in the containment atmosphere will 
be in the range of a few percent. 
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EXPERIMENTAL STUDY ON AEROSOL aEMOVAL EFFICIENCY FOR POOL 
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ABSTRACT 

Removal efficiencies of particulate materials in water pools 
were studied. The experiments were carried out for many different 
parameters such as geometric, thermal hydraulic and aerosol proper
ties. The experiments were performed with the scrubbing pool 'llhich 
is a cylindrical pressure vessel of 1 meter in diameter and 5 meters 
high. 

From the exp er i mental results, it was confirmed that the ef f i
c i ency strongly depenqed on scrubbing depth. particle diameter and 
steam fraction of carrier gas. The efficiency increased significant
ly when the steam fraction exceeded 50 vol.%. 

Moreover, the au tho rs confirmed the efficiency reduction phe
nomenon at boiling pools, which had been theoretically predicted. 
As the results. the efficiency for the boiling p~ol decreased to a 
half of that for a subcooled pool in the case of 2.7 meters scrubbing 
depth. 

INTRODUCTION 

There are many facilities which contain 'llater in nuclear po'l/er 
plants. These facilities will serve as a particulate material catch-
er. 

When particles <aerosol> included in a mixture of incondensable 
gases and condensable steam are released into 'llater pools, the 
aerosol is expected to be retained in water. 

In the present study, experiments were carried out in order to 
investigate the 'scrubbing effect'. which means the removal phenome
non for the aerosol material in 'l/ater pools. 

Carrier gas injected into a water pool forms bubbles and aerosol 
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is suspended in the bubbles. The suspended aerosol moves to the 
surface of the bubble through several driving forces such as gravita
tional settling, inertial deposition, diffusional deposition and 
steam condensation. Aerosol is expected to be retained in the water, 
when it has just arrived at, and deposited on the surface of a 
bubble. Table 1 shows models for aerosol deposition velocity adopted 
for the prototype SPARC code <1>. 

Table 1 Calculation models for pool scrubbing 
(prototype SPARC code) 

• Gravitational Settling Pp•dp2•Cm•g 

Velocity Vs = 
1 8 /l 

• Inertial Deposition Vb 2 •Pp•dp 2 •Cm 

Velocity Ve = s i n 2. 8 
4 /l DB 

•Diffusional Deposition 
Velocity Vn = 2 [ D •V • J 

•Deposition Velocity by 
steam condensation or 
evaporation 

Pp: particle density 
d p: particle diameter 

Vv = 

C m : Cunningham slip correction 
factor 

g acceleration due to 
gravity 

ll gas viscosity 
Vb: bubble rise velocity 
DB: bubble diameter 
8 angle measured from 

vertical pole 
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1' DB 

Wv 

CPs+ Pw)J 

R·To 

W v : average vapor f 1 ux 
into' a bubble 

Mw : average molecular 
weight at the surface 

Ps total pressure at pool 
surf ace 

P w water vapor pressure 
To interface temperature 
R gas constant 
D : particle diffusivity 
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The SPARC code, which was released by U.S. NRC, is used for scrub
bing effect analysis. The authors referred these models when test 
conditions were chosen. 

The test conditions had been expanded to cover a wide range of 
conditions to investigate various situations. 

TEST CONDITIONS 

There are many factors which affect aerosol deposition veloci
ties as shown in Table 1. The authors selected eight parameters 
considering geometric, therma 1 hydraulic and aeroso I properties. 
The parameters and their ranges are shown in Table 2. Standard 
values were selected for each parameter and tests were carried out 
while varying only one parameter. This clarifies the influence by a 
specific parameter. 

Polystyrene LATEX particle was used in this test, because its 
diameter is fixed and its density is unity. The authors didn't 
change particle density parametrically, because the aerodynamic 
diameter was used for evaluating results. Consequently, particle 
diameter was chosen for aerosol property and sometimes, Csl was also 
used for comparison with LATEX. For the thermal hydraulic property, 
some fundamental factors were chosen. They are pool water tempera
ture, carrier gas temperature, carrier gas steam fraction, and 
carrier gas flow rate. Scrubbing depth and injection nozzle.diameter 
were chosen for geometric property. 

Table 2 Scrubbing test conditions 

Parameter 
Standard Range 
value 

Geometric injection nozzle diameter (cm) 15 1-15 
property scrubbing depth (meters) 2.7 o- 3.8 

pool water temperature ( °C) 80 20- 110 
Hydraulic carrier gas temperature ( °C ) 150 20- 300 
property steam fraction (vol.%) 50 o- 80 

carrier gas flow rate (L/min) 500 300- 2000 

Aerosol particle diameter ( µ m) 0.2-1.0 0.2-1.0 
property material LATEX LATEX,Csl 
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It is expected that a bubble formed in a boiling pool would get 
larger as it goes up in the pool, because pool water evaporate to 
the inside of the bubble. Therefore, it will be difficult-for 
aerosol to move toward the surface of a bubble· against the water 
vapor flux. In order to investigate this efficiency reduction phe
nomenon, the authors carried out several tests under boiling pool 
conditions. 

It should be noticed that bubble diameter and its rise velocity 
are also important parameters for both inertial deposition and diffu
sional deposition velocity, as shown in Table 1. As bubble rise 
velocity depends on its diameter, only bubble diameter should be 
considered. In these tests, injection nozzle diameter and flow 
rate were varied, instead of varying the bubble diameter itself. 
The authors consider that the bubble diameter distribution formed 
under these conditions, is more suitable for a real scrubbing phe
nomenon than uniformly controlled bubbles. It was reported as a 
result of BCL/EPRI experiments, that the bubble diameter distribu
tion does not depend on hydraulic and geometric conditions. The mean 
value of bubble diameter and the geometric standard deviation were 
reported to become about 5:6 millimeter and about 1.5 respectively, 
under various conditions· < 2 >. 

TEST APPARATUS 

Figure 1 shows the test apparatus. This is·composed of carrier 
gas generation system <air compressors and steam boiler), aerosol 
genera tor, scrubbing poo I. pool water contra I system and exhaust 
gas treatment system. 

Carrier gas generation ·system can serve air/steam mixture gas at 
a 2000 N·L/min maximum flow rate at 6 kg/cm2-G maximum gas pressure 
and 300°C maximum gas temperature. 

The aerosol generator is an atomizer type. The solution con-
tained aerosol is injected into carrier gas using air pressurized by 
2-3 kg/cm2 versus carrier gas and the solution pressurized at the 
same pressure as carrier gas. 

Figure 2 shows scrubbing pool details. It is a cylindrical 
pressure vessel, 1 meter in diameter and 5 meter high. It has 5 
pairs of windows, 20 cm in diameter. Maximum scrubbing depth is 
3.8 meters. 

The pool water control system can heat or cool the pool water by 
circulating pool water through two external heat exchangers. This 
system can control the pool water temperature from room temperature 
to 120 °C. 

The exhaust gas treatment system is located down stream from the 
scrubbing pool. Two pressure control valves maintain carrier gas 
pressure in the scrubbing pool. This system also has a heat ex
changer and an industrial wet scrubber. The former is used to cool 
exhaust gas and the latter is used to remove aerosol. 
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AEROSOL MEASURING METHOD 

In these tests. two kinds of aerosol material were used. One 
was LATEX and the other was cesium iodine. These aerosols were 
measured by different methods. Explanations of each measuring method 
follow <refer to Fig. 3>. 

Aerosol sampling nozzle 

Main stream ~ 

Dry air 

Dry heat air 

Mixer 

~ spectrometer 

Exhaust 

Pressure chamber Andersen impactor 

}::=~~=t)Q== Flow meter 

Absolute filter 

Figure 3 Aerosol measuring system 
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LATEX MEASUREMENT 

Polystyrene LATEX particles were used in the test. The particle 
diameters were 0.21, 0.31, 0.56 and 1.0 micro meter. 

The aerosol sampling nozzles look like a pitot tube. They are ·in 
main line located down stream and up stream from the scrubbing pool. 
Aerosol is extracted from main stream by the sampling nozzles. 

In aerosol measurement, the most severe condition is when 
aerosol exists in a pressurized steam mixture gas. In this case, 
the authors used the sonic nozzle to reduce the sampled gas pressure. 
This sonic nozzle also provides a constant flow, which depends on its 
critical flow. Just after this depressurization, the sampled gas is 
diluted 150 times by highly dried air at the same temperature. Most 
of the di luted gas was exhausted and a few 10 cc/sec of the gas .was 
cooled to room temperature. During this cooling, a mist contamina
tion by steam condensation wou Id not happen, because the gas dew 
point had been reduced below room temperature by that dilution. The 
coo led gas is introduced to a laser aero so 1 spectrometer and its 
particle diameter and number concentration are measured. 

Generally, it is expected that particle diameters and number 
concentrations are disturbed by those complicated processes. In this 
test, this disturbance is kept small by following reasons, <1> using 
fixed diameter LATEX, (2) adopting a diameter range, which is 
uni ikely to deposit and <3> designing the sampling lines to be un-
1 ikely to deposit. The authors performed the calibration tests using 
a vacant scrubbing pool under various conditions. As the results , 
the difference in particle number concentrations between sampling 
points down stream and up stream from the pool was 20 % at the maxi
mum. 

CsI MEASUREMENT 

Cesium iodide is so hygroscopic that it tends to absorb water 
vapor in carrier gas. Due to this property, it is expected that 
differences in steam fraction would change the CsI particle diameter. 
The CsI particle diameter will be small, if the same dilution process 
as the LATEX measurement is used. The reason is that the process 
strongly decreases the sampled gas steam fraction. 

For CsI measurement, a conventional Andersen impactor was used. 
However, it was not used under atmospheric conditions. The impactor 
was used at the same temperature and pressure as sampled gas to 
maintain the original diameter. 

An Andersen impactor is usually used under depressurized condi
tions obtained by a suction pump. In this test, since the impactor 
is sometimes used under highly pressurized condition, calibration 
tests using LATEX were carried out. Results confirmed that the 
impactor can be used with only general theoretical compensation. 
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TEST RESULTS 

In this test, many different parameters, which expanded to 
wide range, were introduced. Some important results are as follow. 
The removal effect is defined as the ratio of entrance aerosol 
concentration to the exit aerosol concentration, which is called the 
'decontamination factor'. 

The value for each parameter follows the standard values in 
Table 2, if no special remarks are included in the figures. In the 
standard condition, steam/air carrier gas is 150 °C temperature at 
2.0kg/cm2-G pressure, 500 L/min flow rate and 50 vol.% steam frac
tion, pool temperature is 80°C and its scrubbing depth is 2.7 meter, 
and the injection nozzle is 15 cm diameter. The carrier gas is 
injected into water trough the downward injection nozzle. 

INJECTION NOZZLE DIAMETER EFFECT 

Figure 4 shows the injection nozzle diameter effect, which is 
6, 10 and 15cm, on the DF. This figure also shows the carrier gas 
flow rate effect on the DF. The resu Its show that the DF does not 
depend on either injection nozzle diameter or flow rate, but the 
difference of the DF caused by particle diameter is ranged for one 
order. The DF was about 100 for 1 micro meter LATEX. 

The fact that DF does not depend on either injection nozzle 
diameter or flow rate means the bubbles diameter distribution is 
almost the same under those conditions. This result is consistent 
with the experimental results obtained from BCL/EPRI (3). 

For comparison between extremely different conditions, several 
tests using the 1 cm.diameter injection nozzle were carried out. 
Results showed that the small nozzle "DF increased to 10 times-higher 
than that for a large one. This seems to be caused by inertial 
deposition velocity, increased with an increase in the injected gas 
velocity. 

SCRUBBING DEPTH EFFECT 

Figure 5 shows the effect of scrubbing depth, which varied from 
0 to 3.8 meters, on the DF. The results show that the DF increases 
exponentially with an increase in the depth. The DF for 1 micro 
meter LATEX is about 10 for 1.1 meter depth and about 500 for 3.8 
meter depth. 

The DF is about 2 for 0 meter depth. This seems to be caused by 
inertial deposition at the injection nozzle exit. 

STEAM FRACTION EFFECT 

Figure 6 shows that the effect of steam fraction in carrier gas 
varied from 0 to 80 vol.% on the DF. The DF increases with an in
crease in steam fraction above 50 vol.%, while it slightly deviates 
around 100 below 30 vol.%. 
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FLOW RATE EFFECT 

Figure 7 shows 
rate ranged for 300 
depends on the flow 
this case. 

that the effect on the DF when carrier gas flow 
to 1000 L/min. The results show that DF hardly 
rate. Notice that there was no steam fraction in 

This results means that 
not depend on the flow rate, 

the bubble diameter di str i bu ti on does 
as mentioned before. 

BOILING POOL EFFECT 

The boiling pool test was carried out for two scrubbing depths, 
1. 6 meter and 2. 7 meters. The poo I water temperature was 110 °C and 
the pressure above the upper pool surface was equal to its saturation 
vapor pressure. Figure 5 shows the DF for a boiling pool, compared 
with a subcooled pool (80 °C>. From these results, the predicted 
reduction in DF is not observed for the 1.6 meter scrubbing depth. 
However, The boiling pool DF for 2.7 meter depth is a half that of 
the subcooled pool. The heat energy per pool volume, supplied at 
the boiling test, was 9.6 KW/m3. 

DISCUSSION 

COMPARING WITH OTHER TEST RESULTS 

The scrubbing test results for a small injection nozzle, 1 cm 
diameter, were reported by BCL/EPRI (3). Some scrubbing tests were 
also carried out in the authors experiments. Figure 8 shows a com
parison between BCL/EPRis and the authors' test results under almost 
the same test conditions. The DF values for authors' test for parti
cle diameter, ranged from 0.3 to 0.5 micro meter, are consistent 
with BCL/EPRI's. Moreover, the DF of the authors' test for 1 micro 
meter particle diameter were linearly interpolated between the 
BCL/EPRI's DF. It is concluded that these test results are consist
ent with each other. 

The tests on nearly saturated pool water were also reported by 
BCL/EPRI. It is said that the differences in the DF. between boiling 
and subcooled pool water, were very small. On the other hand, 
tests on boiling pool water were carried out in the authors' experi
ment. Results confirmed that the DF in boiling pool water decreased 
to a half of that in subcooled pool water. These different results 
seems to mean that the DF depends on the evaporation rate from pool 
water into the bubble. Therefore, it should be noted that the heat 
energy, supplied in pool water, or the evaporation rate, would be 
one of the important parameters, when the DF evaluation in boiling 
pool water is required. 

COMPARING WITH MODELS 

Calculation by prototype SPARC were carried out and compared 
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with the authors test results. However, it should be noticed that 
the absolute values for the SPARC DF were always lower than that for 
BCL/EPRI's experimental DF <4>. 

A comparison between the calculations and the test results was 
carried out for 1 micro meter LATEX. 

Figure 5 shows a comparison between measured and calculated DF 
for the scrubbing depth effect on DF. As mentioned above, the 
calculated DF is always lower than the measured DF, but the trends 
are consistent with each other. 

Figure 6 also shows a comparison for the carrier gas steam 
fraction effect on the DF. The calculated DF is also conservative, 
but the trend is well comparable. 

It was predicted that the DF at boiling pool would reduce, 
because of pool water evaporation toward the inside of the bubble. 
Figure 5 also shows a comparison between measured and calculated DF 
values at a boiling pool. Calculated DF at a boiling pool is 8 times 
lower than that at a subcooled pool. The increasing evaporation 
rate, due to the energy supplied to pool water, was not modeled in 
prototype SPARC. If it was modeled, the calculated DF value would 
be smaller than the present. On the other hand, the measured DF 
value at the boiling pool is about a half of that measured at the 
subcooled pool, in spite of supplying 9.6 KW heat energy. 

It is difficult to explain these differences from only these 
results. However, it is assumed to be one of the reasons that hy
draulic turbulence, raised by boiling water, increases inertial 
deposition velocity in the bubble. 

It has been reported that a new version SPARC has already been 
developed, using BCL/EPRI test results. The new version SPARC seems 
to be consistent wjth the authors test results, except for the 
boiling situation. 

CONCLUSION 

In these experiments, DF measurements were carried out for many 
different parameters such as scrubbing pool geometry, hydraulic 
conditions and aerosol conditions. Results confirmed that the DF 
hardly depended on thermal hydraulic conditions, but that scrubbing 
depth and particle diameter are important parameters. This means 
that the scrubbing DF can be roughly decided by the facility geometry 
and the scrubbed material property. 

These test data are consistent with those obtained from the 
other experiment and calculation. However, since the present calcu
lation for boiling pool seems to be so conservative, a new model 
should be developed. 

These data offer basic and important information regarding the 
questions about how much aerosol material is removed by plant facili
ties under various situations. 
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Filtered containment venting systems have been introduced in several nuclear 
power plants in Europe. The objective is to relieve the containment overpressure in 
a controlled way during a severe accident involving core-melt. 

The release of fission products when operating the venting system has been 
compared to that resulting from diffuse leakage from the containment. The 
conclusion is that the diffuse leakage of gaseous and particulate species can not be 
neglected in comparison to that resulting from operating the filtered containment 
venting system. 

Representative European requirements related to filtered containment venting 
have been analyzed and compared. 

1. INTRODUCTION 

Since 1988, all Swedish nuclear power plants, nine ABB Atom BWRs and three 
Westinghouse PWRs have been equipped with filtered containment venting 
systems (FCVS). The need to go beyond the original design basis accident for 
accident mitigation was recognized during the late 70's as a result of international 
studies and the TMI-accident in the U.S. The fundamental role of a proper 
functioning containment in order to prevent large releases also became apparent. 

As the first nuclear power plant in the world, the Barseback 1&2 BWRs in 1985 
were equipped with a FCVS comprising a shared gravel bed filter of high capacity. 
(1). 

At that time, discussions were underway to introduce FCVS also on other Swedish 
nuclear power plants. The experience from Chernobyl confirmed the importance 
of containment integrity and accelerated the ongoing programme aiming at 
mitigating severe accidents (class 9-accidents) in Swedish nuclear power plants. 
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The major elements of this programme are: 

• filtered containment venting, see figure 1.1, 

• increased reliability of the containment spray system by connecting 
dieseldriven pumps, 

• introduction of emergency operating procedures that cover the whole 
range of a severe accident from the initiating event to restoration of a stable 
situation, 

(I education and training of operators in order to increase their capability 
to handle an accident situation. 

This programme is further described in (2). 

The FCVS used in Sweden (except Barseback) is the FILTRAJMVSS where MVSS 
stands for Multi Venturi Scrubber System (3). 

The basic function of the FCVS is to prevent containment overpressurization by 
relieving excess pressure through a filter. The system plays an important role in 
the accident mitigating strategy adopted in Sweden, which aims at preventing 
severe accidents involving core melt from causing unacceptable radioactive 
releases, especially of land-contaminating products such as Cs . 

.............................. ......................... ........................ ........................ ............................ .................................. . ............................................. ...... ........................... ... . ....... .............................. ...... . ........ ....................... . .. . ...... ............................... ...... .. ......... .......................... ...... .. ........ ............................ ...... .. ......... .......................... ...... . 

Figure 1.1: Conceptual lay-out of Filtered Containment Venting System 
(FILTRA/MVSS) 
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In a severe accident situation, the release to the environment will emanate from 
two sources, i.e. diffuse leakage from the pressurized containment and discharge 
from the FCVS, when operated. 

The objective of this paper is to discuss and compare these two release p~ths in 
order to conclude what requirements should be applied regarding the separation 
efficiency of the FCVS. 

This paper is based upon a large study performed by the Swedish State Power 
Board (SSPB) aiming at determining the diffuse leakage and its effect upon the 
accessability to vital systems during a severe accident (4). The results for the 
Forsmark 1&2 BWRs (2x1000 MWe) have been utilized. 

It should be recognized, however, that the processes involved in a severe accident 
especially in the containment are complex and to a large extent plant specific. 

1.2 Design basis accident sequence 

The total blackout of all AC current has been chosen as the design basis severe 
accident sequence in all Swedish nuclear power plants. Numerous potential 
sequences involving small and large LOCAs, transients etc have been analyzed but 
the total blackout was found to be usable as envelope also for these. Plant specific 
versions of the MA.AP 3.0 code have been applied. 

To give an example of the analysis with MAAP 3.0 the results from a total blackout 
sequence for Forsmark 1&2 is presented in the following, as shown in figure 1.2. 
The analysis concerning fission product release is terminated at 24h when 
electrical power is assumed to be available again. 
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Figure 1.2: Design Basis Accident Sequence (Total Blackout) 
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The scenario starts with a total blackout and thus loss of core 'Cooling and residual 
heat removal systems. Scram is initiated and the reactor water level starts to 
decrease while the pressure in the reactor is maintained at approximately 7 MPa. 
The batteries are assumed to be available for the specified duration (2 h) maintain
ing the safety relief valves and the containment isolation operable. 

Depressurization of the reactor pressure vessel is initiated at low water level in the 
reactor and this leads to total core uncovery and increased fuel temperatures (12-13 
minutes). 

After 25-30 minutes, zircaloy oxidation starts and hydrogen is produced. As the 
metal-water reaction is exothermal, this oxidation leads to further increased fuel 
temperatures. 

After 1 h, the core starts to melt and a total of 30 % of the zircaloy is assumed to be 
oxidized. This is more than originally predicted by the MAAP 3.0 code which is 
non-conservative in this case. 

After 1.4 h, the core melt has progressed so far that the melt ("corium"=mixture of 
uranium dioxide, zircaloy, zirconium oxide and steel) starts to flow to the lower 
plenum of the reactor pressure vessel. The time to melt-through of the reactor 
vessel is assumed to be short, 1 minute, occurring'through a control rod drive 
housing. The pressure in dry-well is increased due to the combined effect of H2-
generation and flashing of water after melt-through. 

The resulting fast increase in the dry-well pressure will cause the FCVS to be 
initiated automatically after 1. 7 h due to opening of the rupture disc at 550 kPa, 
equal to the containment design pressure. The simultaneous blow of steam to 
wetwell, venting and cooling of the core melt in the lower water-filled drywell will 
result in a pressure decrease which will be reversed once boiling starts in lower 
drywell and wetwell. 

A reduction in drywell pressure is achieved when the containment spray system is 
assumed to be initiated, i.e. after 8h. 

The pressure increase after 24h is caused by the water reaching boiling tempera
ture and fill-up of the containment achieved by operating the spray system. 

Manual control of the FCVS is possible during the whole sequence. 

2. SOURCE TERM 

The calculations of the accident sequence, core melt progression, thermal 
hydraulics and the transport and retention of fission products have been 
performed with the MAAP 3.0 code as described in section 1.2. These calculations 
also give the source term to the FCVS. The source term to the reactor building, 
caused by diffuse leakage, is based on the pressure and fission product content in 
the reactor vessel and drywell given by the MAAP calculations. 
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The following total amount of radioactivity is assumed to be released to the FCV~. 

Table 2.1 Source Term t.o FCVS 

Noble gases 
I (CsI, I2, CH3I) 
Cs (CsOH, Cs!) 
Te 
Mo-group 
Sr-group 

100% (of core inventory) 
2.2% 
2.3% 
3.5% 
1.6E-3% 
6.5E-3% 

3. ASSUMPrIONS FOR THE DIFFUSE LEAKAGE CALCULATIONS 

To calculate the diffuse leakage, the pressure and the fission product content in 
the reactor vessel and the drywell are needed. As the leakage calculations, as 
shown in Section 4, are quite complicated, it was necessary to simplify the results 
from the MAAP 3.0 code. 

The time, therefore, has been. subdiyided into four periods: 

A. · 1600-6100. s, from start of fission product release from the fuel to 
vessel failure. 

B. 6100-15000 s, from vessel failure until all non-condensible gases are 
collec,ted in the wetwell gas phase. 

C. 15000-28800 s, unti~ the containment spray starts 

D. 28800-86400 s, until wa~~r reaches nominal top core level 

During each time period the pressure and fission product content in each node 
were assumed to be constant. 

The fission products can be present in the reactor vessel, the drywell and the 
wetwell. The transport of fission products between these volumes is given by the 
MAAP 3.0 code calculations. 

The diffuse leakage will occur from: 

• isolation valves 
• personnel locks 
• equipment hatches 
• penetrations 

Of these, isolation valves wve the completely dominating contribution. No dry 
leakage paths from the wetwell to the reactor building could be identified. 
Therefore only fission products in the reactor vessel and drywell will contribute to 
the diffuse leakage. In Figure 3.1 is shown how the noble gases are divided 
between the reactor vessel and drywell. 
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TOFCVS 

A. 1600-6100 s B. 6100 ·15000 s 

c. 15000. 28800 s D. 28800 • 86400 s 

c:J Activity In percent of fuel Inventory 

Figure 3.1: Distribution of source term inside containment 

All values are chosen somewhat higher than the mean value for each time period. 

During the first time period (A) up to vessel failure fission products are released 
from the fuel. After automatic depressurization of the reactor vessel to the wet-well 
the pressure in the vessel will be limited to 500kPa. The reason why fission 
products are found in the drywell is the pressure increase in the wetwell gas 
phase, caused by hydrogen, which does not condense in the condensation pool. 
When the wetwell pressure exceeds the drywell pressure with 50 kPa, the vacuum 
breakers will open and release activity to the drywell. 

In the second time period (B), after vessel failure there is a continuous transport of 
non-condensibles to the wetwell gas phase. The exception is the non-condensibles 
in the vessel, where the gaseous airborne fission products are trapped due to the 
slightly higher pressure. Thus in the third time period (C) negligible amounts of 
fission products are assumed to be present in the drywell until the containment 
spray is initiated. 

Steam will then condense in the drywell and cause an underpressure compared to 
the wetwell, the vacuum breakers will open, and most of the gaseous fission 
products will be transported from the wetwell gas phase to the drywell during time 
period D. 
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4. RELEASE FROM THE CONTAINMENT BY DIFFUSE LEAKAGE 

In connection with the work to implement the mitigating measures at the 
Ringhals and Forsmark plants, the radiological habitability in vital areas was 
investigated (5). The dose rates in such areas are affected by the radioactive 
materials in the containment and FCVS piping, contaminated systems, the noble 
gas plume and diffuse leakage. 

As the design sequence was a total blackout (as described in Section 1.2) it was 
realized that the emergency ventilation would not be in operation. The main 
purpose of the investigation at that time was to determine the problems associated 
with the radioactive materials staying in buildings Qutside the containment. 

In this paper, however, the emphasis is to judge the release to the environment 
caused by the diffuse leakage and compare ~t to the release through the FCVS. 

4.1 Leakage from the containment 

It proved not possible to use the leakage criteria (1 %/24 hours) given in USNRC 
Regulatory Guide 1.3, because a severe accident situation is very different from a 
DBA event such as a large LOCA accident. 

At the Swedish Power Board reactors, isolation valves covered with water in a 
large LOCA accident have less stringent leakage requirements than those in gas 
media. In a total black-out situation many of the valves, covered with water in the 
DBA accident, will be in gas phase leading to a larger release. Another important 
difference is that the scram system with nitrogen tanks have valves with fail safe 
in open mode. This means that w_hen the battery capacity is exhausted (after at 
least 2 hours) only the check valves' iri this system would stop activity release but 
with a considerably larger leakage. 

Important for the containment leakage are the conditions, such as the activity 
distribution and pressure, in the containment. These conditions have been 
described in Section 3. The method used to calculate the activity transport has been 
the following: 

1. Select volumes in which the activity is to be calculated. 
2. Estimate the leakage factor between these volumes. 
3. Solve the differential eql,lations set up. These were simplified by 

assuming that the amount and distribution of radioactive matter and 
pressure in the containment were constant during the four time periods. 

The volumes selected and the leakage paths between these are shown in Figure 
4.1. Notice that the rea~or building has been divided into primary and secondary 
parts. The primary part of the reactor building are those areas into which leakage 
from the containment can occur, such as rooms in direct contact with the contain
ment or with systems connected to the reactor vessel or drywell volumes. The 
remaining area in the reactor building is labeled the secondary part and includes 
refuelling floor, corridors, lifting shafts, etc. 
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Figure 4.1 - Leakage paths 

The leakage rates from individual volumes are expressed as the leakage factors> 
defined as 

L = y 
v 

where: v = l~akag~ in Nm3/24 h 
V = leaking volume in Nm3 

The leakage factors from the containment to the surrounding buildings are shown 
in Table 4.1. 

Table 4.1 • Leakage factors 
Time period A B c D 

Leakage factor for 
Reactor Vessel 0.40 0.37 0.59 0.30 
Drywell 0.006 0.003 0.006 0.002 

The total leakage is obtained by multiplying the leakage factor with the activities in 
the reactor vessel and drywall given in Figure 3.1. 

The release during the analyzed 24 hours is then 1.4 % (of which 1.3 % from the 
reactor vessel) of the gaseous activity. 

It should be pointed out that the diffuse leakage characteristics depend upon the 
accident sequence. 
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4.2 Leakage paths t.o the environment 

If the emergency ventilation is in operation most of the iodine will be ventilated to 
charcoal filters where more than 99 % will be retained. For the analyzed sequence, 
in which the emergency ventilation will not function, a part of the activity will leak 
to the environment unfiltered, but a large fraction is estimated to deposit within 
the building. 

The transport of radioactive materials in surrounding buildings and to the 
environment according to the leakage paths in Figure 4.1 have been calculated ( 4) 
but these results are not presented in this context. 

The most important leakage path involves leakage directly from the reactor 
building (secondary volume) to the environment. This will result in a ground 
release whereas discharge from the FCVS takes place from a separate stack. 

4.3 Sensitivity analysis 

A considerable effort was made to estimate the uncertainties. Most important for 
the activity release to the environment is the uncertainty of the containment 
leakage to the surrounding buildings. It was found difficult to estimate the 
uncertainty of this leakage due to fluctuating results from leakage measurements. 
The release to the environment, as well as the dose rates calculated are directly 
proportional to the leakage factors. 

4.4 Summary of the diffuse leakage 

The total leakage of noble gases during the analyzed 24h is 1.4 % of the core 
inventory. As 1.1 % of the iodine is assumed to be found in gaseous form, the 
corresponding leakage would be about 0.015 %. However, the elementary iodine 
has a tendency of being trapped on surfaces. It is assumed that these retention 
processes in the systems and buildings will lead to a DF corresponding to 2-10. 

These processes are not assumed to affect the organic part of the iodine but the 
release of gaseous iodine will be less than 0.01 % of the iodine inventory. 

For particulate species the retention in systems and buildings depends upon the 
following factors: 

• particle size distribution 
• concentration 
• chemical form 
• humidity in atmosphere 
• residence time 
• transport paths 
• etc. 
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These processes have been studied in several international experiments, e.g. the 
LACE program (6). 

It is a complex task to determine the diffuse leakage of particulates to the 
environment. A complete modeling of the processes and systems involved would be 
required to calculate the resulting release and this is beyond the scope of this 
investigation. 

However, based on an analysis of the involved systems and volumes, DFs in the 
range 50-500 were judged to be appropriate for the retention process, and the re
sulting release of Cs due to diffuse leakage will be 10-3 - 10-4 % of the core 
inventory. 

5. DISCHARGE VIA THE FILTERED VENTING SYSTEM 

The FCVS installation is shown in figure 1.1. 

The Swedish requirements focus upon the potential release of land-contaminating 
fission products such as Cs and state that in a core melt accident the total release 
of Cs to the environment shall be less than 0.1 % of the core inventory (for 1800 
MWt). 

In order to determine the available source term in case of a core melt numerous 
calculations e.g. with the MAAP 3.0 code have been performed. Based on these 
calculations, the Swedish utilities determined that the following decontamination 
factors were to be applied for the FCVS: 

BWR 100 
PWR 500 

The DF is applied to all fissions products except noble gases and organic iodine. 

The source term described in section 2.1 is assumed to be released to the FCVS 
during 24h. 

For the BWRs, the resulting nominal release will be: 

I (as Cs I) 
Cs (CsOH and Csl) 
Te 
Mo, Sr 

0.02% 
0.02% 
0.03% 
"<l0-4% 

Consequently, the release of radioactive land-contaminating species will be 
smaller than the stipulated requirement. 

The actual release of fission products, e.g. Cs will be several orders of magnitude 
smaller due to that the realistic DF in the FILTRA/MVSS for Cs is larger than 104. 
This has been shown in the Swedish verification programme and the ACE-tests 
(8). 
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The release of Cs due to diffuse leakage will be of the same magnitude as the 
discharP.'e from the FCVS with .a DF in the range 2000 - 20000. 

The corresponding figure for I will be 300-1000. However, the release of iodine will 
be dominated by CH3I. 

' 
6. EUROPEANREQUIREMEN'IS 

Requirements regarding the installation of filtered containment venting systems 
today exist in virtually all European countries utilizing nuclear power. 

Sweden was the first country to introduce these requirements, but has been 
followed by e.g. Germany and Switzerland where installation of efficient FCVS has 
been done or is underway. · 

The release of noble gases in a severe accident is deemed as an acceptable sacrifice 
in order to prevent the possibility of land contamination resulting from releases of 
Cs and I. 

No separation requirements therefore exist for noble gases and organic iodine. 

The following DFs are applied: 
Aerosols Iodine 

Sweden BWR 100 100 
PWR 500 500 

Germany BWR&PWR 1000 10 

Switzerland BWR&PWR 1000 100 

The consent seems to be that a DF in the range 100-1000 is sufficient to prevent the 
available source term from causing unacceptable damage. 

All installed or planned FCVS in these countries have DFs that exceed the 
stipulated requirements. It should be noted that in Sweden the requirement 
concerns the resulting release of Cs as described in Section 5. 

When analyzing the existing differences between the countries, the following can 
be concluded: 

Sweden 
• Large emphasis upon sturdy design in order to withstand 

dynamic effects (e.g. hydrogen deflagration). 
• Manual initiation of FCVS is not accepted requiring high filter 

performance over a large turn-down ratio (1-100% of full flow) and 
utilization of rupture disc. 

• Filter located outside in a separate building. 
• Connection of FCVS to drywell (BWRs). 
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• More credit taken for operator action and containment performance 
during an accident. 

• Filters located inside existing structures or in a separate building. 
• Connection of FCVS to wetwell (BWRs). 

Switzerland 
• No automatic initiation ofFCVS allowed. Filters located inside 

or outside. 
• Connection ofFCVS to drywell and wetwell (BWRs). 

The most typical design severe accident scenario is the total black-out sequence. 

The initiation time after an accident depends upon the scenario and varies from 3h 
to 30h. 

The typical requirement is the possibility to relieve 1 % of the nominal thermal 
power. However, the flow rate does also depend upon containment design, 
scenario etc. Flow-rates from 2-14 kg/shave been specified. 

7. CONCLUSION 

The performed comparison between the release from the FCVS and that resulting 
from diffuse leakage has shown that the importance of the diffuse leakage can not 
be neglected. An important observation is that the diffuse leakage will be dominat
ed by the direct leakage from the reactor pressure vessel through the primary 
system piping, thus by-passing the containment. 

Since diffuse leakage causes release on ground level, it is of great importance not 
only for systems accessability but also for land-contamination in the vicinity of the 
plant. 
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DISCUSSION 

WILHELM: With respect to the use of sprays in a serious accident, did you calculate what 
air /hydrogen concentrations you might reach by condensing steam inside the containment? C~culations 
in Germany show clearly that if you do this, you create an explosive mixture because when the steam 
is down, hydrogen will be increased in concentration. Steam is an inhibitor. If the inhibitor is taken 
out of the mixture of steam, air, and hydrogen, the atmosphere may become explosive. 

CEDEROVIST: Yes, a lot of effort has been devoted to calculating the risk of hydrogen 
explosions and this has had a very important impact on our design of filter systems . 
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DESIGN AND FULL SCALE TEST OF A SAND BED FILTER 

Maurice KAERCHER 
Head of nuclear circuits and lay out Division 

Design Department 
Electricite de France 

LYON, FRANCE.· 

Abstract 

All French PWR plants are equiped with a containment venting 
system. This system is designed and implemented by Electricite de 
France (Design Department) with the technical support of Safety 
Authorities (Institute of Protection and Nuclear Safety of Atomic 
Energy Commission). 

This paper covers the following items ; 
-main assumptions, sizing and design requirements; 

-basic design of the filter resulting from PITEAS R & D program 
carried out between 1983 and 1989 at Cadarache nuclear center; 

- full scale tests performed in 1990 on FUCHIA loop at Cadarache,,.., j, , 

.·description of the loop using plasma torches to generate CsOH 
aerosols in a steam - air flow,q~~ 

• preliminary results concerning thermohydraulic and thermic 
behaviour under residual power simulated filtration efficiency 
with CsOH aerosols and iodine; 

- complementary design, including@~ 
• hydrogen risk during condensation period, 
• ·radiological shieldings of the filter,,, ..i.. .. 
• heat removal after the filter closure; a..,.J~ 

.Y'conclusion on the validation of the filter. 

1.Introduction 

Since the publication of the WASH 1400 report, and after the 
TMI 2 accident, studies and experimental programs have been carried 
out to deepen knowledge about the evolution and consequences of 
serious accidents which can happen on reactors. These studies have 
enabled families of accidents to be brought to light originating 
from multiple failures and which could lead to meltdown and 
containment loss. 
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To avoid or limit the consequences of such accidents, 
Electricite de France (EDF) have set up ultimate procedures 
(U procedures). These procedures are especially aimed at assuring 
fuel cooling and avoiding or delaying loss of containment 
integrity. 

Scenario studies showed that in many cases of containment 
integrity loss, its internal pressure was able to increase slowly 
over several days under the combined effects of steam and 
incondensable gas releases from core concrete interaction. 

This pressure increase could cause a containment failure and 
an important uncontrolled release of radiation into the 
environment. Now it is a fact that an ·adequate management of such a 
release by controlling flow, activity and time of aperture would 
permit the risk zone to be sufficiently limited so that, in 
accordance with studies carried out by the civil Safety 
Authorities, population evacuation would be possible. 

It was therefore decided to place a decompression - filtration 
system of the simplest design on the containment to assure a 
reduction of released radiation, except rare gas and gaseous 
iodine, by a factor of 10. 

The choice of technical filtration properties was defined 
resulting from the PITEAS Research and Development program lead by 
the Institute of Protection and Nuclear Safety (IPSN) in 
collaboration with Electricity de France (EDF). 

The system was then tested at full scale under conditions 
representative of accident conditions. 

All PWR reactors installed in France are equipped with it. 

2. Design hypothesis of venting system 

Results of accident scenario studies show that the containment 
pressure remains below the design pressure in the first 24 hours. 
Thus the filter design criteria from the thermodynamic and aerosol 
viewpoints was fixed at conditions existing in the containment 24 
hours after the start of the accident. 

The filter is put into operation when the pressure in the 
containment reaches the design pressure. The gas flow rate through 
the filter was specified in such a way that its evacuation capacity 
assures that the design pressure is not exceeded. This sized the 
filter to give a gas flow rate of 3.5 kg/s. 

From the aerosol characterization viewpoint, various 
sensitivity studies carried out, show that 24 hours after the start 
of the accident, the aerosol properties (concentration and 
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granulometry), are relatively independent of the source (flow and 
granulometry) and that in the area of release values which can be 
expected and for dry containment designs of the EDF type, the 
concentration after 24 hours· is most often less than 0.1 g/m3 and 
the AMMO is about 5 µm. 

As for granulometry, taking account of the fact that the 
efficiency in the considered area diminishes for the smaller 
granulometries, the AMMO was fixed at 1 µm in order to determine 
the filtering medium and to guarantee the factor of 10 searched 
for. 

The main design hypothesis are grouped in appendix A. 

3. Description of decompression filtration system 

3.1 General description (see figure l). 

The decompression-filtration system from upstream to 
downstream consistes primarily of : 
- a containment penetration with double insulation made by two 

valves in series located outside the containment, and as close as 
possible to it. 

- an orifice plate reducing pressure to atmospheric (with the 
exception of pressure losses) 

- a sand filter 

- a device for measuring radiation released 

- an independent evacuation duct located inside the normal effluent 
stack of the plant. 

With the exception of the containment penetration (with its 
isolating valves), the system is not safety classified nor designed 
for earthquakes, it concerns a complementary installation. 

3.2 Special Points 

3.2.1 Circuit conditioning under normal plant operation 

The principle of a permanent circuit conditioning during 
normal plant operations was seleceed in order to guard against the 
humidification of the system (protection from corrosion) and 
particularly of sand. 

This conditioning is achieved by assuring that the 
installation is continuously scavenged by dry filtered air. 
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3.2.2 Condensation 

The aim is to avoid under established operating conditions, 
any condensate accumulation during the implementation of the 
system, in the bottom of stack. 

Maintaining this objective is guaranteed by the following 
arrangements : 
- adequate thermal insulations of the device 

- discharges via an independent small diameter duct (400 mm) 
located inside the normal effluent plant stack assuring a speed 
sufficiently high to ensure condensate entrainment. 

3.2.3 Measuring device for released radiation 

A device is provided downstream of the filter enabling the 
released radiation to be measured if the circuit is put into 
operation. The detector in the process of being qualified will 
permit iodines, cesiums, and rare gas to be separately measured. 

3.2.4. Evacuation duct 

This duct is inside the normal plant stack for the following 
reasons : 
-no climatic loadings (particularly wind) 

-better dilution of accidental phase release due to the air flow 
supply extracted from the nuclear island buildings. 

3.2.5. Operating conditions 

From the principle viewpoint, it seems worthwhile recalling 
that safety depends on the containment and that this fundamental 
principle should not be brought into question by the existence of a 
venting device permitting a controlled opening to be made in this 
containment and that in consequence it would be preferable to 
postpone as long as possible, and if possible to avoid putting of 
device into operation, by taking account of its mechanical 
resistance proporties. 

This being specified, the decision to put the system in 
service then out of service is the responsibility of the Power 
Station Director in conjunction with the local and national level 
of the authority who is in charge of the crisis management. 

The system is put into service by opening the containment 
isolating valves (after closing the incoming conditioning air). The 
internal containment pressure is then about 5 bars. 

The specific start up criteria of the system are specified in 
the serious accident intervention guide prepared jointly by 
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Electricite de France and the Safety Authorities. 

3.2.6. Design of sand filter 

3.2.6.1. Efficiency and filtering medium 

Tests on the PITEAS loop.(see paragraph 4) permitted the 
definition of the following conditions : 
- 10 cm/s gas mixture velocity in the filter corresponding to a 

filtering surface of about 40 m2 , 

- filtering bed of 80 cm, 

- filtering medium made of "Cattenom" sand of granulometry 
corresponding to a mass medium diameter of 0.6 mm and a standard 
deviation less than 2, 

- gas mixture reduced to near atmospheric pressure, 

- a maximum filtering medium pressure drop of 104 Pa. 

3.2.6.2. Description (see figure 2) 

The sand filter is a vertical axis cylinder with the 
torispherical upper and lower ends with the following 
characteristics : 
- diameter 7. 32 m 

- height : 4 m 

- empty weight : 12 tons 

- operational weight : 92 tons. 
The sand bed support comprises an expanded clay layer with a 

basket system for gas recuperation and a cellular concrete floor in 
the filter bottom. 

For all sites except Fessenheim, this filtration section is 
installed on the roof of a nuclear island building, the PWR 900 MWE 
series being fitted with a system common to two twinned plants. 

4. Research and Development program for the sand filter 

The program called PITEAS developed to define the sand filter, 
evolved in two stages : the first one, carried out in the 
laboratory, permitted the selection of sand to meet the 
specification : filtration coefficient more or egal to 10 ; the 
second, made on the pilot loop, studied the system's thermal 
behaviour and defined its field of use. Finally a full scale test 
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was made on the FUCHIA loop. 

4.1. Laborato:t:Y tests 

Laboratory tests were carried out on a sand column, so cm high 
and 20 cm diameter. For these trials, the uncondensable gases (CO 
and C02) were replaced by air, giving the following test gas 
mixture properties : 

- temperature : 140°C 

-pressure: slightly above atmospheric pressure 

- composition % w/w : air 68%, steam 32%. 

The gas velocity through the filter varied around set point of 
10 cm/s (tests at 7 cm/sand 14 cm/s). 

The aerosols used were made from cesium carbonate. A 
parametric study of the AMMD influence was done. 

The tests of relatively short durations (1 hour} were carried 
out in 2 ways : 
-under thermal equilibrium conditions (steady state operating 

conditions) for the filter. 

-under transient thermal conditions, that is with a filter at 
ambient temperature at start of test. 

The filtering medium used was sand, from "Cattenom" produced 
in the High Mosell valley. Different granulometeries obtained by 
sieving were tried : 1.6 - 1.2 - 0.7 - o.s and 0.42 mm for the mass 
medium diameter, deviation being less than 2. 

A complete parametric study of the purifying coefficient as a 
function of the aerosol diameter, sand granulometry and gas 
velocity through the filter was made under steady state operating 
conditions (see figure 3). In transient operating conditions 
punctual measurements, confirmed the results obtained under steady 
state conditions. Pressure drops under both operating conditions 
were very similar (see figure 3). No indication of clogging was 
detected during the tests. The aerosol sand load obtained during 
the tests reached 1300 g/m2 for 0.7 mm sand and 191 g/m2 for 0.5 mm 
sand. The re-entrainment of aerosols deposited under the action of 
the gas current, was the subject of 2 tests with a 0.5 mm sand with 
an initial load of 144 g/m2 and gas velocity of 7 cm/s ~ the 
fraction released over one hour was less than 10-4 • 

From these results a sand granulometry was selected 
corresponding to a mass medium diameter of 0.6 mm and a standard 
deviation below 2. Under these conditions, a filtration coefficient 
significantly above 10 is obtained, and a pressure drop for the set 
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velocity 10 cm/s, below the 104 Pa limit which was imposed. 

4.2. Tests on pilot system (PITEAS loop) 

The second part of the program was carried out on the pilot 
loop with the selected sand quality. To identify the filter's field 
of use, three test series were run. 
- a first series to characterize the filter's thermal behaviour, 

-a second series to check out the results obtained in the 
laboratory, 

- a third series to study the filter's performance under various 
operating conditions. 

4.2.1. Description of test system 

The main composents of the test system are shown in figure 4. 

The sand bed is a cylinder of 1 meter diameter and 0.8 m high. 

Instrumentation essentially consists in measuring the 
sensitive points of the installation, pressures, temperatures, and 
air and vapour flow rates. 

Aerosols are generated by the acoustic pulverization of an 
aqueous cesium carbonate solution. Tests were carried out with 
aerosols of AMMO of 1.17 - 2.15 - and 4.7 µm obtained from 
different solution concentrations, by sparger condensers. The 
cesium was analysed by atomic absorption spectrometry in solution 
samples taken from the system and from the effluent tanks. 

4.2.2. Thermodynamic behaviour of the filter 

The test objective was to evaluate filter blockage risks by 
flooding, in the condensation phase of the vapour, during the start 
up phase when the filter is cold. The filter's behaviour was 
followed during temperature measurements at different points of the 
sand bed and pressure drop measurements. 

The tests were carried out at two gas velocities through the 
filter ; 5 and 10 cm/s. Various gas compositions were tested : 
- air 68%, steam 32% 
- air 35%, steam 65% 
- steam 100% 

The thermal balance on the three transient phases 
(condensation, evaporation and reheating) enables the duration of 
these phases to be calculated. The values obtained confirmed the 
measurements. The calculations also give an estimation of the 
condensed water mass. It is about 23 kg for the gas mixture. These 
low values in relation to free volume available between the sand 
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particules, which is close to 240 L, explain the minor influence of 
condensation on pressure drop. 

4.2.3. System efficiency under steady state operating conditions 

A series of tests made after preheating the filter to the gas 
temperature, confirmed, the results obtained in the laboratory ; 
filtration coefficients cross check (see figure 3), and salting out 
is low. 

4.2.4. System efficiency under transient operating conditions 

The test revealed a significant drop of the purification 
coefficient during the condensation phase. 

This phenomena seams to be linked to a Cesium hydroxyde 
entrainment by water produced by condensation, in contact with the 
cold sand. 

This phenomena, which at the beginning concerns the whole sand 
mass of the filter, progressively reduces as the drying front 
propages itself. The dried upper part of the sand then 
progressively recovers its maximum efficiency, and the global 
efficiency of the system increases. 

The curve of figure 5 concerns a test made with a lower mix 
temperature upstream of the filter favourising condensation and 
shows the increase of the filtration coefficient. 
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Figure 5 : System efficiency under transient conditions. 
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4.2.5. Molecular iodine retention 

A test aimed at examining molecular iodine behaviour in 
contact with sand was carried out under steady state operating 
conditions with ·32% steam in the gas. This test revealed a good 
momentary iodine retention and a notable salting out under the 
action of a gas blowing made 24 hours after the test. The filter 
seems to act as delay line for iodine. 

5. FULL SCALE TESTS ON THE FUCHIA LOOP 

A full scale decompression-filtration system called the FUCHIA 
loop was erected at Cadarache in 1989 (schematic diagram see 
figure 6). The FUCHIA loop is virtually identical to the venting 
system implemented on PWR in France. 

Several different kinds of tests were performed : 
thermohydraulic, filtration, thermic and salting out tests. 

These tests were performed on a fully insulated filter from 
January 10th 1990 to February 19th. A partially desinsulated filter 
was tested from March 6th to the end of April 1990. The following 
preliminary results only concern the fully insolated sand filter 
and have to be confirmed. 

5.1. Thermohydraulic test 

5.1.1. Description 

The filter is fed during 30 hours with an air-steam mixture 
(35 % air, 65 % steam, temperature 140°C) maximizing the 
condensation effects. There is no aerosols generation. 

About 30 temperature measurements, mostly taken at different 
levels in the sand, were recorded during the test. The quantities 
of condensed water at the low points of the circuit were measured. 

5.1.2. Preliminary results 

The thermohydraulic results are in accordance to the 
calculated elements and PITEAS results : 
- the temperature field is homogeneous with a few degrees loss at 

the circumference and a almost symetrical distribution, 

- the sand reaches its nominal temperature after a condensation 
transient of 15 hours, 

- the pressure loss is close to the expected value, 

- no important condensation is noticed in the system. 

967 



.•, 

MD Flow measurement 
MT Temperature measurement 

P Pressure loss measurement 
A Aerosols measurement (concentration and 

granulometry) and iodine concentration. 

W:.l..sce 

.Sfack 

F1jure 6: Schematic Diagram for Full Scale Test ( Fuchia Loar) 

., 

!\) 
..a. 
UI -c 
0 m ...... z 
::x1 
0 
z c: 
0 
r-m 
l> 
::x1 

~ .. 
::x1 
0 •' r-m 
l> z 
z •. 

,. 

G) 

0 
0 " z 
'Tl m 
::x1 m z 
0 m 



21st DOE/NRC NUCLEAR AIR CLEANING CONFERENCE 

5.2. filtration test 

5.2.l. Description of filtration test 

The sand filter is blown through by an air-steam mixture (35 % 
air, 65 % steam et a temperature of 140°C) during 50 hours. 

During the first 25 hours, cesium aerosols are generated by 
means of plasma torches with an AMMO of 1 µm at a f~owrate of 
513 g/hour. 
- iodine is introduced in molecular form at a flowrate of 

70 g/hour. 
During the following 25 hours then neither aerosols nor iodine 

are generated. 

5.2.2 Preliminary results 

the filtration efficiencies on cesium and iodine are evaluated 
by : 
-mesuring cesium and iodine concentration above and below the sand 

filter. 

-mesuring cesium aerosols AMMD and concentration above and below 
the sand filter by impactor (ANDERSEN 2000). 

- three dimensionnal cartography in the sand by means of core 
samples. 

The main primary results are the following 
-the AMMD of cesium aerosols measured above the sand filter is 

near 1 µm (standard deviation about 2.3) 

- the average flow of cesium aerosols above the sand filter is near 
150 g/h, that means that 350 g/h of the 500 g/h generated do not 
reach the sand filter. 30 % of the aerosols stick to the pipes 
before reaching the sand filter. 

- the concentration of aerosols given by concentration and 
granulometry measurements are coherent. 

- the diagram (see figure 7) gives the efficiency for cesium 
hydroxyde measured on the sand filter as a function of time. 

- for iodine an average efficiency of 20 seams to be observed but 
this result has to be confirmed, 

- a very low salting out is noticed during the period without 
aerosols generation. 
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Figure 7 : Efficiency on cesium hydroxyde. 

5.3. Thermic and Salting out test 

25' 

After the filtration tests the thermal behaviour and the 
fission product salting out are checked ov~r ten days. The residual 
power is simulated by electrical heating and a cooling is carried 
out by blowing fresh air (10 % of normal flow). After ten days the 
temperature the temperature measured are near 1oo•c. The salting 
out ratio noticed during this period of time is not significant. 

6. COMPLEMENTARY DESIGN 

The following points must be taken into account when putting 
the decompression-filtration system of the cqntainment into 
operation. 

6.1. Hydrogen risk in the filter 

This risk is extremely short-lived and could occur when the 
filter is put in operation in a situation where the upstream gas 
mixture contains a significant quantity of hydrogen. 

This would imply a scenario in which hydrogen, produced in 
large quantities, had not burned previously inside the containment 
and where there is a high steam concentration. condensation would 
then lead to hydrogen enrichment of the gas mixture in the pipework 
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and filter during the temperature buildup transient in the metal 
parts upstream of the filter. 

Although combustion of the mixture is unlikely (there is no 
specific source of energy) and although it is improbable that this 
combustion would destroy the· filter, it cannot decively proved. 

Provisions must therefore be taken to provide against this 
occurence. These measures consist in providing a preheating system. 

This system uses an electric heater downstream of the 
conditioning fan. It's supplied by normal power supply or by an 
independent electric generator. The system is able to heat the 
pipe, the filter top and the upper sand bed part in a few hours. It 
was tested on a french unit (Cattenom 4). 

6.2. Radiation protection : on-and off-site traffic 

The surveys undertaken show that, as regards on-site and off
site protection, biological shielding is necessary for direct and 
indirect dose rate values (skyshine) induced by the limit values 
corresponding to the radioactivity trapped in the filter for the 
most pessimist hypothesis with an extreme source term. 

With regard to direct radiation, the neutralizing effect 
procured by a sand bed ring (25 cm) significantly reduces the 
direct dose level, to such an extent that no further provisions are 
necessary. 

Decision has been taken for the implementation of 
installations aimed at limited protection with respect to sky 
effect (indirect dose rates), leading to on-site and off-site dose 
rate values which are not significantly penalizing. 

Contraints related to seismic resistance of supporting 
structures result in technically different solutions being adopted 
for different series of plants : concrete slab or structure to be 
filled with water. 

6.3. Thermal behaviour after filter closure 

When the system is shut off, the heat dissipated in the filter 
raises the temperatures in the sand. The target was not to exceed 
300°C in the sand (CsOH meltdown is 315°C). 

For normal dissipated heat values (below the extreme source 
term/10), the sand temperatures do not exceed the target values 
from the FUCHIA results, even with the insulated filter. 

For high values and the insulated filter, it would be 
necessary to use an air sweeping cooling device using the 
conditioning fan, or to provide a water cooling device on the 
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filter dome. 

7 CONCLUSIONS 

The Laboratory tests and then the PITEAS program on a reduced 
scale model, enabled the main design parameters of the sand filter 
to be defined. This filter was subjected to a full scale test on 
the FUCHIA loop. The perfect control of representative test 
conditions resulted in a reasonable spread of the first test 
results and permitted the following conclusions to be drawn : 
- On the thermohydraulic plan, the influence of the condensation 

phenomena on the flow conditions in the loop and on the 
filtration efficiency is small. 

-The filtration efficiency measured is higher than that observed 
in the reduced scale tests. This efficiency measured for the 
decompression system is further increased by deposits inside the 
piping. 

-The residual power can be evacuated by blowing fresh air at 10% 
of normal flow. 

- Salting out levels observed on the test periods are low. 
Although many measurements are still in the process of 

analysis, particularly those concerning aerosol distribution in the 
sand, these preliminary results fully validate the design options 
of the filters installed on PWR power stations in France and 
confirm their high efficiency. 
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APPENDIX A : DESIGN ASSUMPTIONS 

SAND BED FILTER DESING 

Minimum efficiency : 10 

No interaction with other systems 

Passive system 

No seismic design 

flowrate : 3,5 kg/s 

Time allowed before operation : at least 24 hours 

CONTAINMENT ATMOSPHERE 

5 bar Air 33 % 
140°C steam . 29 % . 

co2 
. 33 % . 

Composition co 5 % 

Aerosols . average diameter . 1 to 5 µm . . 
total mass : 5 kg 
activity . about 106 Ci . 
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DISCUSSION 

HANDYSIDE: Are you confident that the physical and chemical forms of CS and I used in 
your test are the same those expected in a reactor accident? 

KAERCHER: From the point of -view of cesium, we have selected, for FUCHIA tests, an 
aerosol which maximized the negative effect of condensation, i.e., CsOH is a soluble aerosol. In 
addition, accident studies showed that the proportion of CsOH in Cs releases is important. From point 
of view of iodine, accident studies showed that most of the iodine releases are Csl or 12• The behavior 
of Csl is described by CsOH (both are soluble) and 12 is tested in full scale tests. 

BERGMAN: 
µm. 

What is the expected sand bed filtration efficiency for particle sizes such as 0.1 

KAERCHER: No test was performed with 0.1 µm particles during our program. The reason 
is that this size is far from the expected size, which is between 1 and 5 µm. A theoretical analysis has 
shown that sand bed filtration efficiency increases when particle size decreases below 1 µm. 
Consequently, filtration efficiency for smaller particles, such as 0.1 µm, is not less than the value 
measured during FUCHIA tests with 1 µm particles. 
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CLOSING COMMENTS OF SESSION CO-CHAIRMAN KOVACH 

I think it was an interesting session. We learned about a technology that is currently being refined. 
You can see that there are several different applications aimed at the same problem and its solution, 
using the different criteria, different performance requirements, and different technology. It iS a very 
interesting field, but at the same time my belief is that we need additional test data, particularly to make 
sure that our evaluation challenges do, in fact, closely simulate accident conditions. 
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OPENING COMMENTS OF PANEL SESSION CO-CHAIRMAN PLUMB 

In this session we will try to cover such topics as the international development of systems, 
equipment, test methods, and regulations as they relate to reactors, fuel storage, reprocessing, 
management of high, intermediate, and low level wastes, other fuel cycle activities, and finally non-fuel 
cycle activities. We will try to deal with them, first, in a generic manner and then go to particular 
developments of special note. 
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THE DUTCH NUCLEAR PROGRAM 

L. C. Scholten 
N.V.KEMA 

P.O. Box 9035 
NL-6800 ET Arnhem, The Netherlands 

The Dutch nuclear program is limited. In our country we have two power reactors, a BWR and 
a PWR and an ultra-centrifuge fuel enrichment plant. There were plans to build new plants, but directly 
after the Tsjernobyl accident our government postponed the decision and ordered a new study on the 
safety of nuclear energy. That study is now completed and at the moment under discussion. A facility 
for waste storage on land is to be built. The first stage for low-level waste is under design and 
construction will start soon. Later, the facility will be enlarged for storing spent fuel for the next 100 
years. 

The filter systems at the reactors and the enrichment plant are tested by our company on a regular 
base. For the testing we have adopted the ASME-N510 standard and the ASTM-D3803 standard for 
charcoal. We are not obliged to follow these codes exactly; our test methods have been approved by 
the nuclear inspectorate. More details of the testing methods are in papers at the nuclear air cleaning 
conferences organized by the European Commission. 

At the Dutch power plant containment vent filters will be placed. In December 1988 the nuclear 
inspectorate has ordered to install containment vent filters by 1992. In practice that means that they 
will be installed during refueling outage in spring 1992. At this moment it is not yet decided which type 
of filter will be used. For the PWR a sliding pressure unit of modified Siemens-KWU design is 
foreseen. For the BWR a decision will be taken when the results of level-2 calculations with the STCP 
are available. We expect that a filter working at atmospheric pressures will be used. 

Furthermore research is going on for the penetration of ultra-fine particles through HEPA-filters. 
Those small particles, smaller than ~ 1 µm and down to 1 nm, are believed to creep through HEPA 
filters with the same mechanism as plutonium particles. We still have to verify our theory 
experimentally. Therefore we are working together with the CEA in France, where the depth 
penetrations are examined with the peeling technique explained at this conference. 

In the international field, we share in the ACE-program and subsequent programs, i.e., large scale 
tests for studying the behavior of aerosols inside containments during severe accidents. 

A special case is our BWR. It is a small one, only 60 MWe, built as a demonstration plant in 1968. 
It is built according to GE-specifications with a MARK-I like containment. It is the only BWR in the 
world with natural circulation, so without internal pumps. Therefore, it serves now a model for the 
SBWR design of GE. In fact some of our reactor engineers are accredited at GE for some years. 
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NUCLEAR AIR CLEANING PROGRAMS IN USA 

M. Lee Hyder 
Westinghouse Savannah River 

P.O. Box 616 
Aiken, SC 29802 

In many respects, my review of U.S. air cleaning programs may be a fairly easy task since many 
of these have been reported at this Conference. However, I have been able to identify some other 
activities that were presented. In addition, you may know of some that I have missed. If so, I hope 
you will bring them forward, as Dr. Plumb has suggested. It is apparent to me that the U.S. programs, 
though containing some significant areas of new work, are not as extensive as they may have been in 
past years. In part, this is a natural consequence of a maturing industry. After all, there are more than 
40 years of air cleaning studies that have been reported at these conferences. It is now possible for 
engineers to construct excellent air cleaning systems of considerable complexity for many purposes using 
standard commercial components. But this reduced level of effort also reflects the considerably 
diminished level of new construction in the U.S. nuclear industry, that inevitably is reflected in the level 
of research and development in this area and others. 

I would like to describe the U.S. programs in the manner that Dr. Plumb has suggested by talking 
first about generic programs. Much of what I have to say deals with aerosols and particulate cleaning. 
We have heard at this Conference about the work done at Livermore National Laboratory on the 
development of metal filters. We have heard of work on the characterization of aerosols and of the 
performance of filter equipment being done by Argonne National Laboratory and at New Mexico State 
University. We have heard of at least two groups who are working on filter testing using various 
particulate generators to challenge the HEPA filters. Still, it is my impression that the U.S. work on 
aerosols is more extensive than has been reported here. I know from talking with people working in 
this area, that the field is a broad one. It is a significant area of research at several of our universities 
and there are national and international meetings held in this field which go well beyond the interests 
on the nuclear industry. I hope that we will continue to draw technology into our nuclear programs 
from this resource. An active generic area that has been referred to occasionally but not specifically 
mentioned in any one paper, is the development of models and codes for severe accidents dealing with 
movement of both aerosol and gaseous radioactivity. It is foreseeable that during the coming few years 
there will be a great deal of effort, directed into fitting some of these fairly newly developed codes to 
experimental data in order to validate them. 

Turning to the area of air cleaning regulations and standards, we have been made aware here of 
numerous changes which are in progress in this country. The updating of the NRC Regulatory Guide 
1.52, the recent issuance of new versions of ANSI Standards ASME N509 and N510, and the progress 
of work on the AG-1 Code will all have significant effects on future air cleaning development. 
Additionally, the recent modification of the absorber test methods, reflected in the test standards, will 
come in time to be reflected in practice, as well, although it appears that things are not moving very fast 
from what we have heard here. 

With these thoughts in mind, I will look at some of the specific activities underway in developing 
air cleaning information for specific areas, beginning with the support of nuclear reactors. One of the 
largest such activities has only been slightly discussed at this conference because it is privately conducted 
research of a proprietary nature. I refer to the work coordinated by the Electric Power Research 
Institute, the so called LACE and ACE programs on reactor accident phenomena. This work is being 
done in collaboration with partners from many countries. We have heard about some, including the 
Dutch presentation. As I understand it, these studies have recently included various concepts for reactor 
containment venting, including some of those that we heard about this morning, as well as generic · 
studies of iodine behavior in accident situations. Outside of these programs, there is only a limited 
amount of work in support of nuclear reactor operation. I have to mention that we maintain at the 
Savannah River Site a continuing program related to aerosol and adsorber research as well as research 
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on natural air circulation. Some of this is being done to develop the kind of code validation that I 
mentioned earlier. Additionally, this is an area that may see some new construction. The anticipated 
design and construction of one or even several new production reactors may be the basis for future work 
by the Department of Energy, (DOE) and its contractors. Also, as we have heard at this meeting, the 
firms involved in advanced power reactor design have no doubt been addressing various air cleaning 
problems, and their work may become more apparent in the future. 

In the area of nuclear fuel reprocessing, I am sad to report our activities in this country have sunk 
to a rather low level. There is pioneering work centered at Oak Ridge National Laboratory, and that 
lab gave a paper in this field during this conference. In my discussions with Dr. Jobin and Mr. Birdwell, 
they told me that this is a very limited area of research right now. Of the remaining areas of nuclear 
industry research, the most active by far is waste management, and it has many aspects. We have heard 
about the design of waste and fuel repositories with ventilation as an essential part of the design. The 
cleanup and concentration of waste from several DOE sites, which has gotten considerable attention, 
and no doubt will have more, includes several areas of air treatment development. I can mention 
specifically, for example, work being done at the Idaho Chemical Processing Plant on catalytic reduction 
of nitrogen oxides and the recent development and construction of an off-gas system for the melter and 
solidification building at the Savannah River Waste Defense Processing Facility which is scheduled to 
be put into operation during the coming winter. This process includes several interesting problems 
involving air cleaning, as it must handle substantial quantities of benzene in one part of the process as 
well as mercury vapors. The performance of this equipment should, I think, be an interesting topic for 
the next air cleaning conference. Also, there will be work during the coming period on other waste 
management efforts at the various DOE sites, including the planned Hanford waste solidification facility, 
and a number of waste incineration programs. Other areas of the nuclear fuel cycle, including uranium 
refinement and fuel manufacturing, appear to be adequately covered by existing technology. I know of 
no new developments in these areas. In conclusion, I would like to emphasize that we still don't feel 
that we know everything, particularly in areas relating to sorbents, formation and migration of aerosols, 
and some of the other phenomena that might be encountered in potential reactor accident situations. 
I expect that there will be work continuing in these areas, and that we will be hearing more about them 
in future conferences. 
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NUCLEAR AIR CLEANING R&D PROGRAMS IN CANADA 

Christopher H. Cheh 
Ontario Hydro · 

Chemical Research Department 
800 Kipling Avenue 

Toronto, Ontario, M8Z 5S4 Canada 

All CANDU generating stations are equipped with various gas treatment systems. The Off-Gas 
Management System, the Reactor Ventilation System (or Contaminated Exhaust System), and the 
D20 Vapour Recovery System reduce gaseous radioactive emissions during normal station 
operation whereas the Emergency Filtereq Air Discharge System Is designed for post-accident 
containment clean-up. These systems installed at Ontario Hydro's CANDU stations are briefly 
described in a previous paper (1 ). In the following, R&D programs on gaseous radionuclides in 
Canada will be briefly discussed. 

Carbon-14 R&D Program 

In 1980, Ontario Hydro initiated a carbon-14 development program to reduce emissions from our 
nuclear generating stations. A removal process using calcium hydroxide at ambient temperature 
was developed from bench scale to full scale engineering system for both moderator cover gas 
system and nitrogen annulus gas system. 

During replacement of the pressure tubes of Pickering NGS-A Units 1 and 2, carbon-14 
c0ntaminated dust was found in the annulus gas system. Elaborate work procedures had to be 
followed by retubing workers to avoid personal contamination. This affected the retubing schedule. 
A study was therefore carried out to find a way to decontaminate the annulus gas systems of Units 
3 & 4 prior to retubing. It was learned that, in a nitrogen filled annulus gas system, carbon-1 ~ forms 
hydrogen cyanide (HCN), which then polymerizes and crystallizes out on the annulus gas system 
surfaces. Even at a high temperature, the carbon-14 species decomposed very slowly. The 
decomposition products are H20, NH3, and C02 at temperatures up to 300°C. The decomposition 
of the polymer material is normally incomplete. Pyrolysis, however, is enhanced when a source of 
oxygen is provided (2). Consequently, it was proposed that oxygen be added to the annulus gas 
to oxidize the carbon-14 which could then be purged from the system. 

A carbon-14 removal unit was assembled to remove carbon-14 from the moderator cover gas at 
NPD NGS. This unit was later modified and used to re.move carbon-14 from the purge of the 
annulus gas at Pickering NGS Units 3 & 4. Details of this carbon-14 removal program are 
summarized in a paper presented at this conference (3). 

Tritium R&D Program 

Both Atomic Energy of Canada Limited and Ontario Hydro have installed large scale tritium removal 
facilities to extract tritium from 0 20. The AECL Chalk River Tritium Extraction Plant uses their 
proprietary wet-proof catalyst and liquid phase catalytic exchange process followed by cryogenic 
distillation (4). Ontario Hydro's Tritium Removal Facility at Darlington NGS uses the vapour phase 
catalytic exchange process to extract tritium from 0 20 and then separate the tritium by cryogenic 
distillation (5). 
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The Canadian Fusion Fuels Technology Project was formed in 1982 to undertake research and 
engineering in tritium technology and robotics for fusion applications. The total program is about 
$10 million per annum including contributions from subcontractors and cost sharing with external 
projects. The technology program is subdivided into three major elements; Systems and 
Engineering; Safety and Facilities Engineering; and Technology Applications. These major program 
elements include specific activities on: blanket and first wall systems; fusion fuel systems; safety and 
the environment; risk, reliability and maintenance; engineering services; remote handling; and 
technology transfer. An overview of the scope of the program is covered by two papers published 
in 1988 (6,7). Some of the projects Ontario Hydro Research Division has been involved in include 
hydrogen isotope separation (8), tritium dispersion and behaviour in the environment (9), and tritium 
immobilization (10). 

Iodine R&D Program 

The adsorption/chemisorption capacity of personal respirator canisters towards H2S/S02 and CH31 

has been tested to determine whethe:- these canisters met the specification of Ontario Hydro for use 
in our nuclear stations (11 ). Methods for in-station testing of charcoal filters and cold iodine analysis 
are also being developed. 

The performance of charcoal filters under post-LOCA conditions had been tested and reported at 
the 20th DOE/NRC Nuclear Air Cleaning Conference -(12, 13). 

A photochemical technique of removing both organic and inorganic forma of radioactive iodine from 
air developed by AECL is reviewed in a paper presented at this conference (14). 

Aerosol Research Program 

A multi-purpose aerosol research facility is being constructed in three stages to study ambient, high 
temperature and high humidity, and low temperature conditions, respectively. First stage of 
construction is now complete. The facility will support fundamental aerosol research, HEPA and 
charcoal filter testing, insulator studies and flow measurement calibration. Detailed design of the 
facility is given in an Ontario Hydro Research Division Report (15). 

There is often a need to verify filter performance under normal operating conditions or to obtain 
information on filter performance under extreme conditions-, eg. operation for long periods or at high 
temperature and high humidity. Work in this field was started in a modest way by assembling a 
system to characterize the performance of the small HEPA filters used In respiration systems (16). 

An active and important area of research is the investigation of the behaviour of liquid aerosols 
formed in containment by a LOCA (17, 18). An understanding of aerosol behaviour in this situation 
is important because aerosols may act as carriers of non-gaseous radionuclides and therefore are 
responsible for transport of these species within containment and their release to the environment. 

Noble Gases R&D Program 

Technical and economic feasibility of applying the noble gas removal technology to remove Xe 
isotopes from the containment building air following an accident will be studied at WNRE. 

972 

, ... · 



21st DOE/NRC NUCLEAR AIR CLEANING CONFER~NCE 

Because of the short notice I had to be a panel member, I am sure I have omitted some of 
the R&D programs in Canada. 
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A large number of waste management facilities are currently planned or are .unde~ eonstruction in 
the United Kingdom. They include about 5 cement encapsulatiori plants, a couple of super- compactors, 
and equipment we are developing for reactor decommissioning, particularly o~ some of the old gas. 
cooled reactors. In addition', there is some ongoing refurbishment> of active handling facilities. Each 
of the systems has relatively simple off-gas treatment; predominantly double HEPA filtration for the 
removal of particulate. I suppose the major differences in the U.K. are now almost total utilization of 
the type of circular filters Dave Loughborough spoke about' at this conference. The excellent sealing 
and remote handling techniques associated with the push-through capabilities developed by .the staff 
at Harwell have made use of this type of filter almost universal in the U.K. Several very large systems 
have been installed including a couple of units that deal with up to 100,000 cu. ft/min. Examples are 
our reprocessing plant, our reactor installations, and some of the major radioactive materials handling 
facilities around the U.K. Because of the wide use of circular filte_rs 'with their improved seal 
arrangements, we were able to overhaul our facility design codes and now we specify 99.99% removal 
instead of 99.95%, which had been the norm before. Indeed, we are getting penetrations of less than 
0.005% and even down as low as 0.001 %, approaching the efficiency of the material itself. 

On the subject of fuel reprocessing, I believe most people at the conference are aware that British 
Nuclear Fuels in the U.K. are planning to commission their oxide processing plant in 1992. The off
gas treatment technologies for this plant were established quite some time ago and their designs were 
frozen. The systems involve only a primary condenser and demisters on the dissolver off-gas line with 
an acid scrubber for NOx removal and an alkali scrubber for iodine and C-14 retention, all backed up 
by double HEPA filters. Krypton-85 removal using cryogenic or fluorocarbon techniques was not 
considered necessary or cost effective, although the possibility to retrofit such a system has been 
included in the building design. Currently, a major new program in the U.K. is aimed at the future 
reprocessing plants; a plant we call "Son of THORP" is aimed for the year 2010-2015. 

Using environmental impact considerations and due to the cost of large off-gas scrubbers, it has 
been shown clearly that it is worthwhile to evaluate alternative and advanced technologies. The key 
features that have been looked at as part of waste minimization program are reduced off-gas flows with 
recycle of the off-gases within the dissolver off-gas and the vessel vent off-gas systems whenever possible. 
The use of improved stainless steel-lined cells reduces in-leakage, lowers cell ventilation requirements, 
and leads to smaller HEPA installations then are currently specified by THORP. Segregation and 
treatment of the vessel vent system will lead to reduced transfer of organic materials to the dissolver, 
leading to organic iodine problems. Steps to minimize radioiodine residues in the raffinate coming 
forward to the purex system will lead to reduced difficulties of iodine bleeding out into the off-gas 
systems all the way through the purex purification process, a source of difficulties for many reprocessing 
plants. We are currently examining volume intensified scrubbers and jet spray towers to reduce the size 
of the acid and the alkali scrubbers at the head end of the reprocessing vessel off-gas treatment systems. 
We will also require improved NOx abatement both because of its chemical toxicity and to enable 
krypton-85 systems to be considered at the back end of the process. 

Currently, there is work in the U.K. on selective and non-selective catalytic NOx abatement and a 
new technique (which I am not aware of being studied anywhere else in the world) that uses corona 
discharge. This is a high voltage system that is very similar to electrostatic precipitators but is operated 
under higher voltage. With this system you can convert NOx to N02• H the corona discharge is 
operated with continuous alkali irrigation, NOx can be removed to very low levels in a single unit. An 
advantage of the corona discharge system is that it is also capable of removing both organic and 
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inorganic iodine simultaneously because it completely converts organic iodides to C02 and iodine 
oxides that can be removed by an alkali scrubber system. 

Schemes to lower C-14 discharges, in particular C-14 that arises from carbon monoxide, are also 
being examined. Another novel application is selective removal of various key isotopes by membrane
type processes. At the moment, the progr~m involves looking at membrane materials and trying to find 
selective membranes which will remove the key radionuclides. The successful implementation of off
gas flow minimization coupled with new improved NOx abatement techniques should allow us to use 
krypton-85 removal in any future plant. In particular, I think, the chromatographic technique described 
earlier at this Conference by Dr. Ringel of Julich looks particularly attractive in that context. In the 
ways I have outlined, future reprocessing plants will be installed in the U.K. that will achieve a markedly 
lower environmental impact than any existing or planned plants in operation anywhere in the world at 
this time. I hope we shall be able to report some of the developments of this work at the next Nuclear 
Air Cleaning Conference. 
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DEVELOPMENTS IN THE AREA OF REGULATORY MATTERS IN THE UK 

Ian Handyside 
Her Majesty's Inspectorate of Pollution 

RoomA512 
Romney House 

43 Marsham Street 
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As you probably know, we opted at an early stage for gas cooled reactors in the U.K Currently 
there is a hold on further development of nuclear power in my country. However, we have one PWR 
design which is currently well advanced in construction. It is going to be located at a place called 
Sizewell. It is based on the Snupps design. We also have in place a public inquiry for a PWR plant at 
another site and we are waiting for results of that inquiry. 

So far as reprocessing is concerned, there is a significant development at Sellafield in that the 
plant for vitrification of high level wastes is now on stream and, perhaps by the time of the next 
conference, there will be some useful information on performance of gas clean-up systems. 

On the subject of waste disposal in the UK, we are currently actively searching for a new disposal 
site and we anticipate that one will be available early in the next century. 

On fusion, we have the JET facility constructed and it is at an early stage of operation, but quite 
soon it will be taking in large inventories of tritium and by the time of the next conference there will 
likely be some useful information on its management. 

There is not a lot to report on the nuclear regulation front in the UK, although one change that will 
come forward by the end of the year is that research establishments such as AEA, including Harwell, 
will come under the formal regulations that apply to civil nuclear installations. 

Much more fundamental on the regulatory scene is a major initiative that will become law soon. 
We are introducing an Environmental Protection Act that will apply to the most polluting non
radioactive substances. This is to be based on the concept of integrated pollution regulation and will 
require each operator to adopt the best practical environmental option for waste disposal. Operators 
will also be required to use best available technology not entailing excessive cost, to minimize discharges 
of waste from plant. I think there has been reference to a similar concept in amendments to the US 
Clean Air Act that are going through the regulatory system in the US. 
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NUCLEAR AIR CLEANING PROGRAMS IN PROGRESS IN FRANCE 

Philippe Mulcey 
Institut de Protection et de SO.rete Nucleaire 

DPT/SPIN/SEIP, batiments 389, 393 
CEN/SACLAY 

91191 Gif-Sur-Yvette 
Cedex, France 

I shall try to give a short presentation of the nuclear air cleaning programs in progress in France. 
First, concerning reactors, a good presentation was given this morning of the sand-belt filter and, in 
particular, a full-scale test of a filter unit at Cadarache, so I shall not elaborate more on it. On this 
topic, we also have a big program in Cadarache called PHEBUS-PF that involves simulating very severe 
accidents in a PWR. Associated with this big program, laboratory studies about iodine and aerosol 
measurement techniques for use during such severe accidents are in progress. 

Concerning reprocessing plants, the trapping of all species of gaseous and particulate iodine before 
release to the stack is one of the most important things to do from the point of view of volatile 
radioisotopes. The program we have in progress is to use an iodine scrubber to transform gases, such 
as molecular iodine and methyl iodide, into solid and stable partic$te of iodine oxides. This technique 
was initially proposed by our Canadian colleagues at Whiteshell, the team of Andy Vikis. At present 
laboratory tests are being conducted on a pilot scale facility at flow rates ranging from of 100 to 
300 m3 /hr in order to study the influence of humidity, NOx concentration, iodine concentration, on 
the efficiency of the process. 

Concerning waste management, we have an important program in France for incineration of TRUS. 
From the point of view of air cleaning, the two major points are first, the improvement in our knowledge 
of the source term, that includes all gases and aerosols that are to be filtered and improve our 
understanding of all operating conditions of the incinerators. The second major point is our research 
and development program on appropriate filtration systems. That is to say, a search for systems that 
can reduce secondary wastes as much as possible, and, when possible, to collect aerosols as such to make 
storage easier. Two different techniques are under study in our laboratories: one, is gas microfiltration 
derived from liquid technology and leads to an interesting application to gaseous filtration. The second 
study is directed toward the use of granular beds. 

Concerning the dismantling of nuclear facilities, we are looking at the emission of aerosols from 
dismantling tools and here too, there are two directions for our R & D programs. One is improvement 
in our knowledge of the source term, including the concentration and size distribution of emitted 
aerosols. The second is research on appropriate filtration systems. One of them is under study in our 
laboratories. It refers to a new design of a cleanable electrostatic filter. 

For all nuclear facilities, we are looking at the effects of fires in rooms and ventilation ducts. We 
are elaborating for a source term data base applicable to many materials and components that emit 
aerosols, gases, and heat during fires in order to develop ventilation strategies for fires in nuclear 
facilities. This activity has mainly resulted in the development of a computer code that describes the 
behavior of ventilation networks under fire conditions, (SIMEVENT code). For this it is necessary to 
couple to the ventilation code the codes that are able to describe heat generation and heat transfer as 
well as aerosol production and transfer inside the facility. 

Regarding filter testing, a paper was presented during this Conference on the realtime detection 
of a fluorescent aerosol. As you may know, the HEPA filter tests in France are performed according 
to Standard NF-X-44011 which suffers from a delayed response of the content of aerosol sampled 
upstream and downstream from the filter. An attempt is made to incorporate all the sequences of 
measurement into a realtime detection apparatus. Modeling pressure drop evolution of HEP A filters 
is in progress from existing models and experimental data obtained with a peeling technique of the filter 
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media. A paper was given yesterday on this topic. We also have a study in progress to model granular 
bed filters, and an experimental program on liquid aerosol filtration to study removal efficiency and 
resistance during loading. As you know, the behavior of liquid aerosols in filter media is different than 
the behavior of solid aerosols and this difference affects the development of pressure drop and efficiency 
during loading. This is being studied in the Center at Fontenay-aux-roses. The last point I want to 
point out concerns migration of aerosols through HEPA filter media. A study on thermo-migration of 
ultra fme particles through HEPA filters is being conducted in collaboration with Lambert Scholten from 
KEMA Laboratories (The Netherlands). 
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A SHORT OVERVIEW OF THE PROGRAMS IN SWEDEN 

Hans Cederqvist 
ABB Atom AB 
Service Division 
S-721 63 Vateras 
· Sweden 

I will present a short overview of the situation in Sweden. Presently, we have 12 nuclear power 
plants in operation, 9 BWRs, 3 PWRs. A preliminary decision to phaseout nuclear power hangs over 
us like an ominous cloud, but we are doing everything we can to change this decision, you may be sure. 
We have in operation a central storage for spent fuel which is located underground; we have presently 
about 2,000 tons there. Because it is located 50 meters below ground level, it needs a lot of ventilation 
and a large portion of the facility consists of ventilation systems. The ventilation systems are mostly of 
a conventional type. 

We also have a central storage facility for intermediate waste, close to the Forsmark plant. We 
have a fuel factory where we employ conventional filter technology. A new facility that has been placed 
into operation is a low-level incinerator in Straswick where filters for removal of dioxin has been 
installed and are presently in operation. 

It is very easy to summarize what has been happening in nuclear air cleaning in Sweden in recent 
years. Air cleaning research has been completely dominated by filter containment systems and a big 
effort has been made to develop systems that can be demonstrated to work under accident conditions 
and to install them into the various nuclear power plants with all the procedures and accessories that 
are needed to make these systems function. The program began in 1985 and today we have reached 
the situation where we have containment filter systems in all the plants. It has been a major effort 
which now is concluded. 

The ABB Atom 
BWRs employ a unique design for treating off-gases. It is a combination of a sand-bed and small 

charcoal columns where we use adsorption-desorption. They have been in operation since 1980. The 
regulations applied include the US NRC Regulatory Guide 1.52 plus Swedish regulations that have been 
issued by the Radiation Protection Agency in 1985. We presented them here at the Nuclear Air 
Cleaning Conference in 1986. 

To summarize the situation in Sweden, we have no large programs underway; we try to optimize 
the systems that are presently in operation, to improved efficiency, and to decrease the cost of 
operation. 

980 

..... - - ' - - ~ ---;. -•• :.: ; ' 'I - • ._ ,;.-· • ' - ~ ; 



21st DOE/NRC NUCLEAR.AIR CLEANING CONFERENCE 

NUCLEAR AIR CLEANING ACTIVITIES IN GERMANY 

Juergen Wilhelm 
Kernforschungszentrum Karlsruhe GmbH 

Postfach 3640 
D-7500 Karlsruhe 1 

Federal Republic of Germany 

I would like to restrict my discussion to nuclear air cleaning activities in Germany. Only limited 
activities are now going on in the Federal Republic of Germany. I tried to get some information about 
what is going on in the German Democratic Republic budt seems that hardly anything goes on there. 
Work is undeiway in the Federal Republic of Germany on containment venting with reard to filtration 
based on a combination of stainless steel roughing and fine filters with a DF similar to or better than 
that achieved with HEPA filters. The main point of interest at the moment is the development of 
relatively small filter units that can be located inside the containment. Some of these filters are under 
construction and will be installed in nuclear plants. Besides avoiding additional costs for filter 
construction, this special concept keeps the particulate material inside the reactor containment. 
Problems of handling extremely high radioactivity materials and the need for additional shielding are 
avoided in the case of a core meltdown. Similar considerations apply to the use of Venturi scrubbers 
combined with stainless steel filter, i.e., use of existing buildings for the filter system so that new 
buildings are not necessary. We had to optimize the stainless steel filter with respect to its loading 
capacity for aerosols by enabling it to accommodate 60 kg of aerosol with a mass medium diameter of 
0.5 µm which is generated from tin dioxide with a plasma torch. Because the filter capacity for these 
particles is at least 60 kg, the capacity for larger particles will be much higher, namely by a factor of 5 
or more. For use in the future in nuclear power stations with a proposed new containment design, the 
development of a large stainless steel filter is being considered at the Karlsruhe Nuclear Research 
Center. The new containment design is intended to withstand a steam explosion, a hydrogen explosion, 
and a core meltdown accompanied by melt penetration through the pres~ure vessel. This means 
complete confinement in the case of a very severe reactor accident acutally the most serious reactor 
accident one can assume. The idea is to cover the steel containment with a concrete containment and 
to have connections between the steel containment and the concrete containment to carry the pressure 
from the steel containment to the high-strength concrete containment. A containment built this way will 
withstand static pressures of around 40 - 50 bars and short pressure peaks of more than 100 bars. 

I heard at this Conference the opinion that future reactors will not need air cleaning system. My 
feeling is that even though we will have a new design, air cleaning will be needed because I have never 
seen or heard of a containment with locks and penetrations that are absolutely tight. I can't imagine 
that 100% leak-tightness can be guaranted because operatiiig a reactor one has to bring people and 
material into the containment, one has to take steam out of the containment, one has to bring water 
in, and so on. 

The new double containment has annular rooms between the steel containment and the concrete 
contafument. The idea is that concrete containment will have openings and the air inside the annular 
rooms will be exchanged by a stack draft effect as it is heated up (Fig. 1). The air will cool and steel 
containment, heated by the decay heat of the core. Therefore, the steel containment is cooled in a 
passive mode. The air from the annular rooms will have to be filtered because it may contain activity 
leaking from the inner containment. At the moment, German standards allow a leakage of 0.25% per 
day of the volume of the inner containment. The filter one has to use for the new contaiment concept 
will be rather large. The airflow needed for cooling the inner steel containment after a core meltdown 
is on the order of some 100 m3 /s. Therefore, only the air will be filtered from that part of the 
containment where penetrations and leakage may occur. These are penetrations which are closed under 
conditions of normal operation, but it still may have some leakage. At Karlsruhe around 30 people are 
working on the new containment concept, named containment 2000. That doesn't mean that the 
containment 2000 will be built in Germany with certainty, but it does mean that experienced people are 
working on a new design and hope for public acceptance. My personal feeling is, if one does not do new 
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tltings in the power reactor safety area one may never be able to build more nuclear power stations in 
the future. 

Another part of the work in Germany is concerned with the dismantling of decomissioned reactors. 
Here, aerosol generation due to cutting heavy components is being examined. We are looking for the 
best method that will produce the lowest possible amount of aerosols. Also under development in 
Germany is a code.for calculating filter stresses that include high air velocity, gas compressibility, high 
humidity, the effect of condensation processes, and shock waves, as well as supersonic flow in the 
ventilation systems. · 

Going to reprocessing, it can be sai(that Germany will not build a reprocessing plant, strictly 
speaking, for political reasons; there are no technical reasons. Therefore, work on reprocessing is down. 
There are some residual activities because the system which was developed for the off-gas system of the 
reprocessing plant, including the vessel and dissolver off-gas systems, has been sold to Japan and some 
additional measurements will be done. .Further, some work is done on off-gas cleaning of incineration 
plants. One important thing is the fact that dioxin has to be trapped in the off-gas of incineration plants. 
The startup of a new incineration plant snowed the concentration of dioxin to be rather high, but with 
a better design of the process the concentrations may be lower. In total, the amount of research and 
development in the nuclear air cleaning field is at a low level at the moment. Most of the groups 
working previously in nuclear air cleaning are now using their knowledge and. experience to solve 
problems of conventional air cleaning. For example, the KfK work on the high strength HEPA filters 
is the background for a recleanable HEPA filter for application in conventional industry. As I see it, 
the admissible concentrations for the release of substance8 like cadmium and heavy metals will be so 
low in Germany in the future that I think we can use our special knowledge to benefit the conventional 
~d ' 
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AIR CLEANING PROGRAMS RELATING TO THE FIRST 
JAPANESE COMMERCIAL REPROCESSING PLANT 

Yasuo Hirose 
Hitachi Ltd. 

3-1-1 Saiwai-cho, Hitachi-shi 
Japan 

My presentation will put special emphasis on the air cleaning programs related to the first Japanese 
commercial reprocessing plant. This project is the biggest nuclear issue in Japan these days. The plant 
is going to be located at the northern-most part of the main island of Japan, facing the Pacific Ocean. 
Officially, construction will start next year and is scheduled to be completed by the end of 1997. A 
detailed design and regulatory procedure is underway a~ the moment. The plant is specified to be 
capable of storing 3,000 metric tons of uranium in the pool facility. Eight hundred metric tons of 
uranium will be processed per year from spent fuel 50% derived from BWRs and 50% from PWRs. 
It is specified that the spent fuel assemblies will have burned 45,000 megawatts per ton average and 
55,000 megawatts per ton maximum. Several Japanese industrial groups, including nuclear power plant 
manufacturers, have been selected to take part in the construction of the plant. French technology has 
been introduced extensively into the main part of the Purex process. In addition we are using the 
reduced pressure evaporation technology and we are using the German iodine retention technology. 
We will have the safest and most reliable and efficient reprocessing plant. I should add that U.S. 
safeguard proven technology will be introduced, also. Our policy is to demonstrate technical reliability 
by many test programs. Here are some pertinent data about this special process. The air cleaning 
system can be divided into the shear-dissolver off-gas, the vessel off-gas and the vitrification off-gas 
sections. After careful evaluation of the environmental radiation risk, no other volatile fission product 
but iodine was designed to be removed from the gaseous effluent of the plant. So far as dissolver off
gas cleaning is concerned, radioactive particles and iodine are to be removed in the remotely 
maintainable filtering system using high efficiency demisters, and heaters, HEPA filters, and solid iodine
collecting adsorbents. The technology has been reported to this Air Cleaning Conference by our 
German colleagues. It is planned to eliminate iodine from all liquid streams and to transfer it to the 
gaseous stream as much as possible by providing iodine desorbers. There will be high retention 
capability for iodine within the plant in the form of a highly stabilized and compacted waste. These are 
safety feature of this new reprocessing plant. 

The alternative absorbent has been discussed at this Air Cleaning Conference several times by our 
colleagues. Although German technology could have been demonstrated in an operating plant, we have 
ourselves made a careful selection of structure materials for iodine at higher temperature. Disposal of 
iodine-129 waste is a future obligation to be considered carefully. It is my belief that after impregnated 
solid waste has absorbed iodine chemically it is stable enough to be stored for something like 40 years 
while waiting to decide on a final conditioning method. It has been decided, moreover, that unused 
space should be provided in order to install additional cleaning capabilities for possible future demand 
for collecting volatile products other than iodine. Each component of the processing facility, such as 
fuel receiving and storage, head end, separation, purification, conversion, and the numerous steps of 
waste treatment, including the storage, evaporation, and incineration has its own best set of gas cleaning 
systems. They consist, typically, of scrubbers, condensers, mist separators, and HEPA filters. Taking 
into account possible iodine contamination, special off-gas cleaning systems are provided on storage 
tanks and separation processes. Air cleaning technology associated with the vitrification process will be 
demonstrated in the pilot plant at Tokai. It is a special safety feature in Japan that containments will 
be used to prevent spread of radioactivity to the environment even under very severe accident 
conditions. 
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DISCUSSION 

HANDYSIDE: Vitrified high-level waste in storage needs cooling. Do you intend to include air 
cleaning systems for stored vitrified high-level wastes? 

HIROSE: We are going to provide double walls. 

HANDYSIDE: But no gas treatment? 

HIROSE: No. 

MERCIER: I have a small question on the vitrification comment in your presentation. You 
mentioned a ruthenium filter, can you give some information on the nature of this filter? 

HIROSE: As a matter of fact I am not so much involved in this particular technology, but there 
will be a substantial amount of ruthenium. I think it will be collected with a scrubbing solution and sent 
back to the highly radioactive liquid waste concentrator. Just for safety, we are going to include a 
ruthenium filter. 
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NUCLEAR AIR CLEANING PROGRAMS IN HUNGARY 

Vilmos Friedrich 
Institute of Isotopes of the Hungarian 

Academy of Sciences 
P.O. Box77 

H-1525 Budapest, Hungary 

In Hungary within the nuclear fuel 9'._cle, we hav~one nuclear power plant with four reactors of 
440 megawatts electrical each. tfiiS is a Sovfot producecf pressurized water reactor, !YP-~-VVER-440. 
The spent fuel from these reactors is transported back to the USSR after five years storage at-the 
nuclear power plant site according to the present contract. 

Among no~-futj__cy~Je f~cjJiti~_we have one__,research reactor plus one small reactor for educational 
and training purposes. We have one isotopt:q:>roduction laboratory that prepares as its main product 
different kind of radioiodine isotopeB. It can produce 40-100 curie per week of I-131 that are used for 
industrial and medical applications. 

At the moment, Hungary has one disposal site for low-level radioactive wastes that originate from 
non-fuel-cycle facilities and designiilga bigger disposal site for low- and medium-level wastes. Although 
the nuclear power plant is now completed, the construction of this disposal site has been delayed for 
more than two years due to strong public opposition at the site. 

Concerning air cleaning activities, first, the nuclear power plant does not have conventional 
containment type cofftructfoii. ·-YOUillay say that it is a special kind of confinement system. It has a 
control room ventilation system consisting of aerosol filters and carbon adsorbers. The aerosol filters 
contain plastic fibers and the carbon filters contain non-impregnated charcoal. The off-gas cleaning 
system consists of a catalytic hydrogen recombiner, dryer, and a carbon delay line for noble gases. The 
main safety features are a sprinkler system for confinement and a localization tower that is a new 
development in the Russian designs. The only reactors which have this localization tower are in 
Hungary, Finland, and Czechoslovakia. They contain bubble plates filled with boric acid solution for 
steam condensation and for scrubbing aerosols. There is also a post-accident recirculation system which 
consists of glass fiber aerosol filters and carbon adsorbers which, at the moment contain non
impregnated carbon. Unfortunately, there is no regulation or standard in Hungary for testing any kind 
of nuclear filters, a very poor situation. My laboratory has developed in-situ testing methods and 
equipment for HEPA filter testing in nuclear power plants. The test method is based on the British 
sodium chloride test. We couldn't use the DOP test due to the presence of plastic fibers in the aerosol 
filter~. We are now working on developing in-situ carbon testing methods but, unfortunately, the present 
construction of the carbon adsorbers in our nuclear power plant is such that even if we got bad results 
from testing, the carbon cannot be changed. That is a problem at the moment and developing some in
situ testing methods for the nuclear power plant is a part of our research and development work. Part 
of the development work was done as part of a coordinated research program organized by the IAEA. 
In addition, some investigations are being conducted on performance of HEPA filters and charcoal units 
under severe conditions of high humidity and high temperature. Part of this work was also performed 
within the framework of the IAEA coordinated research program. Development of predictive computer 
codes is underway to evaluate and predict carbon performance because, at the :i;noment, we are not able 
to perform in-situ testing of the carbon. At a presentation yesterday, I spoke about this program. 

Finally, I would like to ask a question of the IAEA representative who is here. As far as I know, 
the IAEA is now going to initiate a revision of the safety features of the European-Russian type of 
nuclear power plant, the type VVER. Is it possible to inquire whether the air cleaning and filtration 
points of view within IAEA are such as to revise the requirements in these countries. 
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PLUMB: In response to the specific request, we will, of course, take note of the needs associated with 
VVER safety features in air cleaning and consider them within the Secretariat. We will observe due 
process when resolving the matter. 
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